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Preface

The first international symposium on intracranial pressure was held in Hannover Germany in 1972, and 8
symposia have been held since that time in all parts of the world. This volume provides a summary of the tenth
symposium which was held in Williamsburg, Virginia, and marked the 25th anniversary of our initial meeting. In
these past 25 years, significant strides have been made in understanding the cause and effects of raised intracranial
pressure, and this symposium represented a milestone in our quest for knowledge to help improve patient outcome.
It is here that we expanded the scope of our meeting to include additional forms of neuromonitoring to provide a
broader view of the pathophysiologic changes occurring in injured or diseased brain. Important contributions were
made in experimental and clinical studies of brain tissue oxygen, neurochemical measures utilizing microdialysis,
jugular oximetry, near infrared spectroscopy, cerebral blood flow and magnetic resonance spectroscopy to name
a few. These other monitoring modalities were welcomed at our ICP symposium and it is natural that results of
these additional probes into the brain are discussed in concert with the first brain probe, intracranial pressure.
The Williamsburg symposium attracted 417 scientists from all parts of the world and 298 abstracts were
accepted for presentation at the meeting. A total of 182 manuscripts were submitted and of these, 107 manuscripts
were selected for expanded publication. The remainder of the abstracts (191) are also published in this volume.
The top six categories containing most abstracts are: Pathophysiology of ICP, Hydrocephalus, Traumatic Brain
Injury, Management of ICP and CPP, Brain Oxygen Monitoring and Neuromonitoring in the ICU. Combined,
these topics accounted for 65% of the abstracts. The symposium also scheduled several workshops, which allowed
the veteran scientists more time to discuss their research and recommend new areas of investigation to the younger
investigators. These workshops were fully attended by the participants and expanded our knowledge base. In
addition, a special satellite meeting of "Neurochemical Monitoring in the Intensive Care Unit" was held following
the ICP symposium, which attracted more scientists to present their most recent findings and to complement our
general theme of neuromonitoring. These manuscripts are contained in a separate volume.
We were also fortunate during the opening ceremony to hear videotaped introductory comments by Professor
Lundberg, who is doing well and enjoying retirement on the farm of his parents in Lund, Sweden. Professor
Lundberg commented on the fact that the ICP symposia are an odd phenomenon in the jungle of medical
associations, since there is no permanent organization, no president, no staff, no formal membership, no society,
no written rules, etc. etc. How is it possible, he asked, that such a loosely built association has been kept living
during 25 years, prospering and developing in to an almost indispensable ingredient of scientific neurosurgery?
We found the answer in Williamsburg where the number of new investigators represented a large percentage of
participants. The ICP symposia for the past 25 years have welcomed these young scientists to the field and have
provided a fertile ground to learn, grow and eventually become the seasoned investigators that brain research so
desperately needs.
The scientific works presented in this volume document the current state of the art in ICP research and the field
of neuromonitoring. We look forward to continued progress at our next symposium to be held in Cambridge,
England, in the year 2000. Finally, we wish to acknowledge the competent collaboration of R. Petri-Wieder of
Springer-Verlag, Vienna in the production of this volume.

Anthony Marmarou
on behalf of the Advisory Board
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Cerebral Hemodynamic Changes during Sustained Hypocapnia in Severe
Head Injury: Can Hyperventilation Cause Cerebral Ischemia?
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Summary

Hyperventilation (HV) is routinely used in the management of
increased intracranial pressure (ICP) in severe head injury. How
ever, this treatment continues to be controversial because it has
been reported that long-lasting reduced cerebral blood flow (CBF)
due to profound sustained hypocapnia may contribute to the
development or deterioration of ischemic lesions. Our goal in this
study was to analyze the effects of sustained hyperventilation on
cerebral hemodynamics (CBF, ICP) and metabolism (arterio jugu
lar differences of lactates = AVDL). Co2-reactivity and CBF was
estimated using AVDOz (arteriojugular differences of oxygen
content). Global cerebral ischemia and increased anaerobic
metabolism were considered according to AVDOz and AVDL
respectively. Thirty-three patients with severe and moderate head
injury and increased ICP were included. Within 72 hours after
accident, patients were hyperventilated for a period of 4 hours.
During this time jugular oxygen saturation (SjOl)' arterial oxygen
saturation (Sa02), ICP, mean arterial blood pressure (MABP),
AVDOzand AVDL were recorded.
In our study, most patients preserved COz-reactivity (88.2%). In

these cases HV was very effective in lowering ICP. Our findings
showed that this reduction was due to a CBF decrease. According
to basal AVDOz twenty-five patients (75.7%) were considered as
hyperemic and eight (24.2%) as not hyperemic. Global ischemia
and increased anaerobic metabolism were detected in one case in
the non-hyperemic group. According to AVDOz and AVDL. no
adverse effects were found during four hours of HV in hyperemic
patients. Nevertheless, AVDOz and AVOL are global measure
ments and might not detect regional ischemia surrounding focal
lesions such as contusions and haematomas. We suggest that moni
toring of AVDOz or other haemometabolic variables should be
mandatory when sustained HV is used in the management of head
injury patients.

Keywords: Cerebral ischemia; head injury; sustained hypocapnia.

Introduction

Autoregulation and COz-reactivity can be impaired
independently of each other in many brain insults,
the so called "dissociated vasoparalysis". In most

patients with severe head injury and increased intrac
ranial pressure (ICP), autoregulation is impaired in
the first days, although COz-reactivity is usually pre
served. This fact has many clinical implications. In
these patients, uncontrollable intracranial hyperten
sion is the most frequent cause of death. Vascular
mechanisms have been classically considered in some
type of lesions (swelling) as the most important
etiopathogenic factor. Hyperventilation (HV) has
been routinely used for many years with a demon
strated effectiveness for decreasing ICP. However,
this treatment continues to be controversial because
it has been reported that long-lasting diminished ce
rebral blood flow (CBF) due to profound sustained
hypocapnia may contribute to the development or
deterioration of ischemic lesions. Our goal in this
study was to analyze the effects of HV in cerebral
hemodynamics and metabolism of severe head
injury.

Material and Methods

In this prospective study 33 consecutive patients with severe and
moderate head injury (GSC 5: 12) and increased ICP (>20mmHg)
were included. Those patients with pulmonary disorders which
did not allow modifications of the ventilation parameters were
excluded. The protocol used in our study was reviewed and ap
proved by the Ethics committee of the Vall d'Hebron University
Hospitals.

Study Protocol

ICP, SjOz and MABP were continuously monitored in all patients
with a GCS score below or equal to eight. Within 72 hours after
accident, patients were hyperventilated for a period of four hours.
First arterial and jugular samples were extracted to establish
baseline values. Then minute ventilation was increased to de-
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Fig. 1. Induced ICP, CBF, pC02 and blood pH changes during the
hyperventilation period
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crease basal arterial pC02 and this change was maintained for a
period of four hours. Continuous capnography was used to pre
vent significant variations of arterial pC02• During this time arte
rial and jugular samples were extracted at 30 minutes, 1 hour, 2
hours and 4 hours to determine AVD02 and arterial pCO). ICP
and MABP were also recorded. AVOL were measured before
hyperventilation and at 30 minutes and 4 hours after induced
hypocapnia.
CO2-reactivity was tested in all patients according to previously
reported methodology [13]. Intact CO2-reactivity was considered
when changes in estimated CBF were greater than 1%. AVD02
were calculated by using the following equation: AVD02 =1.34 x
Hb x [(Sa02 - Sj02)/100]. AVD02 at one hour, two hours and four
hours were corrected for spontaneous changes in pCO) according
to the pC02 at 30 minutes.
Expressed as 100%, the percent change of CBF (lIAVD02)
relative to the baseline value was calculated according to the fol
lowing equation:
CBF% = 100- [(lIAVD02B -lIAVD02l,v)/(lIAVD02B) x 100],
where AVD02B are the basal AVD02 and AVD02HV the AVD02
at 30 minutes, one hour, two hours or four hours of HV.
Assuming a normal range of AVD02 of l.7-3.8~mol/ml [9],
AVD02 < 1.7~mol/ml was considered as brain hyperemia and
AVD02 > 3.8~mol/ml as suggestive of brain ischemia. Increased
anaerobic metabolism was considered when ADVL > -0.42~moll

ml [8].

Statistical Analysis

Statistical analysis was carried out using the BMDP package.
Mean ± SO was used to summarize variables. The level of statisti
cal significance was established at 0.05.

Results

Mean age in our group was 31.6 ± 14.4 years. Twenty
six patients were male (81.3%) and six female
(18.7%). Initial GSC was 6.0 ± 3.3. The study was
carried out 58 ± 4.2 hours after accident. According
to CT scan findings and based on Marshall's classifi
cation, fourteen patients had a type II injury, ten
a type III, four a type V and three a type VI. In
our study most patients preserved CO2-reactivity
(88.2%). We did not use data from the three patients
with abolished CO2-reactivity for analysis. The main
variables recorded during the test are summarized in
Table 1.

Hyperventilation acutely decreased arterial pC02,
ICP and CBF. The decrease was most marked during
the first hour and showed a mild tendency to return
to baseline values during the following hour. After
the second hour there were no significant changes
(Fig. 1).
According to the basal AVD02 twenty-eight pa
tients (93.3%) were considered as hyperemic. In the
hyperemic group, no patient developed cerebral
ischemia according to AV D02 and AVDL. In the
non hyperemic group only one patient developed
cerebral ischemia and increased cerebral metabolism
at 30 minutes of HV (Fig. 2). HV was immediately
stopped and the patient was later diagnosed as
having vasospasm.
Outcome was assessed according to the Glasgow
Outcome Scale at 6 months. 39.3% of patients had
a bad outcome: 4 died, 2 were in a persistent vegeta
tive state and 7 were severely disabled and 60.6%

Table 1. Summary of Main Recorded Variables During Hyperventilation Period

BASAL 30min I hour 2 hours 4 hours

pC02 (mmHg) 34.8 ± 3.9 24.1 ± 3.7 23.2 ± 3.8 23.3 ± 3.8 23.1 ± 3.3
pH blood 7.35 ± 0.07 7.49 ± 0.03 7.47 ± 0.04 7.42 ± 0.12 7.50 ± 0.06
ICP (mmHg) 27.7 ± 12.9 7.8±11.0 10.2 ± 6.4 15.3 ± 7.7 16.2 ± 6.5
CPP (mmHg) 53.1 ± 13.1 76.9 ± 11.0 76.5 ± 9.9 75.2 ± 11.1 74.4 ± 10.7
CBF% 100 57.9 ± 13.9 62.7 ± 16.1 69.8 ± 23.9 67.0 ± 16.5
AVD02 (/lmol/ml) 1.21 ± 0.4 2.2 ± 0.7 2.0 ± 0.6 1.8 ± 0.5 1.8 ± 0.6
AVOL (/lmol/ml) 0.01 ± 0.27 -0.09 ± 0.26 -0.01 ± 0.06
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had a good outcome: 9 good recovery, 11 moderate
disability.

Discussion

Hyperemia

AVDOzshowed a hyperemic CBF pattern in most of
our patients (93.3%). This percent is higher than in
other series published in the literature [6,11]. This
could be for three reasons: 1) Most of the patients
(72.7%) in our series had a diffuse head injury (types
II and III and Marshall's classification). 2) The length
of time from the accident to admittance to our study
was in most cases more than 24 hours. A trend to
ward normal to elevated CBF unrelated to a de
creased CMROz after the first hours of accident has
been described by some authors [11]. 3) An inclusion
criteria in our study was the presence of elevated
ICP and hyperemia has been associated with a high
occurrence of intracranial hypertension in diffuse
injuries [11].

COrReactivity

COz-reactivity was preserved in most of our patients.
This corresponds to findings in other studies [7,11].
HV was very effective in lowering ICP during four
hours in these cases. The clinical implication is that
many patients with head injury and increased ICP
could benefit from HV during at least four hours as a
therapeutic method.

3

Hemodynamic Changes

HV decreased CBF and ICP significantly in our pa
tients. Our findings showed that ICP reduction was
related to a CBF decrease. The highest decrease of
CBF and ICP was during the first hour with a slight
tendency to return to baseline values during the sec
ond hour. However, during the following two hours
CBF and ICP continued to be significantly reduced
to around 40% of basal values. No tendency to lose
CBF response to HV was noticed after the first two
hours. A tolerance to HV effects, which begins
around 6 hours and is complete within 30 hours, has
been described [2]. This coincides with studies of
CSF adaptation in animal experiments [10]. How
ever, there are fewer studies on the effects of sus
tained hyperventilation in patients with head injury.
Cold [4] proposed that in these patients CSF pH
adaptation could be delayed. In our study HV was
used during only four hours and we cannot predict its
effect after this time.
Arterial pH increased during the first 30 min
utes after induced hypocapnia. This coincided with
the initial fall of CBF and ICP. Blood pH increase
was then maintained without significant variation
throughout the four hours. This suggests that the
increase in arterial pH was responsible for initial
changes found in CBF and ICP probably mediated
by changes in CSF pH. Further changes in CBF can
not be explained by blood pH variations. They may
be due to changes in CSF pH as being reported in
other studies [12].

Ischemia

Since Adams and Graham [1] described the high in
cidence of postmortem ischemic brain damage, many
authors have pointed out the possibility of develop
ment or deterioration of ischemic lesions due to HV.
Muizelaar [10] found a poor outcome in his group of
hyperventilated patients, and Cold [3] described a
CBF decrease close to ischemic threshold caused by
acute HV.
According to our AVDOzand AVDL results, only
one patient in the non hyperemic group showed
ischemia. Our data may suggest that in this hy
peremic period patients would benefit from HV. This
agrees with Obrist et al.(I1) who found no adverse
effects of HV in hyperemic patients. However, it
should be emphasized that in our study regional
ischemia may not be detected as AVDOz are an
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estimate of global CBF. Moreover, blood lactates
may not represent lactates in CSF after several hours
of HY. CSF lactates have been found to be more
related to high ICP and outcome than blood lactates
[5]. Further studies of lactates in CSF are necessary
to confirm our data.
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Summary

Cerebral ischemia due to low cerebral perfusion pressure (CPP) is
the most important secondary effect of severe head injury. There
is consensus regarding the maintenance of this pressure at levels
above 70mmHg. One way to elevate CPP is by increasing mean
arterial pressure (MAP). In this study, the authors attain this
target by using adrenergic vasopressors investigating the effective
ness of dopamine, noradrenaline and methoxamine in 16 severe
head injured patients. The results were: a) the increase of MAP
effectively increased CPP without changes in intracranial pressure
(ICP) and cerebral extraction of oxygen (CEOz); b) noradrenaline
at a dose of 0.5 mg to 5mg/h was effective and safe and might be
considered the drug of choice; c) dopamine was not as effective at
a high dose of 10 to 42.5Ilg/kg/min; d) methoxamine given as a
bolus was an effective way to control sudden decreases in MAP. It
made the patients more responsive to dopamine. No important
undesirable reactions occurred during the study.

Keywords: Cerebral perfusion pressure; head injured;
vasopressors.

Introduction

Cerebral ischemia due to low cerebral perfusion
pressure (CPP) is one of the most important second
ary events affecting outcome following severe head
injury [9,18]. In this setting, increasing CPP can help
to avoid diffuse and regional ischemia.
The optimal value of CPP following head injury,
has not been established by prospective randomized
controlled clinical trials (Class 1 data). Until new
evidence becomes available, it is recommended to
mantain CPP above 70mmHg [10,13] or even higher
(20,21), with an intracranial pressure (ICP) under
20-25mmHg.
One of the ways to increase CPP is by raising mean
arterial pressure (MAP) and in order to attain this, it

is standard practice to use adrenergic vasopressor
drugs. Nodradrenaline and dopamine administered
by infusion - two adrenergic cathecolamine drugs
are by far the most used vasopressors [4,15]. On the
other hand, methoxamine - an adrenergic non
cathecolamine alfa 1 agonist drug - commonly used
in bolus, has not been studied in this setting, and
could be an interesting option.
The aim of this work was to investigate the differ
ence in effectiveness of these three drugs, their side
effects and the possible repercussion of their use on
ICP.

Materials and Methods

Our study focused on 16 patients, 15 males and 1 female, ranging
in age from 23 to 60 (mean = 38.8 ± 12.9). These patients were
admitted to the Intensive Care Unit (ICU) of the University Hos
pital de Clfnicas, Montevideo, Uruguay, over a period of 13
months, from August 1995 to September 1996.
ACT of the head was performed at admission in all cases and for
control whenever the clinical condition of the patient demanded.
Twelve patients were operated upon for mass lesions, two of them
twice. CT findings and clinical characteristics are presented in
Table 1. All patients underwent monitoring of intra-arterial blood
pressure, intracranial pressure, jugular bulb oxigen saturation
(SjOz) and arterial oxygen saturation (SaOz). ICP was monitored
with a subdural catheter in the 12 surgical cases and with a
subdural screw in the 4 non-surgical ones. The sensors were con
nected directly to external transducers [3]. They were zeroed at
the same level of the arterial transducer at the external auditory
meatus. The accuracy of the ICP records was assured, applying the
Mc Graw methodology for subdural hydraulic measurements [26].
SjOz was monitored through a jugular bulb catheter, inserted retro
gradely in the jugular vein on the right side [12]. X-ray verification
of the correct catheter position was obtained in all patients before
sampling jugular blood [2]. Intermittent samples of arterial and
jugular bulb oxygen saturation were obtained simultaneously.
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Table 1. Clinical Characteristics of 16 Patients with Severe Head Injury'

Case Age Fixed and
number (years)/sex Cause of injury GCSs dilated pupil(s)

1 25, M Motorcycle accident 5 Yes
2 32,F Gunshot wound 7 No
3 47, M Fall 9 No
4 28, M Assault 6 No
5 35, M Motorcycle accident 9 No
6 26, M ? 3 Yes
7 43, M Motor vehicle accident 8 No
8 25, M Motor vehicle accident 3 No
9 53, M ? 7 No
10 56, M Motorcycle accident 11 No
11 60, M Pedestrian 6 No
12 25, M Assault 3 Yes
13 48, M Motor vehicle accident 5 No
14 50, M Motor vehicle accident 8 No
15 47, M ? 8 No
16 23, M Motorcycle accident 5 Yes

CT classification

Marshall

II

EML
II
EMLa

EML
II
EML'
EML
EML
II
EML
EML
EML
EML
EML

A. Biestro et al.

Lobato

DAI + BC
(SH operated)
SH + HS
UC
SH + HS + UC
SH +SAH
DAI + UC
EH+UC
SH+BC
SH + BC
SH+BC
EHB
SH+BC
SH +BC
UC
UC+ DAI

CCSs Glasgow Coma Scale score on admission; CT classification classification based on computerized tomography, according to Marshall
H et al. [16), and Lobato H et al. [15]. EML evacuated mass lesion; EML' evacuated twice; DAI diffuse axonal injury; BC bilateral
contusions; SH subdural hematoma; HS hemispheric swelling, UC unilateral contusion; SAH subarachnoid haemorrhage; EH extradural
hematoma; EHB extradural hematoma bilateral.

CPP was calculated according to the formula CPP = Mean Arterial
Pressure (MAP) - Mean Intracranial Pressure (MICP). Cerebral
Extraction of Oxigen (CEO,) was calculated according to the
formula CEO, =SaO, - SjO,. The normal range for CEO, is 24%
42% [8].
Two patients underwent hemodynamic monitoring with a Swan
Ganz catheter (cases 5,11).
After achieving adequate intravascular volume expansion, vaso

pressors were applied, and the dose was adjusted to raise MAP in
order to reach a CPP above 70mm Hg. Drugs were given in the
following hourly sequence: 1) dopamine infusion (dopamine 1); 2)
noradrenaline infusion; 3) methoxamine boluses; 4) dopamine in
fusion post-methoxamine (dopa 2). No direct treatment to lower
ICP was attempted and, the ventilatory pattern was not changed
during this trial period with vasopressors.
The infusion rate of dopamine and noradrenaline, the number
of bolus of methoxamine and their respective dose was recorded
every 15 minutes for 45 minutes. Simultaneously, ICP. MAP and
CPP were measured or calculated. CEO, was obtained at 15 and
45 minutes. The mean values of vasopressors dose, ICP, MAP,
CPP and CEO, were analyzed (Table 2), and the result was com
pared by one-way analysis of variance (ANOYA). The Newmans
Keuls method was used to identify significant differences among
the different groups of "means".
In order to continue the statistical analysis, the whole group was

divided into two: 1) group A, 7 patients, measured from basal
conditions. In this group, basal values of ICP, MAP, CPP and CEO,
were compared with the mean values obtained with each vasopres
sor; 2) group B, 7 patients as well. They were so ill that they were
already receiving dopamine before enrolling into this protocol.
In this group, it was considered unethical to withdraw the vaso
pressors. The values obtained with dopamine in this group were
considered as baseline values and consequently compared with
those obtained under the other 3 situations. Two remaining
cases (patients 13, 16) were not statistically analyzed because they
were already under nodradrenaline on admission to the ICU.
Kruskal-Wallis test for the two groups was applied to them for
comparisons.

The level of statistical significance was established at 0.05.

Results

An ANOVA test for comparing mean of ICP, MAP,
CPP and CEOz of the entire group of patients in
the five respective situations (basal, dopamine 1,
noradrenaline, methoxamine and dopamine 2 post
methoxamine) showed significant differences among
means of MAP and means of CPP (p = 0.008). For
means of ICP and CEOz no significant differences
were detected (p = 0.8 and 0.6 respectively) (see
Table 3).
The Neuman-Keuls test detected significant dif
ferences (p = 0.05) between two clusters: mean
CPP with methoxamine and dopamine 2 (post
methoxamine) on one side and mean CPP basal, with
dopamine 1 and with noradrenaline, on the other.
According to the Kruskal Wallis test in the group
A there was a significant increase of MAP and CPP
with noradrenaline, methoxamine and dopamine 2
(post methoxamine) (Fig. 1) while in the group B a
significant increase in MAP and CPP was noted with
noradrenaline and dopamine 2 (post methoxamine)
(Fig. 2).
As side effects: dopamine clearly induced or fa
cilitated polyuria in cases 2, 9 and 10. Noradrenaline
did not show undesirable effects. Its hypertensive
response was mild in four (cases 1, 4, 7, 11).
Methoxamine showed transitory bradycardia in
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Table 2. Basal Data, Vasopressor Dose, lCP, CPP and CEO! of l6 Severe Head Injured Patients

Case Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

B ICP 16 16 8 21 22 14 27
cpp 64 64 60 60 65 68 64
CE02 36 21 57 25.5 25 13.5 23

D1 dose1 11.5 10 10 10 36 20 10 42.5 15 10 24 37 10 12
ICP 13.6 17 9 14 19 16.5 24 20 26 10.5 21 37.5 20 243
CPP 83 57.5 91.5 81 71 44.5 66.5 69 59 59.5 62 43 66.5 73
CE02 29.5 18 35 19 19 26 26 20.5 24.5 28.5 27.5 25 28.5

N dose2 0.6 0.5 1 0.5 0.5 1.6 0.5 2.0 1.5 0.5 0.9 2.5 0.5 0.5 0.5 5
ICP 15 18 11 17 21 20.5 23 23.5 12.5 13.5 20 32 61.5 21.5 24.5 14
CPP 78 63 97 80.5 81.5 81 65.5 117 79.5 69 63 53.5 43.5 85 85.5 76
CE02 34 24 34 19 14 18.5 25 27 25.5 36.5 23.5 35.5 27.5 29.5 11.5

Mtx doseln 40/2 60/3 60/3 60/3 60/3 60/3 12013 120/3 6013 120/3 6013 20/1 60/3 40/2
lCP 8.5 18 11.5 11.5 19 22 22.5 12.5 16 26 51 18 32 12
CPP 106.5 77 99 104 88 73.5 93.5 59.5 71.5 68.5 59 120 98.5 54
CE02 38 18 33 22.5 19 23 28 15 30 33.5 27.5 14.4

02 dose1 11.5 8.3 8 10 34.5 10 42.5 10 37 10 12.4 20
ICP 8.5 17.5 10.5 15 27.5 23.5 22 18.5 30.5 49.5 33 14
CPP 130.5 72 69 L07 93.5 103.5 78 73.5 69.5 68 95 70.5
CE02 28 18 39 19 9 18 15.5 28.5 33.5 27.5 II

B basal data, Dl dopamine, N noradrenaline, Mtx methoxamine, D2 dopamine postmethoxamine, ICP intracranial pressure, CPP cerebral
perfusion pressure, CE02 cerebral extraction of oxygen, dose/ ,.!g/kg/min, dose2 mg/h, dose/n total dose of methoxamine / total amount
of bolus.

Table 3. Mean Data of ICP, MAP, CPP and CE02 of /6 Head Injured Patients in Basal Condition and after Vasopressor Trial

Basal Dopamine 1 Norad. Methox. Dopamine 2

Doses (mean) 18.4llg/kg/min 1.2mg/h 67mg 17.81lg/kg/min
Doses (ranks) 10.0-42.5 0.5-5.0 20-120 8--42.5
ICP (mean) 17.7 19.4 21.8 20.0 22.5
MAP (mean) 81.4 85.7 97.9 103.7 108.4
cpp (mean) 63.6 66.2 76.1 83.7 85.9
CE02 (mean) 28.7 25.1 25.6 25.1 22.4

ANOVA P Value

ns
p < 0.05
P < 0.05
ns

ICP intracranial pressure, MAP mean arterial pressure, CPP cerebral perfusion pressure, CE02 cerebral extraction of oxygen, ns not
significant.

four (cases 1, 3, 9, 14). Two of them required
atropina, one was an atrio-ventricular block. In two
patients there was a paradoxical hypotensive effect
(cases 9 and 16 of group B) after repeated bolus. In
other two cases (cases 2 and 15) it clearly caused
olyguria.

Discussion

In the management of severe head injury it was
determined that it was not only necessary to lower
ICP but simultaneously also increase MAP in order
to obtain an adequate increase of CPP. The increase
in MAP has the theoretical danger of an unwanted
increase in ICP due to surpassing of the upper limit
of autoregulation or by defective autoregulation.
Both mechanisms might induce a "pressure passive"

vasodilatation and transcapillary fluid filtration at the
defective autoregulation areas [1]. Although prob
able, this has not been demonstrated in clinical B
studies.
The present study, as well as previous ones,
[5,6,7,20,22] showed that within certain limits it is
safe to increase MAP. In our study, without knowl
edge of autoregulation stage of the patients, the
increase of MAP with adrenergic vasopressors in a
significant value of2Q-27mmHg resulted in a signifi
cant increase of CPP of 15-22mmHg without
changes in ICP, and CE02 [24].
Rosner [21] has indicated a CPP mean of

113mmHg as a turning point. After that, his patients
started to increase ICP. In our study, some patients
even reached a CPP of 125mmHg after a bolus of
methoxamine without increasing of the ICP.



8 A. Biestro el al.

ICP 25

20

15

10

5

o

c )
C) ) C

ICP 35

30

25

20

15

10

5

o

c ) tc

* *

* t >

)
c

9

* *
) t

)

CPP 120
110

100

90

80

70

60

50

B

B

01

01

N

N

Mtx

Mtx

02

02

a

b

cpp 110
100

90

80

70

60

50

40

01

01

N

N

Mtx

Mtx

D2

02

a

b

Fig. 1. Patients of Group A (in basal conditions) (a) Response
of intracranial pressure after administration of different vasopres
sors: there were no significant differences. (b) Response of
cerebral perfusion pressure after administration of different
vasopressors: there were significant differences with noradrena
line, methoxamine and dopamine postmethoxamine. *Significance
p < 0.05 relative to basal condition. B basal. DI dopamine
initial, N noradrenaline, MIx methoxamine. D2 dopamine
postmethoxamine

A better knowledge of this upper limit would
allow a higher CPP ceiling and thus act to increase
regional cerebral blood flows optimizing the
ischemia treatment.
A second point of discussion is to know which of
the adrenergic drugs used is the most suitable for
CPP optinization.
In the present study, dopamine (aI, ~1, ~2, 01 and

D2 agonist) was not as effective even at a high dose,
perhaps due to its vasodilatatory (~2, 01) and
polyurique effect (01, D2), [25] both decreasing its
vasopressor power. However, we did not reach
megadoses of dopamine (60~g/kg/min) as other au
thors did. Noradrenaline (aI, a2, ~1 agonist) at a
dose of 0.5mg-5mg/h was effective and reliable with
out untoward effects. It might be considered the drug
of choice even though the response was not the ex
pected one in a few cases. Perhaps this was due to a
subclinical cardiac insufficiency as a result of potent
vasoconstriction increasing afterload.
Methoxamine, a strong a1 agonist [14] has the ad
vantage of a sustained effect even after a single bolus
injection that can also be repeated. It is an effective

Fig. 2. Patients of group B (after initial treatment with dopamine).
(a) Response of intracranial pressure to differents vasopres
sors: there were no significant differences. (b) Response of cere
bral perfusion pressure to differents vasopressors: there were
significant differences with noradrenaline and dopamine 2.
*Significance p < 0.05 relative to dopamine 1. DI dopamine
initial. N noradrenalina, MIX methoxamine, D2 dopamine
postmethoxamine

means to control sudden decreases of CPP due to
arterial hypotension which is very common during
the care of these patients in the ICU. Increasing the
velocity of infusion of another vasopressor might not
be sufficiently rapid to correct sudden hypotension.
However, careful attention should be paid, using this
drug because in some cases repeated boluses of
methoxamine could generate hypotension probably
by an increased afterload and also by adenosine lib
eration [11]. We did not find a relationship between
this paradoxical hypotension and the presence of
bradycardia.
An interesting effect of methoxamine seen in
the present study was an improvement of the
perfomance of dopamine (dopamine 2 post
methoxamine), perhaps through a counter effect on
the vasodilatation and polyuria induced by it.
Dopamine in turn improves the cardiac perfomance
under methoxamine. Recently, noradrenaline
bolus has been studied as well in human beings
(1-4~g/kg) [23]. However, its short action and the
cumbersome preparation of "microbolus" makes it
unsuitable.
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Effects on Intracranial Pressure of Fentanyl in Severe Head Injured Patients
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Summary

Despite opioids are routinely used for analgesia in head injured
patients, the effects of such drugs on ICP and cerebral hemo
dynamics remain controversial, Cerebrovascular autoregulation
(CAR) could be an important factor in the ICP increases reported
after opiod administration, In order to describe the effects on
intracranial pressure of fentanyl and correlated such efects with
autoregulation status, we studied 30 consecutive severe head
injury patients who received fentanyl (211g/kg) intravenously over
one minute, Prior to study, CAR was assessed. Monitoring
included MAP, HR, SaO" ETCO" SjO, and ICP. Changes in
cerebral blood flow (CBF) were estimated from relative changes
in AVDO,. Patients mean GCS was 5.7 ± 1.7 (mean ± STD) and
mean ICP on admission was 23.8 ± 16.3mmHg. Fentanyl caused
significant increases in ICP and decreases in MAP and CPP, but
CBF remained unchanged when estimated by AVDO,. In patients
with preserved CAR (34.5%), opiod-induced ICP increase was
greater (but not statistically significant) than in those with
impaired CAR (65.5%). We conclude than fentanyl moderately
increased ICP and decreased MAP and CPP. Our data suggests
that in patients with preserved CAR, potent opioids could cause
greater increases of ICP, probably due to activation of the
vasodilatadory cascade.

Keywords: CBF; fentanyl; head injury; opoids.

Introduction

Synthetic opioids are routinely used for analgesia in
severe head-injured patients as part of the manage
ment of increased intracranial pressure (ICP), How
ever, the cerebrovascular effects of opioids remain
controversial. Studies in laboratory animals and hu
mans have shown increases, decreases or no change
in cerebral blood flow (CBF) and/or ICP after
opioid administration. Most of these studies found a
concomitant decrease in mean arterial pressure
(MABP) and recently, it has been suggested that
systemic hypotension could in fact be responsible for

the increases in ICP observed after the administra
tion of potent opioids such as fentanyl or sufentanil
[2,11], In patients with low intracranial compliance
and intact autoregulation, reduced MABP would be
expected to result in vasodilation, increased blood
volume and thus increased ICP, Cerebrovascular
autoregulation (CAR), which is impaired in at least
50% of severe head injured patients [5,7], could be an
important factor in the ICP increases reported after
opioid administration, In order to investigate the role
of CAR in opioid-induced cerebral hemodynamic
changes, we studied the effect of fentanyl upon ICP
and CBF in patients with severe head injury and high
ICP in whom the status of autoregulatory mecha
nisms were previously assessed.

Materials and Methods

After institutional approval, 30 consecutively admitted patients
with severe head injury (post-resuscitation Glasgow coma scale
score $8) and a diffuse brain lesion were included in this study.
All patients underwent monitoring of blood pressure and cen
tral venous pressure. Heart rate was measured from a standard
ECG lead and mean arterial blood pressure (MABP) was calcu
lated. Arterial oxygen saturation (SaO,) from a pulse oxymeter
and end-tidal CO, (ETC01) by capnography were continuosly
monitored. A frontal intraparenchymatous Camino transducer
(Camino Laboratories, San Diego, CAl was used to monitor ICP.
Continuous jugular venous oxygen saturation (SjO,) monitoring
was regularly performed. From these variables, cerebral per
fussion pressure (CPP) and cerebral arteriojugular venous oxygen
content difference (AYD01) were calculated for estimation of
CBF. All AYDO, values were corrected for changes in pCO,. The
methodology used to test both autoregulation and CO, reactivity
has been previously described [7].
Patients received fentanyl (211g/kg) intravenously over one
minute. Prior to infusion, MABP, HR, ICP, CVP, T, EtCO" SaO,
and SjO, were recorded and CPP calculated. At time 0 (To), the
study drug was infused, and all the above measurements were
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repeated at Tz,Ts, T'D' TIS, T 2D,T zs ,T,o, T4o• Tso and T60' Arterial and
jugular blood samples were collected at Til' T" and Too for AVDOz
measurements.
The mean values obtained for each of the measured and calcu
lated variable were analyzed within groups by repeated-measures
ANOVA. Differences between groups were tested by two way
ANOVA. For all analysis, statistical significance was inferred
when p < 0.05.

Results

Mean age of our group (23 malel7 female) was 30.2 ±
13.2 (mean ±STD), GCS was of 5.7 ± 1.7 and mean
ICP on admission was of 23.8 ± 16.3. Hemodynamic
instability forced the exclusion of one patient during
the first day of study. Of the 29 left, 19 (65.5%)
showed impaired/abolished autoregulation and 10
(34.5%) had preserved autoregulation. Cerebro
vascular response to CO2 was preserved in all cases
(C02R > 1%). Blood gases, pH, temperature and
CVP were unchanged by opioid administration.
Fentanyl induced significant decreases in MABP
(of 4.5 ± O.lmmHg) and increases in ICP (of 2.8 ±
1.1mmHg) at 2 and 5 minutes postadministration of
the drug (Fig. 1). While ICP returned to baseline
levels after 30 minutes, MABP was persistently lower
than preinfusion values at 1 hour. The fall in MABP
and the increase of ICP resulted in a transient but
important fall in CPP (of 5.3 ± 1.1 mmHg). A small
decrease of AVD02 (from 1.55 ± 0.5 to 1.44 ±
0.6Ilmol/ml) was observed at 5 minutes (Fig. 1) but

this decrease was not statistically significant. Esti
mated CBF increased by 14% at 5 minutes after ad
ministration, returning at 1 hour to baseline levels.
When patients were classified in function of their
autoregulation status (Fig. 2), no significant changes
in ICP were found between groups after fentanyl
administration, although patients with preserved
CAR seemed to experience a major rise in ICP in
comparison with the group with impaired/abolished
CAR (4.8 vs 2.3mmHg).

Discussion

Several studies in humans [1,3,8,10] have reported
increases in ICP or CBF after the administration of
synthetic opioids such as fentanyl, sufentanil and
alfentanil. By contrast, Werner [11] observed no
change in ICP in patients with mantained MABP but
a significant increase in patients with decreased
MABP, whereas CBF velocity as an index of flow did
not change regardless of changes in MABP. When
systemic hypotension was blunted by the administra
tion of phenylephrine, another study [2] found that
changes in cerebrospinal fluid pressure were mini
mized. Both authors concluded that opioid-induced
ICP elevations could be related to autoregulatory
vasodilation secondary to systemic hypotension
rather than increases in CBF.
According to Obrist et at. [5], about half the pa
tients with severe head injury have a variable degree
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Fig. 1. Fentanyl-induced changes in ICP, MAPS and AVDOz'
MABP at 5 and 10 minutes was significantly lower than baseline
value, while ICP was significantly higher at 5, 10, 30, 40, and 50
minutes (p < 0.05). The decrease in AVDOzdid not reach statisti
cal significance. Results are presented as mean ± SEM
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Fig. 2. Autoregulation status and rcp changes after fentanyl.
CAR cerebral autoregulation. No statistical differences were
found between patients with preserved CAR and impaired CAR.
Results are presented as mean ±SEM
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of autoregulation impairment. A recent study by our
group [7] found that 57% of the patients with a dif
fuse injury had impaired/abolished autoregulation.
In the present study, our initial hypothesis was that
ICP would only increase in the intact-autoregulation
group and would follow MABP or remain unchanged
in the impaired-autoregulation group. Although ICP
elevation was greater in patients with preserved
autoregulation, both groups showed ICP increases
after fentanyl administration.
Besides changes in systemic hemodynamic
variables, intrinsic properties such as direct
cerebrovasodilation or changes in cerebral metabo
lism could also explain ICP increases after fentanyl
administration. Different types of opioid recep
tor binding have been demonstrated on cerebral
microvessels [6], and some endogenous agonists have
been proved to cause pial artery dilatation [9]. How
ever, little is known concerning the effects of syn
thetic opioids on cerebral circulation in the injured
human brain. On the other hand, opioids may affect
cerebral metabolism (CMR02) which could indi
rectly induce cerebral vasodilation or constriction.
Conflicting results regarding this point may be due to
background anesthetic technique. Moreover, it has
been observed that some anesthetic agents can alter
the cerebrovascular effects of opioids. Although
opioids do not uncouple CBF to CMR02, Milde [4]
found a small decrease in CMR02 and a 14% in
crease in CBF after fentanyl administration in dogs
which received no other anesthetic drug.

In conclusion, fentanyl moderately increases ICP
and decreases MABP and CPP in patients with
severe head injury. No differences were found in
the ICP response between patients with preserved
and impaired autoregulation, suggesting that other
mechanisms related to intrinsic properties of opioids
may be implicated in the ICP increase observed after
the administration of such drugs.

M. de Nadal et at.: Effects on Intracranial Pressure of Fentanyl
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Summary

It is suggested that reduced intracranial compliance may be
present even when measured ICP is normal and may precede
clinical deterioration. Our findings reflect a decompensation of
hydrodynamic parameters more pronounced 4-7 postictal days,
when compliance is reduced not only in patients with poor clinical
condition, but also in patients with Hunt-Hess grade I-III. In
creased CSF outflow resistance in the first few days is not surpris
ing; it is thought to be due to the blockage of flow of CSF through
the basal subarachnoid cisterns and clogging of the arachnoid villi
with erythrocytes and fibrin. Enlargement of ventricles seen on
CT scan at the same time suggests the development of acute
hydrocephalus. During the first days after SAH, our data reflects
evidence of ventricular enlargement in patients presenting with
both poor and better clinical condition. We conclude that the
monitoring of ICP and dynamic measuring of CSF hydrodynamic
parameters is important for longer than the generally accepted few
days for selected cases after SAH.

Keywords: CSF dynamics; Hydrocephalus; SAH.

Introduction

Increase of ICP plays a determinate role in the devel
opment of secondary brain damage following sub
arachnoid hemorrhage (SAH) and may be caused by
hemorrhage itself, edema formation and disturbance
of CSF dynamics [1]. ICP response after SAH and
following pathophysiological changes probably de
pends principally on the volume of hemorrhage. A
study in 52 patients in acute stage after SAH (moni
toring of ICP for a mean of 8 days after ictus) showed
that mean intracranial pressure rose as clinical grade
worsened [5]. On the other hand, it is known that
before ICP rises, there is possibly some compen
sation of intracranial system dysequilibrium which
depends upon the compliance of the intracranial

system. Reduced intracranial compliance may be
present even when measured ICP is normal [6].
Hydrocephalus and vasospasm are well
recognized sequelae of SAH from ruptured intracra
nial aneurysms and additionally affect intracranial
balance [2].
Following the time course of CSF hydrodynamic
parameters in the acute stage of SAH is the aim of
this investigation.

Methods

In 32 aneurysmatic SAH patients ICP was monitored through a
ventricular catheter using Bell-Howell external transducer. Serial
measurements of pressure-volume index (PVI), compliance (C),
elastance (E) and resistance to CSF absorption R were performed
using repeated bolus-infusion tests.
Clinical features of each case were documented using Hunt and
Hess grading scale.
Dynamic CT scanning was performed in the case of negative
change in neurological status during postictal period. For estima
tion of ventricular size dynamics, Evans ratio and bicaudate index
were calculated.

Results

In days 1-3 after SAH, mean ICP in patients with
Hunt-Hess grade I-III was as low as 4.7mmHg com
pared to 13.9mmHg the same time in patients with
Hunt-Hess grade IV-V. During the next few days
ICP showed a tendency to increase and reached its
maximum in both groups by the end of the first week
after ictus (Table 1).
C in patients with Hunt-Hess grade IV-V indi
cated worsening in the intracranial compliance at the
end of first week after ictus (Table 1). R reached its
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Table 1. CSF Hydrodynamic Parameters Dynamics after SAH. Mean values (SD)

ICP ICP C C R R
in patients in patients in patients in patients in patients in patiens

Days with Hunt- with Hunt- with Hunt- with Hunt- with Hunt- with Hunt-

after Hess grade Hess grade Hess grade Hess grade Hess grade Hess grade
SAH I-III IV-V I-III IV-V I-III IV-V

2-3 4.7 (3.9) 13.9 (14.3) 0.42 (0.1) 0.65 (0.6) 3.3 (0) 6.3 (7.5)
4-5 12.8 (10.8) 17.1 (4.3) 0.58 (0.4) 0.29 (0.1) 24.7 (36.1) 16.5 (10.9)
6-7 15.5 (10.7) 15.0 (12.8) 0.58 (0.4) 0.21 (0.07) 4.2 (4.0) 21.0 (9.6)
8-9 12.2 (8.7) 4.0 (4.2) 0.95 (0.4) 0.48 (0.2) 6.1 (4.6) 6.6 (7.9)
10-11 9.8 (8.3) 16.2 (5.8) 0.38 (0.19) 1.05 (0) 5.2 (3.9) 8.4 (0)
12-20 12.8 (5.2) 2.1 (1.4) 0.38 (0.19) 1.39 (0.35) 18.4 (19.3) 6.7 (3.6)

ICP N = <15mm Hg; Compliance (C) N = 0.2-0.6ml/mm Hg; CSF outflow resistance (R) N =
<10mmHg/ml/min.
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Fig. 1. Dynamics of CSF outflow resistance (R) in Hunt-Hess 1
III and IV- V groups

maximum at 4-7 days after SAH and then showed a
tendency to decrease in both patients groups. The
second peak of increased CSF outflow resistance ap
peared in the days 12-20 after SAH (Fig. 1). Calcu
lated Evans ratio indicated ventricular enlargement
most evident in days 2-3 and twelve or more days
after ictus (Fig. 2).

Discussion

Raised ICP has been found in several studies of pa
tients with ruptured intracranial aneurysm, and it is
higher in patients with worse clinical condition. [5].
Also in our study, highest values of ICP were mea
sured in patients with Hunt-Hess grade IV-V, most
evident in days 4-7 after ictus. In the same time
decreased values of compliance appeared, which
indicates brain edema formation. Also vasospasm,
which may develop at any time in the acute stage of
aneurysmatic SAH has highest incidense in days 5-7

Days after SAH

Fig. 2. Dynamics of EVANS ratio in Hunt-Hess I-III and IV-V
groups

after rupture [8] and may be one cause of CSF hydro
dynamic parameters dysequilibrium.
Hydrocephalus may occur during both the early

phase (10-30% of patients with SAH) and in 10-15%
of patients in the long-term phase after SAH, as dem
onstrated on a CT or MRI scan [7]. Increased CSF
outflow resistance in the first days is not surprising; it
is thought to be due to the blockage of flow of CSF
through the basal subarachnoid cisterns and clogging
of the arachnoid villi with erythrocytes and fibrin [4].
Our data are reflecting, in the first days after SAH,
evidence of ventricular enlargement in patients with
both, better and poorer clinical condition.
During the long-term phase after SAH, one cause
of hydrocephalus is scarring of the arachnoid gran
ules and disturbances in CSF absorption. The treat
ment for chronic hydrocephalus after SAH is
placement of a permanent ventricular shunt [7]. In
our study 6.2% of patients required delayed shunting
due to clinical deterioration.
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Evans ratio by normal ventricular size = 0.1-0.2; in the case of
cerebral edema <=0.1 and hydrocephalus >=0.3.

Table 2. Ventricular Size (Evans ratio) Dynamics after SAH.
Mean values (SD)

Monitoring of ICP and CSF hydrodynamic param
eters helps the neurointensivist achieve or approach
normal ICP, improve intracranial compliance and
maintain adequate cerebral perfusion pressures [6].
In long-term phase after SAH, measuring intra
cranial hydrodynamic parameters may be a helpful
tool to decide whether hydrocephalus is caused due
to cerebral atrophic processes following ischemic
damage or due to disturbed CSF resorption [9,10].
We conclude that monitoring of ICP and dynamic
measuring of CSF hydrodynamic parameters is im
portant for longer than the generally accepted few
days for selected cases after SAH.

Days after SAH

2-3
8-9
12-20

Mean Evans ratio
(SD) in patients with
Hunt-Hess grade I-III

0.37 (0.07)
0.28 (0.11)
0.35 (0.1)

Mean Evans ratio
(SD) in patients
with Hunt-Hess
grade IV-V

0.39 (0.03)
0.33 (0.08)
0.40 (0)
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Summary

There has been controversial discussion about the benefits of
decompressive craniectomy in patients with critically raised intra
cranial pressure (ICP) after severe head injury. The aim of this
retrospective study was to analyze the results of secondary
decompressive craniectomy in patients with uncontrollable raised
ICP after maximum aggressive medical treatment. The data of
28 patients (mean age 22 years, range 8-44 years) with severe
head injury and posttraumatic cerebral edema were analyzed
retrospectively. Surgery was not indicated in patients with vast
primary lesions, hypoxia, ischemic infarction, brainstem injuries
and central herniation. The outcome was classified according
to the Glascow Outcome Scale (GOS) after one year. The
decompressive crainectomy was performed an average of 68 hours
after trauma, and ICP «25 mm Hg) decreased always while cere
bral perfusion pressure (CPP > 75 mm Hg) improved as well as
cerebral blood flow and microcirculation to normal values. 15
patients (56%) had a good outcome after one year (GOS 4 + 5).
5 patients (18%) were severely disabled, 4 patients (14%)
remained in vegetative state and 3 patients (11%) died.
Decompressive craniectomy should be kept in mind as the last
therapeutic step, especially in young patients with head injury and
raised ICP, which is not controllable with conservative methods.

Keywords: Decompressive craniectomy; head injury; uncon
trollable raised ICP.

Introduction

Decompressive craniectomy in patients with cntI
cally raised intracranial pressure after severe head
injury is still a subject of controversial discussion [1
10]. In 1905 Harvey Cushing established the principle
of decompressive craniectomy as a treatment for in
creased ICP [1]. Although first systematic studies of
Venes and Cooper in 1975 and 1976 demonstrated
good outcome, this fact did not influence further
strategy [7]. The aim of this retrospective study was
to analyze the results of secondary decompressive

craniectomy in patients with uncontrollable raised
ICP after maximum conservative treatment.

Material and Methods

The data of 28 patients (mean age 22 years, range 8-44 years) with
a severe head injury and posttraumatic cerebral edema were ana
lyzed retrospectively. If the maximal conservative therapy with
head elevation (head over body with 30-45°) and midline kept
head, moderate hyperventilation, osmodiuretics, barbiturate and
THAM, CSF drainage failed to lower ICP, uni- or bilateral
decompressive craniectomy from frontal to the temporoparietal
region (minimal diameter >8cm) was performed. The decom
pressive effect obviously depends on the volume gained by
craniectomy [9]. Considering the mechanisms of herniation, de
compression should be extended far enough to the bottom of the
middle fossa to relieve pressure caused by mediobasal herniation,
the parietal extension should reach the midline to avoid compres
sion of the bridging veins. Incision of the dura was performed as
large as possible. At the end of the study, duraplasty was per
formed in nearly every case. When a patient showed a hemispheric
edema, a unilateral craniectomy was done; in case of general brain
swelling, bilateral decompression was performed.
Surgery was not indicated in patients with vast primary lesions,
hypoxia, ischemic infarction, brainstem injuries, central herniation
and primary unisocoria.
The outcome was classified according to Glascow Outcome Scale
(GOS) one year after trauma. The calottal defect was covered,
after clinical recovery, either with the sterilized bone graft or with
plastic material for protective and cosmetic reasons.

Results

Thirteen of the 28 patients show an initial GCS from
3-6, 2 patients of these had shock and resuscitation
was done to six patients who were classified with
GCS from 7 to 8. Three patients had an initial score
of 9-12 (1 patient had a shock). Twenty-four of the
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28 patients show a severe closed head injury, and 4

patients show a CSF leak.
Twenty-four of the patients had one or more con
tusions, unilateral or bilateral. Ten of these patients
had a small epidural or subdural haematoma without
mass effect and no evidence of herniation. Twelve
patients showed an initial midline shift. Seventeen
of the 28 patients got a unilateral craniectomy, 11
patients were bilaterally decompressed because of
generalized brain edema. To estimate the efficiency
and the prognosis of these patients, the Glascow Out
come Score after one year was used.
Decompressive craniectomy was performed in the
mean time of 68 hours following the trauma. In
detail: 3 patients were decompressed in the first 24
hours, 9 patients in the first 48 hours, 8 patients
within 3 days and the rest of 8 patients were decom
pressed up to day 6.
Table 1 compares pre- and postoperative values of
ICP and CPP: in terms of ICP, we found preoperative
values of 41.7mmHg (standard deviation of the
mean of 10.1 mmHg) and postoperative values of
20.6mmHg (standard deviation of the mean of
15.3mmHg) CPP changed to values of 78.9 (sdm
of 7.2mmHg) 24 hours after decompression (Fig. 1).
16 patients (57%) had a good outcome after one

year (GOS 4,5), 5 patients (18%) were severely dis
abled (GOS 3), 4 patients (14%) remained in vegeta
tive state while 3 patients (11%) died (Table l).
The bad outcome of the patients (GOS 1,2) was
caused by different factors. One patient with GOS
2 showed postoperatively demarcated brainstem
ischemia, another patient developed a MCA-infarct
without mass effect, one a global edema and the
fourth patient with an GOS 2 after one year showed
progredient demarcations of his multiple contusions.

17

Reasons for death were caused by raised intracra

nial pressure and consecutive herniation in one pa

tient; two other patients had a cardiac arrest during
follow-up period.
Regarding the age in comparison to the GOS, one

finds significantly better outcome in younger pa
tients: 80% of the patients under 30 years had a final
GOS of 4 or 5, while just 80% of the older patients
got 2 or less in the mean (Fig. 2).

Discussion

Decompression of the brain by turning the closed
cavity of the skull into an open one is a traditional
neurosurgical concept. It has been applied in several
conditions of uncontrollable raised ICP. Indications
include head injury, cerebellar infarction and mas
sive stroke [1-10]. But there is still a controversial
discussion about decompression in trauma surgery,
although it has been reported in rather large num
bers of patients in the last decades. Still, today, the

Table 1. Initial Glasgow Coma-Score (GCS) and Postoperative
Glasgow Outcome Score (GOS) after One Year

Primary GCS n Shock Resocitation

3---{j 13/28 2 2
7-8 6/28 1
9-12 3/28 1
13-15 6/28

GOS n %

4/5 16 57
3 5 18
2 4 14
1 3 11
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Fig. 1. ICP/CPP pre- and postoperatively Fig. 2. Outcome depending on patient age
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only indication that seems to be widely accepted is
cerebella infarction with consecutive deterioration.
However, in our opinion decompressive crani
ectomy should be taken into consideration in
patients with uncontrollable raised ICP to avoid
irreversible brain damage after failed conservative
treatment.
The benefit of this surgical procedure depends
considerably on a careful indication and preferably
on young head injured patients.
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Summary

The concomitant effects of infusions of catecholamines on cere
bral blood flow (CBF), intracranial pressure (ICP), arterio-venous
oxygen content difference (AVDO,), and cerebral oxygen utiliza
tion (COU) were prospectively studied in an intact cerebral
autoregulatory model.
Epinephrine, norepinephrine and dopamine were infused at

doses used in clinical practice in awake, chronically catheterized
sheep (n = 5). Mean arterial pressure (MAP), CBF and ICP were
measured continuously, COU was expressed as oCBF x AVDO,.
All 3 drugs significantly increased MAP in a dose dependent

manner. Norepinephrine and epinephrine had no significant ef
fects on ICP, CBF, AVDO, or COU at infusions of 0-6011g/min.
Infusions of dopamine from 0-60 llg/kg/min resulted in statistically
significant increases in ICP (+34.5 ± 3.7 to +97.2 ± 6.8) and CBF
(+13.3 ± 3.2 to +52.6 ± 24.3) (% change baseline ± SEM, 95% CI,
ANOVA), reduction in AVDO, (3.54 ± 0.2. to 2.69 ± 0.2 mg%)
and a biphasic response in COU. In the intact physiological model,
induced hypertension by epinephrine and norepinephrine is not
associated with global changes in CBF, ICP or COU which remain
constant. At equivalent doses, dopamine causes cerebral
hyperaemia, increased ICP and increased global cerebral oxygen
utilization.

Keywords: AVDO,; Dopamine; Epinephrine; Norepinephrine;
Oxygen utilisation.

Introduction

Augmentation of cerebral perfusion in patients with
disturbed autoregulation is now advocated to pre
vent cerebral hypoperfusion, particularly in trau
matic head injury and subarachnoid haemorrhage.
This is primarily achieved with fluid based strategies
to achieve a euvolaemic state and supplemented with
inotropic or vasopressor agents.
The aim of this study was to analyze the concomi
tant effects of infusions of norepinephrine, epineph
rine and dopamine on cerebral blood flow (CBF),

intracranial pressure (ICP), difference in arterio
venous oxygen content (AVD02) and cerebral oxy
gen utilisation (COU) using infusion rates commonly
used in clinical practice.
Ethical approval for this study was obtained
from the University of Adelaide Animal Ethics
Committee and animals were handled in accordance
with the Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes.

Materials and Methods

A two stage preparation was used in 5 adult female merino sheep
(approximately 50kg weight). Under general anaesthesia, the ca
rotid artery and internal jugular vein were exposed. Vascular cath
eters were then inserted using the Seldinger technique under
image intensification into the aortic root, right atrium and superior
vena cava for measurement of systemic pressures, blood sampling
and administration of drug [3]. A craniotomy was then performed
and an ultrasonic Doppler transducer (Tritonics Medical in
struments, Iowa) placed on the dorsal sagittal sinus to measure
CBF using previously published methods [4]. A blood sampling
catheter was placed in the sagittal sinus "downstream" of the
probe [1]. An intraparenchymal strain gauge catheter (Codman
Microsensor) placed through the same craniotomy to measure
ICP. The craniotomy was closed and all intravascular catheters
secured and connected to a continuous heparinized flushing sys
tem. A period of 7-10 days elapsed between insertion and mea
surements to allow a fibrous scar to develop around the flowmeter
and the sagittal sinus. This ensures minimal movement between
the two and a constant angle between the ultrasonic beam and the
direction of blood flow. Changes in vessel diameter in response
to anticipated changes in perfusion pressure caused by infused
pressors or changes in posture are therefore minimized [4].
On day of measurement. the awake animal was placed in a

supportive sling. Each animal acted as its own control. In random
order, the animal received ramped infusions of the three cat
echolamines. Epinephrine and norepinephrine were infused at
rates at 10,20,40, 6011g/min in 5 minute periods; dopamine at the
rates at llg/kg/min. These concentrations were delivered at the
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infusion period. Dopamine produced a statistically
significant rise in CBF when the infusion rate ex
ceeded 40llg/kg/min (+13.3 ± 3.2 to +52.6 ± 24.3%
change baseline ± SEM, 95% cr, ANOVA). On ces
sation of infusion, cerebral blood flow returned to
baseline levels within 5-10 minutes.
No significant change in AVDOz and COU from
baseline occurred with norepinephrine or epineph
rine over the rang of infusion and into the post in
fusion period. Dopamine produced a significant
reduction in AVDOzwhen dose exceeded 20llg/kg/
min. At similar doses, global COU had a biphasic
response: there was an initial decrease when dose
exceeded 20llg/kg/min followed by an increase that
approached baseline levels at 60llg/kg/min (Table 1).

Results

As expected, all three drugs produced a significant
increase in MAP with prompt return to baseline val
ues on cessation of the infusion. There were variable
effects on rcp by the three agents (Fig. 1). Norepi
nephrine did not increase rcp, while epinephrine
produced a modest dose dependent increase in rcp
at doses greater 40llg/min. Dopamine produced a
significant increase in rcp at doses greater than
20llg/kg/min (+78.6 ± 13.1 to +97.2 ± 6.8% change
baseline ± SEM). On cessation of the infusions, rcp
returned to baseline values with 5-10 minutes.
The effects of the infusions on CBF and AVDOz
are shown in Fig. 2. No significant change in CBF
from baseline occurred with norepinephrine or epi
nephrine over the range of infusion and into the post

equivalent ml/hr. Changes in CBF and ICP were recorded using
a continuous computerised acquisition system sampling at 1Hz
and expressed as relative change in frequency shift from baseline;
absolute changes in MAP were recorded in mm Hg also sampling
at 1Hz. Blood samples were taken intermittently in 5 minute
intervals from the aortic root and sagittal sinus to measure
AVD02; COU was expressed as oCBF x AVD02•
Measurements were made continuously for a baseline period of
ten minutes, during the ramped infusion and post infusion until
parameters returned to baseline values.
On completion of the study, the animal was returned to a hold
ing area with free access to food and water.

COU
AVD02
(mg%)

50

Dose (mihlr)
'0'0

CBF (% change
baseline)

10

o+--_- ~

o

Fig. 2. Effect of catecholamine infusions on CBF (top panel) and
AVDO, (lower panel). Dopamine produced a dose dependent
significant increase in CBF (95%CI, ANOVA) which was associ
ated with a reduction in AVD02. Norepinephrine and epinephrine
did not alter CBF or AVD02

........+......
~ • t----J,.--

§)
«

Dopamine
(I!g/kg/min)

Table 1. Effect of Dopamine Infusion

200 n -5
,..
110

a 140

1,20 ........ ~:.~...... ~"~
........

i':
eo..
20

0
0 '0 20 '0 oo

'50

_lOO

f..
c

!
I ISO

!
Q.
\,!,oo

50

0
0 '0 '0 '0 .0

Dose (I,.M,,)

..... e...epItrino
~N~.

•. Oop.wnint

Fig. 1. Effect of catecholamine infusions on MAP (top panel) and
ICP (lower panel). All catecholamines produced a dose dependent
increase in MAP. Dopamine increased ICP from baseline at dose
>20l!g/kg/min. Values are displayed and mean ± SEM

10
20
40
60

+13.3 ± 3.2
+6.8 ± 3.4
+21.0 ±6.7
+52.6 ±24.3

3.54 ± 0.2
3.21 ±0.3
2.97 ± 0.3
2.69 ± 0.2

391.8 ± 31.5
338.5 ± 36.3
351.1 ±40.0
407.4 ± 70.0
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On cessation of infusion, AVDOzand COD returned
to baseline levels within 5-10 minutes.

Discussion

There is conflicting opinion both about the drug of
choice to achieve a desired cerebral perfusion pres
sure and the effects that these agents may have on
cerebrovascular dynamics in patients with normal or
impaired autoregulation. There is a paucity of con
trolled data both in animal studies and in clinical
trials addressing these issues. This is the first con
trolled animal study analysing the effects of exog
enous catecholamine infusions using a continuous
measurement of CBF in an intact cerebral
autoregulatory model. Norepinephrine, epinephrine
and dopamine augmented MAP to an equivalent
degree. While the effects of the infusions on ICP was
variable, with dopamine producing a significant in
crease in ICP from baseline, the effects on ICP must
be taken in the context of effect on cerebral perfu
sion pressure (CPP). The absolute changes in ICP
were not associated with reductions in CPP in the
presence of induced systemic hypertension which is
not unexpected in a model with intact cerebral
autoregulation.
Dopamine produced a significant increase in CBF
which was associated with a reduction in AVDOz in
the presence of compensated cerebral metabolism.
In an awake, intact cerebral autoregulatory model,
these findings implicate cerebral hyperaemia as the
predominant for elevation in ICP and reduced
AVDOz. The mechanism whereby dopamine pro
duces a central cerebrovascular effect that is quite
distinct from norepinephrine and epinephrine at
equivalent doses is unclear. All infusions were associ-
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ated with equivalent systemic effects across a dose
range that stimulates ~ and ex receptor populations
[2]. As catecholamines do not cross the intact blood
brain barrier, the absence of significant cerebrovas
cular effects by norepinephrine and epinephrine
would suggest that dopamine was acting via a non
adrenergic mechanism or that uptake across the
blood barrier was occurring with resultant effects on
CBF and oxygen extraction; however, these two pos
tulated mechanisms remain speculative. No reduc
tion in CBF was identified by any of the three
catecholamines which would suggest that selective
cerebral vasoconstriction at high doses does not
occur in the intact brain. In conclusion, in the intact
cerebral autoregulatory model, induced hyperten
sion by epinephrine and norepinephrine is not asso
ciated with changes in CBF, ICP or COD which
remains constant. At equivalent doses, dopamine
causes cerebral hyperaemia, increased ICP and
increased global cerebral oxygen utilisation.
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Comparative Effects of Hypothermia, Barbiturate, and Osmotherapy for
Cerebral Oxygen Metabolism, Intracranial Pressure, and Cerebral Perfusion
Pressure in Patients with Severe Head Injury
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Summary

In order to select the optimal neurointensive treatment for
patients with severe head injury and intracranial hypertension,
the effects of hypothermia (HT), barbiturates (BT), and osmotic
agents (OT) on focal and diffuse cerebral oxygen metabolism were
evaluated by means of continuous monitoring of bifrontal regional
oxygen saturation (rSO,), jugular bulb oxygen saturation (SjO,),
jugular bulb temperature (Tjb). intracranial pressure (lCP), and
cerebral perfusion pressure (CPP).
Patients and Methods: Cerebral oxygen metabolism in SjO, and
rSO" ICP, CPP, and Tjb were continuously monitored in severe
head injury patients with Glasgow Coma Scale <8. ages 10-62: 13
with focal and 10 with diffuse injuries. The effects of BT (n = 6),
HT (n =9), and OT (n =8) on these parameters (ICP/CPP, SjO"
and rSO,) were compared. Evaluations were performed in terms
of: a) Percentage of abnormal values based on normal control
values; ICP < 20mm Hg, CPP > 60mm Hg, SjO~ 55-75%, and rS02
60-80% were calculated. b) Effects of pentobarbital dose (mg/kg/
h) for the parameters compared among <1.0.1.1-2.0.2.1-3.0, and
>3.1. c) Effects of Tjb (0C) on parameters compared among
hyperthermia (>38°C), normothermia (36-37.9°C). mild hypo
thermia (34-35.9°C) and moderate hypothermia «33.9°C).
Results: a) Abnormal data differed significantly among the three
treatment groups. rSO, showing ischemia on the affected side was
more marked in BT than in HT or OT. b) ICP decreases and CPP
increases correlated significantly with the pentobarbital dose.
c) ICP decreases and CPP increases correlated significantly with
decreased Tjb.
Conclusion: The therapeutic effects of hypothermia. barbiturates,
and osmotherapy on cerebral oxygen metabolism and ICP/CPP
are different according to the underlying pathological lesions of
patients with severe head injury.

Keywords: Barbiturate; head injury: hypothermia: osmotherapy;
oxygen metabolism.

Introduction

Secondary brain damage accompanying increased
intracranial pressure (ICP), which includes trans
tentorial herniation and cerebral ischemia, as well as

primary brain damage due to severe head injury, are
important factors that greatly influence outcome [2].
Among the neurointensive treatment procedures for
increased ICP, the effects of hyperventilation and
osmotherapy (aT) using diuretics or hyperosmolar
agents have long been known [6,21]. The effects of
barbiturate therapy (BT), not only on ICP but also
on cerebral blood flow (CBF) and metabolism, have
also been assessed experimentally [12,19] and clini
cally [15,16,19]. The effects of hypothermia (HT), for
protecting and resuscitating the brain upon sustain
ing damage accompanying severe head injury and
cerebral ischemia, have been experimentally eluci
dated in recent years as well [7,18]. HT has been
applied clinically to severe head injury patients, and
the influence of HT on cerebral oxygen metabolism
including the arteriovenous oxygen-content differ
ence (AVDOz) and cerebral metabolic rate of oxy
gen (CMROz), as well as ICP, cerebral perfusion
pressure (CPP) and CBF are also being assessed
[3,20]. Every previous evaluation of cerebral oxygen
metabolism, however, is fragmentary, and this pa
rameter has not been evaluated with time in severe
head injury patients, whose condition may change
abruptly in neurointensive care settings. In contrast
to this situation, monitoring of regional oxygen satu
ration (rSOz) by near-infrared spectroscopy and
jugular bulb venous oxygen saturation (SjOz) has al
lowed the continuous evaluation of cerebral oxygen
metabolism, and this methodology has been applied
to neurointensive treatment [14,17].
The purpose of this study was to determine the
effects of various neurointensive treatments, on oxy-
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gen metabolism at focal regions in the brain as well as

the global brain. In addition, ICP and CPP of severe

head injury patients were assessed by continuously
monitoring rS02of the frontal lobe on the affected
and non-affected sides, Sj02 and jugular venous
blood temperature (Tjb).

Subjects and Methods

The subjects were 23 patients with severe head injuries (13 focal
and 10 diffuse injuries), who showed a Glasgow Coma Scale
(GCS) of 8 or lower on admission. All patients received hyperven
tilation and OT by the administration of 10% Glycerol or 20%
Mannitol (800ml/day). HT was carried out in 9. BT in 6, and OT in
8 patients [including 3 patients given hypertonic saline solution
therapy]. Table 1 shows background factors of the subjects: age,
type of brain injury, GCS on admission, and the outcome 3 months
after injury. Regional S02 was determined simultaneously in the
frontal region on the affected and non-affected sides, which had
been evaluated by computed tomography, by means of two de
vices of INYOS-3100 (Somanetics Inc.). or TOS96 (Tostec Inc.).
Sj02 and Tjb were also measured by a jugular bulb catheter
(Opticath, Abott Co.). In addition, ICP and CPP were also moni
tored in 19 patients. Monitoring data was stored in a computer.
The randomized data collected at the same time point every 20-30
minutes were extracted, and analyzed.
The data were evaluated according to the following three items:

a) Assessment of the effects of various neurointensive trearments
procedures. Twenty data points each were extracted every 10
minutes. According to changes in each parameter, abnormal
value was determinated by the following criteria; >20mm Hg,
CPP < 60mmHg, Sj02 < 55% or rS02 < 60% as showing
ischemic abnormal, and Sj02 > 75% or rS02 > 80% as showing
hyperemic abnormal [16,20]. The effects of the treatments
were assessed on the basis of the frequency of abnormal
values.

b) Comparison of BY effects according to pentobarbital dose ad
ministered. Data were obtained from each patient every 20-30
minutes, and the effects of BT were classified into 4 groups

Table 1. Background Factors of the Three Treatmenr Groups

Groups BT HT OT p value

n 6 9 8
Age 27 ± 15 49 ± 14 42 ± 14 ns'
(range) (10-54) (25-62) (17-59)

Type of injury nsb

focal 4 4 5
diffuse 2 5 3
GCS 4±2 4±2 6±2 ns'
GOS p < 0.005b

GR(%) 0(0) 4 (44) 2 (25)
MD (%) 2 (33) 4 (44) I (12.5)
SD (%) 1 (17) 0(0) I (12.5)
YS (%) 1 (17) 0(0) 2 (25)
D (%) 2 (33) 1 (11) 2 (25)

'ANOYA, bX2.test. BT barbiturate therapy. HT hypothermia, OT
osmotherapy, GCS Glasgow coma scale, GOS Glasgow outcome
scale, GR good recovery, MD moderate disability, SD severe dis-
ability, VS vegetative, D dead, ns not significant.
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according to the pentobarbital dose: <l.Omg/kglh for the small
dose group, 1.1 to 2.0mglkg/h and 211-3.0mglkglh for the
moderate dose groups, and >3.1 mg/kglh for the large dose
group. Changes in each parameter were compared among the
4 groups.

c) Comparison of HT effecrs. HT effects were classified into 4
groups according to Tjb: >38°C for hyperthermia, 36-37.9°C
for normothermia, 34-35.9°C or mild hypothermia, and
<33.9°C or moderate hypothermia. Changes in each param
eter were compared among the 4 groups.

Results

a) Frequencies of abnormal values for each param
eter during each neurointensive treatment (Table
2). The frequencies of abnormal ICP values
were significantly (p < 0.0001) higher in the BT
group than in the OT and HT groups. The fre
quency of an abnormal CPP value was signifi
cantly (p < 0.0001) lower in the BT and OT
groups than in the HT group. With regard to the
frequency of abnormal SjOz values, ischemic
abnormal (Sj02 < 55%) tended to be low in the
OT group while that hyperemic abnormal (Sj02
> 75%) tended to be low in the BT groups. The
frequency of ischemic abnormal rS02 «60%)
on the non-affected side was 100% (all treat
ment groups), and this parameter tended to be
high in the BT group. The frequency of ischemic
abnormal rSOz «60%) on the affected side was
significantly (p < 0.0001) elevated in the BT
group, while the frequency of hyperemic abnor
mal rS02 (>80%) was low in the BT and OT
groups (p < 0.0001). There were thus distinct
differences among the treatment groups.

b) Relationship between pentobarbital dose and
each parameter (Table 3). ICP was significantly
(p < 0.05) decreased and CPP tended to be el
evated as the pentobarbital dose increase. No
distinct tendency was identified for either Sj02
or rS02.

c) Relationship between Tjb and each parameter
(Table 4). ICP tended to be decreased, CPP to
be elevated, with the decline in Tjb. However,
there were no marked differences in Sj02 or
rS02 among the groups. PetC02 tended to de
crease at moderate and severe hypothermia.

Discussion

Neurointensive treatments, such as OT, BT and HT,
are used in conjunction with surgical treatment in
order to prevent secondary brain injuries due to cere
bral ischemia and cerebral herniation, which are as-
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Table 2. Frequencies of Abnormal Values for Each Parameter in the Three Neurointensive Treatment Groups

I. Nara et al.

Frequency of abnormal value (%)

BT (n =120) HT (n =180) OT (n =160) P value'

ICP (mmHg) 83 (69) 66 (36) 24 (30, n =80) P < 0.0001
CPP (mmHg) 28 (23) 70 (39) 26 (32. n =80) p < 0.0001
Sj02 (%) <55% 14 (12) 35 (19) 16 (10) p < 0.0001

>75% 10 (8) 28 (16) 29 (18) P < 0.0001
Affected side rS02(%) <60% 42 (35) 15 (8) 9 (7) P < 0.0001

>80% 18 (15) 57 (31) 21 (13) P < 0.0001
Non-affected side rS02(%) <60% 31 (26) 34 (19) 34 (21) P < 0.0001

>80% 4 (3) 18 (10) 9 (6) p < 0.0001

'XZ
•
test
• ICP intracranial pressure, CPP cerebral purfusion pressure, Sj02 jugular bulb venous oxygen saturation, rS02 regional oxygen

saturation.

Table 3. Effects of Pentobarbital Doses on ICP, CPP. SjOb rSOb and PetC02

Pentbarbital ~3.1 2.1-3.0 1.1-2.0 ~1.0 P value
(mg/kg/h) n =30 n =30 n =50 n =50 (ANOYA)

ICP (mmHg) 10 ± 7 24 ± 14 33 ± 5 37 ± 8 p < 0.05
CPP (mmHg) 103 ± 15 86 ± 22 82 ± 13 68 ± 12 ns
SjOz (%) 67 ± 6 69 ± 8 67 ± 8 62 ± 9 ns
Affected side rSOz (%) 64 ± 2 62 ± 8 69 ± 10 69 ± 10 ns
Non-affected side rSOz (%) 73 ± 15 73 ± 19 66 ± 18 59 ± 12 ns
PetCOz (mm Hg) 22 ± 2 23 ± 6 25 ± 5 25 ± 1 ns

Yalues are expressed as means ± standard deviation. ICP intracranial pressure, CPP cerebral
perfusion pressure, Sj02 jugular bulb venous oxygen saturation, rS02 regional oxygen satura-
tion, PetC02 end-tidal COz partial pressure, ns not significant.

Table 4. Effects of Tjb on ICP, CPP, SjOb rSOb and PetC02

Tjb (0C) ~38.0 37.9-36.0 35.9-34.0 ~33.9 P value
n =49 n =80 n =90 n =81 (ANOYA)

ICP (mmHg) 18 ± 5 20 ± 15 15 ± 9 12 ± 8 p < 0.05
CPP (mmHg) 81 ± 19 78 ± 17 88 ± 17 91 ± 18 P < 0.05
SjOz (%) 67 ± 8 69 ± 7 71 ± 10 68 ± 8 ns
Affected side rSOz (%) 73 ± 8 72 ± 8 70 ± 8 70 ± 9 ns
Non-affected side rSOz (%) 69 ± 2 69 ± 3 68 ± 7 67 ± 7 ns
PetCOz (mmHg) 31 ± 8 33 ± 7 28 ± 6 25 ± 7 ns

Yalues are expressed as means ± standard deviation, ICP intracranial pressure, CPP cerebral
perfusion pressure, Sj02 jugular bulb venous oxygen saturation, rS02 regional oxygen satura
tion, PetCO] end-tidal CO2partial pressure, ns not significant.

sociated with or secondary to increased ICP, sys
temic hypotension and hypoxia, as well as primary
brain injury due to head injury. Not only monitoring
of CPP but also monitoring of cerebral oxygen me
tabolism by determination of SjOz and rSOz have
been applied to such treatments with reference to
cerebral ischemia based on ICP regulation [14,17].
In this series, with regard to the frequency of ab
normal values obtained during each neurointensive

treatment, the frequency of abnormal ICP values was
significantly higher in the BT group than in the HT
and OT groups. The ICP decrease was, however,
dependent on the pentobarbital dose. The frequency
of abnormal CPP values was significantly reduced in
the BT group, further demonstrating the marked ef
fects of BT. BT is known to induce decreases in
cerebral blood flow volume and ICP, which are medi
ated by the decreased CBF accompanying cardiac
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suppression and decreases in venous pressure, blood

pressure reflex and sympathetic activity [8]. However

BT has also been recognized as being ineffective for
increased ICP in some patients with severe head inju

ries [13].
The effects of HT, in terms of protecting and re

suscitating the brain which has sustained damage
accompanying severe head injury and cerebral
ischemia, have been experimentally clarified in re
cent years [7,18]. As to the effects of HT in patients
with severe head injuries, HT is known to improve
CPP as a result of the decrease in ICP [10,20]. In the
present series as well, CPP tended to be elevated as
Tjb fell, but the frequency of abnormal CPP values
was highest in the HT group.
BT has also been investigated experimentally for
its effects not only on ICP but also on CBF and
metabolism [12,19], as well as in clinical cases receiv
ing neurointensive treatment [15,16,19]. HT effects
on cerebral oxygen metabolism involving CBF to
ICP/CPP, AVD02 and CMR02 are also being in
vestigated [3,20]. It has been experimentally de
monstrated, by the determination of CMR02, that
cerebral oxygen consumption decreases as body tem
perature falls [7]. The decrease in cerebral oxygen
consumption is considered to be effective for pre
venting secondary brain damage, such as cerebral
ischemia accompanying decreased CSF after head
injury. With regard to frequency of abnormal SjOz
values, the frequency of SjOz < 55% tended to be
higher in the HT group while that of SjOz > 75%
tended to be higher in OT than in the other groups.
There was thus a difference in the effect of each
neurointensive treatment on oxygen metabolism of
the global brain.
Concerning the frequency of abnormal rSOzon the

non-affected side, all treatment groups tended to
show rSOzlower than 60%. On the affected side. the
frequency of rSOz< 60% was high in the BT group,
whereas the frequency of rSOz > 80% tended to be
high in the HT group. Based on the changes in rSOz,
the presence of abnormalities in regional cerebral
oxygen metabolism, particularly on the affected
side, were estimated. There was thus a difference in
the regional cerebral oxygen metabolism response
among the treatment groups. A certain investigator
was apprehensive as to the reliability of rS02 values
determined in severe head injury patients [20]. but
rSOzreportedly does not change even under hypoth
ermic anesthesia [1]. The changes in pentobarbital
dose and Tjb showed no marked differences in terms
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of cerebral oxygen metabolism among the groups.

However, the influence of PetCOz can not be ne

glected that PetCOzwas decreased as Tjb fell in the

HT group.
In any event, selection of individual or combined
use of neurointensive treatment procedures on the
basis of monitoring not only ICP/CPP but also CBF
and cerebral oxygen metabolism is considered to be
important.
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Incidence of Intracranial Hypertension after Severe Head Injury:
A Prospective Study Using the Traumatic Coma Data Bank Classification

M. A. Poca\ J. Sahuquillo\ M. Baguena2, S. Pedraza\ R. M. Gracia2, and E. Rubio l

Departments of Neurosurgeryl, Neurotraumatology Intensive Care Unit2, and Neuroradiology-l, Vall d'Hebron University Hospitals,
Barcelona, Spain

Summary

Intracranial hypertension (ICH) is a frequent finding in patients
with a severe head injury. High intracranial pressure (ICP) has
been associated with certain computerized tomography (CT) ab
normalities. The classification proposed by Marshall er al. based on
CT scan findings, uses the status of the mesencephalic cisterns. the
degree of midline shift, and the presence or absence of focal lesions
to categorize the patients into different prognostic groups. Our aim
in this study was to analyze the ICP evolution pattern in the
different groups of lesions of this classification.
Parienrs and methods: We present the results of a prospective
study in 94 patients with severe head injury. in whom ICP was
monitored for at least 6 hours. ICP evolution was classified into
three different categories: 1) ICP always < 20mm Hg. 2) Intracra
nial hypertension at some time during monitoring, but controlled
by medical or surgical treatment, 3) Uncontrollable ICP. The ICP
pattern was correlated with the final CT diagnostic category.
Conclusions: 3 patients had a normal CT scan. and none of them
presented intracranial hypertension. In diffuse injury type II. the
ICP evolution may be quite different. Patients with bilateral hrain
swelling (Diffuse Injury III) have a high risk of increased ICP
(63.2%). Although in our study the frequency of Diffuse Injury IV
was low, all patients in this category had a refractory ICP. In the
category of evacuated mass lesions, two thirds of the patients
presented an intracranial hypertension. In one third. ICP was
refractory to treatment. 85% of patients with a non-evacuated
mass lesion showed an increased ICP.

Keywords: Computerized tomography; head injury; ICP monitor
ing; intracranial hypertension.

In patients with severe head injury, the initial CT
scan allows us to classify patients into different diag
nostic categories. At present, the Traumatic Coma
Data Bank classification is the most widely accepted
and used. According to the status of the mesencepha
lic cisterns, degree of midline shift and presence or
absence of high or mixed density lesions >25 cc, this

classification differentiates between 4 categories of
diffuse injury and 2 types of focal injury [6]. Different
studies have shown a direct relationship between
these categories and outcome [5]. Our aim in this
study is to analyze the evolution pattern of intracra
nial pressure (ICP) in the different groups of this
classification.

Patients and Methods

Between January 1993 and December 1995, a prospective study
was carried out in 94 patients with severe head injury (post
resuscitation Glasgow coma scale score ::;8). In each patient, the
following information was prospectively determined: initial GCS
score, pupillary examination, demographic characteristics, mecha
nism of injury, and preadmission hypoxia or shock. In all cases,
we collected information about sequential CT scan findings. ICP
evolution and outcome.

Head Injury Classificarion

In all patients, a CT scan was performed after admission to our
center. Patients were included in the different categories proposed
by Marshall et al. [6]. According to this classification, patients were
included into one of the following categories: Diffuse injury I: no
visible intracranial pathology seen on CT scan; Diffuse injury /I
l:isterns are present with midline shift 0-5 mm and/or high or
mixed-density lesions ::;25 ce: Diffuse injury III: cisterns com
pressed or absent with midline shift 0-5 mm and/or high or mixed
density lesions ::;25cc; Diffuse injury IV: midline shift >5mm
without high or mixed-density lesion >25cc; Evacuared mass le
sion: any lesion surgically evacuated; Nonevacuared mass lesion:
high or mixed-density lesion >25cc not surgically evacuated. In
each patient at least one control CT scan was performed during
the first week after injury. If these control CT scans showed
significant changes in the lesions. patients were recategorized
accordingly.
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Table 1. Clinical Data

M. A. Poca et al.

n
Age*
GCS*
Puplis* (ab.)
Hypoxia*
Hypotension*

Uncomplicated"
diffuse injury

37
26.5 ± 1.4
5.6 ±0.2
29.7%
18.9%
5.4%

Complicatedb Evacuated Nonevacuated
diffuse injury mass lesion mass lesion

21 23 13
28.3 ± 8 31.7 ± 1.1 40 ± 21.1
5 ± 2.1 5.9 ±0.7 4.8 ± 1.6

40% 45.5% 23.1 %
25% 4.5%
20% 22.7% 7.7%

aFor statistical analysis, diffuse injuries type I and type II were reclassified under the category
"uncomplicated diffuse injury". bDiffuse injury type III and type IV were also reclassified
under the category "complicated diffuse injury". *p > 0.05.

Diffuse Diffuse Diffuse Diffuse EvaclMtecI Nonevacua

Injury I Injury II Injury III Injury IV MauLnIon Ma.. l.Hion

n= 94
2.1 % 37.2% 20.2% 2.1 % 2U% 1U%

ICP < 20mm Hg

~
100 oAt 71.4% 36.8% 34.8% 15.4%

ContIOI/aI)#e ICP

~~
25.7% 31.6% 34.8% 46.2%

CJncontToIIabIe ICP

~~~
2.9% 31.6% 100% 30.4% 38.4%

m Good 0UIc0me L • .J Fig. 1. Incidence of intracranial
• Bad OUtcome hypertension, ICP evolution and

1oo·~ •.7-33.3" 0·100 .. outcome in each final diagnostic
category

IC? Monitoring

In every patient, brain tissue pressure was monitored for at least 6
hours (CAMINO ICP monitor). A modification of Marshall's lCP
patterns was used to describe the patient's ICP evolution [4]. rcp
evolution was summarized into three categories: 1) ICP always <
20mmHg, 2) Intracranial hypertension at some time during moni
toring, controllable by medical or surgical treatment, and 3)
Uncontrollable ICP. In those patients who developed high rcp,
the time when ICP rose was recorded and all possible related
factors screened. The ICP pattern was correlated with the initial
and final CT diagnostic categories.

Outcome

Outcome was evaluated at six months of injury and assessed using
the dichotomized Glasgow Outcome Scale (GOS): gnnd nutcome
(patients with good recovery and moderate disability) and bad
outcome (patients severely disabled, vegetative or dead).

Results

Figure 1 shows the ICP evolution and outcome for
each diagnostic category. Table 1 summarizes the
clinical information for the study group. Patients'

age, Glasgow score, pupillary response, hypoxia and
hypotension recorded on admission were not sig
nificantly different for each intracranial diagnostic
category.

Discussion

Intracranial hypertension (ICH) is a frequent finding
in patients with a severe head injury. In a prospective
study Narayan et at. reported that the incidence of
ICH in patients with an abnormal CT scan was be
tween 53-63% [7]. However, ICH may also be
present in patients with a severe head injury and a
normal CT as well as in some patients with a moder
ate or even mild head injury. Different authors have
demonstrated the correlation between high ICP and
a bad outcome in severe head injured patients. The
classification proposed by Marshall et al. based on CT
scan findings, uses the status of the mesencephalic
cisterns, the degree of midline shift, and the presence
or absence of focal lesions to categorize the patients
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into different prognostic groups. Below, we present
and discuss our ICP findings in 94 patients classi
fied according the different groups proposed by
Marshall's classification [6].

Diffuse Injury Type I

In our study, the initial CT scan was normal in only
three patients. None of these patients presented in
tracranial hypertension at any time during monitor
ing. In one of the three cases, the control CT scan
showed a new lesion (small cerebral contusion) and
the patient was reclassified in the category of diffuse
injury type 2. Our findings correspond with those
published by Lobato et al., who reported that one in
every three severely head injured patients with a nor
mal CT scan at admission presents new lesions in the
control CT scans [3]. Although high ICP was not
present in our patients, it has been shown that be
tween 10-15% of patients with a severe head injury
and a normal initial CT scan will present an intracra
nial hypertension during their evolution [2,7]. The
guidelines to severe head injury management recom
mend that ICP monitoring is appropriate in this type
of patients if two or more of the following features
are noted at admission: age over 40 years, unilateral
or bilateral motor posturing and systolic blood pres
sure below 90mmHg [1].

Diffuse Injury Type II

Small brain contusions are the most frequent findings
in patients with a head injury. In our study, 35 pa
tients showed a diffuse injury type II in the admission
CT scan. Three of these patients showed an oblitera
tion of the perimesencephalic cisterns in the control
CT scan and were recategorized into diffuse injury
type III. One patient presented a new lesion >25cc,
which was not evacuated (final diagnostic category:
nonevacuated mass lesion). Four additional patients,
initially in other diagnostic categories, were included
in the diffuse injury type II group. Thus, the analysis
of the ICP evolution in this diagnostic category has
been carried out in 35 patients. In diffuse injury
type II, a variety of pathological processes may be
present: patients with only a small lesion, patients
with multiple lesions and cases with or without mid
line shift (~5mm). Given this context, the ICP evolu
tion may be quite different. Ten of the 35 patients
(28.6%) presented intracranial hypertension. In nine
of theses cases, the ICP was normal at the beginning,
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exceeded 20mmHg during the patients' evolution

and was finally controlled by medical treatment. All

these 9 patients presented a moderate intracranial
hypertension (mean ICP between 20 and 30mmHg).
Intracranial hypertension was uncontrollable in only
one patient in this diagnostic category. We did not
find any significant differences between patients with
normal ICP and patients with intracranial hyperten
sion, although 5 of the 10 patients with high ICP
presented a midline shift in the CT scan. 26% of the
patients with a diffuse injury type II showed a bad
outcome.

Diffuse Injury Type III

Patients with brain swelling presented high ICP in
63.2% of cases. In one third of all the patients in this
category, ICP was uncontrollable from the initial
reading and all these patients died. 58% of the pa
tients with brain swelling presented a bad outcome.
These findings suggest a very strong relationship be
tween the appearance of perimesencephalic cisterns
in the CT scan, frequency of intracranial hyperten
sion and bad outcome. In this group of patients,
hyperemia may be the main cause of high ICP. In
these patients, we need to incorporate multimodality
monitoring and use very aggressive treatment to im
prove their outcome.

Diffuse Injury Type IV

Only 6 patients showed a midline shift above 5mm
without focal lesions >25cc. These patients presented
high ICP from the first hours of monitoring. Four
patients, showed an improvement in the midline shift
in serial CT scans and were reclassified. The 2 re
maining patients with midline shift >5mm presented
an uncontrollable ICP. Four of the 6 patients in this
diagnostic category presented a bad outcome. All
these 4 patients presented abnormal motor response
and abnormal pupillary findings at admission and in
all cases the unilateral brain swelling was accompa
nied by a small subdural hematoma. However, the
remaining 2 patients with a diffuse injury type IV
presented a good recovery. These 2 patients had nor
mal motor response and normal pupils at admission
and the serial CT scans showed a correction in the
midline shift. These last 2 patients who were reclassi
fied into diffuse injury type II, presented a moderate
intracranial hypertension (mean ICP between 20 and
40mmHg) and ICP was finally controlled by medical
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treatment. Our findings coincide with those of
Marshall et at. According to these authors' results,
although the frequency of diffuse head injury with
midline shift is relatively low, its high mortality rate
suggests that these patients may represent a target
group for testing innovative therapies [6].

Evacuated Mass Lesion

This diagnostic category includes a heterogeneous
group of patients. The biggest problem related to this
category, is that the patients' prognosis may vary,
according to the nature of the evacuated mass lesion
(epidural, subdural or intracerebral hematomas or
brain contusion). 65.2% of patients in this diagnostic
category presented intracranial hypertension. Mean
ICP differed greatly between patients. In 30.4% of
cases, intracranial hypertension was uncontrollable
and all these patients had a bad outcome. The high
incidence of intracranial hypertension after surgery
suggests that ICP monitoring may also be necessary
in some patients with moderate or mild head injury
who need surgical treatment.

Nonevacuated Mass Lesion

Thirteen patients presented at admission or in con
trol CT scans an acute subdural hematoma or several
brain contusions >25cc which were not evacuated.
Surgical treatment was not carried out due to the
patients' clinical condition or the location and multi
plicity of the lesions. In 11 of these patients, high ICP
values were recorded in the first hours after sensor
implantation. In 5 of these 11 cases, intracranial hy-

M. A. Poca et at.: Intracranial Hypertension after Severe Head Injury

pertension could not to be controlled. Only 2 patients
presented ICP values below 20mmHg during the to
tal recording time. The ICP evolution in this category
confirms that the presence of lesions with a volume
above 25cc are strongly predictive of intracranial
hypertension. In this context, high ICP may be diffi
cult to control without surgical treatment.
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Summary

The management of intracranial pressure (ICP) is a factor in out
come of patients with head trauma. However. recent studies have
revealed that the current strategies. which have been applied to
control ICP for adequate cerebral perfusion. are unsatisfactory.
Against this background, the efficacy of short-term infusions of
hypertonic saline on ICP was investigated.
In severely head injured (SHI) patients, hypertonic saline

(lOOml10% NaCl) was administered when standard agents (man
nitol, sorbitol, THAM) failed in reducing ICP. To evaluate the
pressure reduction after saline infusions the resulting ICP relax
ations were analysed statistically in respect to the parameters am
plitude, duration and dynamic behaviour of the ICP responses.
In 42 randomized relaxations, the relative ICP decrease was

43% [28%-58%] (median [interquartile range]). The correspond
ing pressure drop was 18mmHg [15-27mmHg]. Relaxations
lasted for 93min [64-126min] and a relative ICP minimum was
reached 26min [12-33min] after infusion. In the individual cases
the temporal course of the parameters amplitude and decline
interval depict a tendency toward lower and higher values.
respectively, under conditions of a generally increasing ICP.
As expected, the infusion of hypertonic saline reduces ICP in
patients suffering from SHI. The pressure drop, duration and
dynamic behaviour are suspected to depend both on the pressure
level to reduce and concomitant medications.

Keywords: Elevated intracranial pressure: head injured patients:
hypertonic saline.

Introduction

For the effective treatment of elevated intracranial
pressure (rCP) criteria represent a challenge despite
numerous strategies to this day. Use of hypertonic
agents is a basic element of this therapy. Admin
istration of hypertonic solutions which have mainly
found use in emergency medicine for small-volume
resuscitation has seen more frequent use [5]. From
animal experiments first, results about the effects
of hypertonic saline on intracranial pressure were

available [1,2,4,7,8]; however, clinical use has hardly
been documented [3,6,9]. In the present study the
efficacy of infusions of hypertonic saline in severly
head injured patients was assessed.

Patients and Methods

Six patients (4 male, 2 female) were treated in the order of their
appearance in the intensive care unit. With the exception of one
patient (SAH, Hunt-Hess 5) all patients suffered from trauma and
severe head injury. The mean age of patients was 40 years (range
16-73 years) and the median score of Glasgow Coma Scale was 6
(range 3-7) at the time of admission. All patients were subjected
to a standardized treatment protocol for raised ICP, i.e. therapy
was initiated when either the ICP exceeds 25 mm Hg or cerebral
perfusion pressure (CPP) drops below 70mm Hg. If the efficacy of
standard intracranial pressure relaxing agents (mannitol, THAM,
sorbitol) was exhausted, 100mi of hypertonic saline (10%) was
administered intravenously over 5 minutes. Infusions were omit
ted when renal failure was known or plasma sodium and plasma
osmolality were higher than 150mmol/l and 325 mOsmol/l,
respectively.
The traces of 42 relaxations were observed and recorded in the
context of the multisensory monitoring. The vital parameters such
as mean arterial pressure (MAP), intracranial pressure (ICP),
jugular oxymetry (SvjOz), and brain tissue oxygenation (tpOz)
were monitored for at least 60 minutes after saline administration
with a sample rate of 15 seconds. Perfusion pressure was calcu
lated as the difference of MAP and ICP. Unless otherwise noted
the data is given as means ± the standard deviation.

Results

The initial ICP was 52 ± 16mmHg and the saline
induced minimum ICP was 30 ± 14mmHg. The re
sulting pressure decrease was -22 ± 13mmHg, i.e.
-43 ± 17% from baseline values. This was reached
after 24 ± 15 minutes. The ICP-Iowering lasted 101 ±
59 (n =27) minutes. In 74% (n =31) of relaxations
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Fig. 2. Sample intracranial pressure relaxation epoch. Time series
of mean arterial pressure (MAP), intracranial pressure (ICP),
cerebral perfusion pressure (CPP), jugular bulb oxygenation
(SvjO,), and brain tissue oxygen pressure (tpO,) before, during
and after administration of 10% saline (arrow) in a severely head
injured patient. All pressure have unit mmHg; SvjO, is given in
percent
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Fig. 1. Efficacy of 10% NaCl administration. Intracranial pressure
(52 ± 16mmHg) baseline values at t = 0, maximum ICP decrease
(30 ± 14mmHg) at 24 ± 15 minutes and recovery of ICP to baseline
at 101 ± 59 minutes. Splines approximates the basic bahaviour of
transient ICP relaxation due to hypertonic saline infusions

ICP remained under the baseline values for 1 hour at
least. The efficacy of saline infusions was observed
to fade by the frequency of administration in the
individual case.

Discussion

As expected, infusions of hypertonic saline decreases
intracranial pressure sufficiently, and with its well
known stabilizing influence on circulation [1], a ben
eficial effect on cerebral perfusion could be expected.
However, one patient who is not included in the data
presented did not respond to hypertonic saline infu
sion. The pharmacodynamics on intracranial pres
sure varied markedly, i.e. after an initial decrease,
the intracranial pressure remained stable at a low
level or was restored within an hour to baseline pres
sure. In some case an overshoot could be observed
which is likely due to a progressively increasing ICP
through-out the patient's course.
Fisher et al. [3] described the use of 3% saline in 18

children. The responses at 30 and 120 minutes after
administration led to an increase in CPP of 10 and
3mmHg, respectively. Furthermore, six of 18 pa
tients did not respond to saline infusions. Horn et at.
[6] observed 23 relaxations in 8 patients treated with
7.5% saline that showed maximum ICP decrease of
19 ±7mmHg at 95 ±54 minutes post administration.
Pressure relaxations lasted for 162 ± 45 minutes. In 2
patients and two administration of 28.5% saline
Worthley et at. [9] lowered intracranial pressure by
40 and 50mmHg for 24 and 12 hours, respectively.

Obviously a clear coherence exists between pressure
relaxation, and duration of ICP lowering with con
centration. Time to maximum ICP decrease appears
reciprocal to concentration.
In our patients, no adverse side effects have been

observed by the administration of hypertonic saline
and we therefore consider 10% saline infusions a
reasonable completion in treatment protocol for
raised ICP.
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Summary

To investigate the more effective route of oral administration of
glycerol to decrease the raised lCP, two different routes were
employed in the clinical practice. The one was through a Naso
Gastric tube, and the other was through an Entero-Duodenal
tube. Pharmacokinetics of glycerol in relation to the decrease of
ICP, and the changes of other parameters which could influence
the serum osmotic pressure were sequentially monitored for initial
30 minutes.
In the group of Entero-Duodenal route, the time to reach to the
maximum glycerol concentration (Tmax) was faster, the maximum
concentration of glycerol (Cmas) was higher, and ICP reduction
rate was greater than these in the group of Naso-Gastric route.
Other parameters (Na, K, BUN and Glucose) showed no signifi
cant difference between the two routes.

It can be concluded that the Entero-Duodenal administration of
glycerol is the more effective route to decrease the raised ICP,
when it is administered orally.

Keywords: Changes of ICP; duodenal administration; serum
glycerol.

Introduction

Glycerol is one of the hypertonic agents which has
been used to decrease the raised ICP. One of the
benefits of glycerol is that it can be administered
venously or orally [1,3].
The potential to decrease the ICP is reported that
both routes of administration have almost the same
effect to decrease the raised ICP [1]. In our institute,
oral administration of glycerol has been employed
either through a Naso-Gastric tube or an Entero
Duodenal tube.
To investigate which route of glycerol administra
tion is more effective to control the raised ICP, phar
macokinetics of glycerol in relation to the decrease of
ICP and other parameters which influence the serum

osmotic pressure were sequentially monitored and
the changes of these parameters were compared
between the two different routes.

Materials and Methods

Nine severe head injured patients with increased ICP
(29.6 mm Hg), which was continuously monitored by subdural
balloon method were subjected for this study. 50% of glycerol
(0.5 g/Kg) was administered in one minute through a Naso-Gastric
tube in 4 patient and through an Entero-Duodenal tube in 5 pa
tients. Serum glycerol concentration was sequentially measured
(1,3,5, 10, 15, 30 minutes) by the enzymatic method using Glyc
erol-Lypid Test (Berlinger-Manheim) [2] and at the same time
intervals, serum osmotic pressure, Na, K, Ct, Cr, BUN and Glu
cose were measured. The pharmacokinetics of glycerol were calcu
lated and analyzed by compartment method assisted by MULTI
computer program.

Results

In all nine cases, after glycerol administration, the
time course of serum glycerol concentration showed
a rapid elevation and reached to a maximum concen
tration of serum glycerol within 10 minutes accom
panied by the rapid elevation of serum osmotic
pressure.
The time course of ICP showed an immediate re
sponse to decrease and reached to a maximum reduc
tion within 30 minutes (Fig. 1).

If we made a grouping of nine cases according the
different route of glycerol administration, the time
course of serum glycerol concentration, serum os
motic pressure and ICP took different time courses
between Naso-Gastric and Entero-Duodenal glyc
erol administration (Fig. 2a-c).
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The pharmacokinetic parameters of serum glyc
erol and the changes of rcp showed that, through
an Entero-Duodenal route, the time to reach to
the maximum concentration of glycerol was faster
(Tmax _6.8), the maximum glycerol concentration
was higher (Cmax _1529), and the reduction rate of
rcp was greater than these parameters through a
Naso-Gastric route. Although, statistical analysis of
these data showed that the maximum reduction of
rcp for 30 minutes was significant, however Tmax
and Cmax were not significant between the two dif
ferent glycerol administration routes (Table 1).
Time course of other parameters such as Na, K, Cl,
Cr, BUN and Glucose showed no significant changes
between the two different glycerol administration
routes.
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Discussion

Glycerol is a water soluble, tri-alcochol chemical,
hypertonic agent, rapidly absorbed from gastrointes
tinal tract, elevates serum osmotic pressure resulting
to decrease the raised rcp [1]. The driving force to
decrease the rcp seemed to be created within a few
minutes after the administration of glycerol to the
gastrointestinal tract [1,3].
Our results show that if we take the route of
Entero-Duodenal glycerol administration, the maxi
mum serum glycerol concentration is reached faster
and higher, and also a greater reduction of rcp can
be obtained than through a route of Naso-Gastric
administration. Although, Tmax and Cmax between
the two routes were not statistical significant in spite
of the significant rcp reduction within 30 minutes.
This may be due to the large distribution of standard
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C

Fig. 2. Time course of serum glycerol concentration (a), serum
osmotic pressure (b) and ICP (c) through a Naso-Gastric (N-G)
and an Entero-Duodenal (E-D) route

deviation, especially in a group of Naso-Gastric glyc
erol administration in the clinical practice.
The basic concept of the action to decrease the rcp
of hypertonic solution, demonstrated by intravenous
administration of mannitol [4], may be applied to
the oral glycerol administration as well. The most
effective way of administration of hypertonic solu
tion is a bolus administration. However, intravenous
bolus administration of glycerol have a possible side
effects - volume over load in patients with heart
failure and hemolysis that may cause renal failure.
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Table 1. Pharmacokinetic Parameters after Glycerol Administration

Parameters
Route of
administration Tmax Cmax Ka

Naso-Gastric (4) 7.6 ± 5.2 1376 ± 897 1.267 ± 0.95
Entero-Duodenal (5) 6.8 ± 0.7 1529 ± 820 0.608 ± 0.07

Tmax (min): time to reach to the naximum glycerol concentration
Cmax (~glml): maximum glycerol concentration
Ka: absorption rate constant
ICP (mmHg): maximum reduction of ICP for 30 minutes
(mean ± SD, p. =0.05, *significant)

Changes of
ICP

10.7 ± 4.5
17.0 ± 6.2

Fifty percent of oral glycerol contains no Na, 0.5g/kg
is a relatively small amount compared to the 10%
intravenous glycerol solution which contains 0.9%
Na, 5% fructose, can be administered safely as a
bolus through Entero-Duodenal route without dis
turbing the serum electrolytes balance and clinical
condition.

Conclusion

If glycerol is administered orally, a study of pharma
cokinetics of serum glycerol combined with sequen
tial changes of other serum parameters to decrease
the raised ICP, demonstrated that the Entero
Duodenal administration is a more effective route
of glycerol administration. The driving force to
decrease the raised ICP was created within a few
minutes after the administration of glycerol through

this route. Clinical benefits of the oral administration
of glycerol were discussed.
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Summary

The retrospective results of external lumbar drainage in 7 adult
patients with severe closed head injury and intracranial pressure
(ICP) refractory to aggressive management strategies are pre
sented. All patients had Glasgow Coma Scale (GCS) scores of 8 or
less within 24 hours after admission and were treated by a staircase
protocol including sedation, ventricular drainage, hyperventila
tion and mannitol. In three cases barbiturate drugs and an artifi
cially induced hypothermia were used. Four patients required
surgical evacuation of mass lesions. Three patients made a good
functional recovery, 2 were severely disabled and 2 patients died.
In none of the patients clinical signs of cerebral herniation oc
curred. We recommend additional external lumbar drainage in
adults with severe head injury unresponsive to agressive ICP con
trol with open basilar cisterns and absent focal mass lesions on
computerized-tomography scan before drainage.

Keywords: Adults; head injury; intracranial hypertension; lumbar
drain.

Introduction

Patients who sustain severe closed head injury fre
quently develop increased intracranial pressure
(ICP) and, therefore, require ICP monitoring
[1,3,10]. In the absence of focal mass lesions, which
require prompt surgical evacuation, management
strategies are aimed at ICP control in adjunction with
control of cerebral perfusion pressure (CPP). High
intensity treatment of ICP consists of sedation, pa
ralysis, hyperventilation, ventricular drainage, man
nitol and barbiturates in a staircase approach [8].
Some institutions also use artificially induced hypo
thermia. Raised ICP refractory to high intensity
treatment is generally associated with a poor
outcome [10,14]. Second-tier therapies such as
decompressive craniectomies [5] have been de-

scribed, and neuroprotective agents acting upon
excitatory neurotransmitters are currently under in
vestigation. Recently, however, controlled lumbar
drainage has been described as another potentially
useful treatment for pediatric patients with severe
head injury and raised ICP despite maximum man
agement strategies [2,7]. In this preliminary paper we
report our experience with this treatment modality in
a small group of seven adult patients with head injury
in which agressive ICP and CPP control failed or
became ineffective.

Materials and Methods

The patient group consisted of 7 patients, four males and three
females, aged 21-35 years (mean 26 years) with severe head injury.
All patients had a Glasgow Coma Scale (GCS) score of 8 or less
within 24 hours after admission and underwent a ventriculostomy.
In the presence of focal mass lesions prompt surgical evacuation
was instituted. All patients were treated by sedation, intermittent
hyperventilation, ventricular drainage and mannitol to lower ICP
and vasopressor agents to maintain adequate CPP. Three patients
had an artificially induced moderate hypothermia (down to 32°C)
and received a barbiturate coma titrated to burst suppression.
Lumbar drainage was only instituted in the absence of focal mass
lesions and with discernible basilar cisterns on computerized
tomography (CT) scan. Drainage height was set to 5-15cm above
Monro. The follow-up period was at least 6 months after injury
using the Glasgow Coma Outcome (GOS) scale.

Results

On admission 6 of the 7 patients had a GCS score less
than 8 and one patient deteriorated to a GCS score
of 5 within 24 hours after admission due to an epi
dural hematoma. Two patients sustained injuries in
a traffic accident, five patients fell. Four of the seven
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patients showed absent pupillary reactions on admis
sion, but had normal light reactions after treatment.
Two patients had diffuse edema and contusions, four
patients required surgery for mass lesions and one
patient had a small subdural hematoma «1 cm)
which was not evacuated.
Prior to lumbar drainage, all patients had discern
ible basilar cisterns on the CT-scan and ICPs above
25mmHg despite aggressive ICP management strate
gies. Three patients had an artificially induced hypo
thermia down to 32-33°C and received barbiturate
drugs. Two patients developed progressive brain
edema in conjunction with sepsis and died. In none of
the patients clinical signs of cerebral herniation oc
curred 24 hours post-drain placement. After six
months 3 of the 5 survivors had a good outcome and
two patients were severely disabled. Clinical fea
tures, cause of injury, GCS and pupillary reactions on
admission, CT-findings, surgical interventions, ICP
before and after drainage (1, 4 and 12 hours) and
Glasgow Outcome Scale (GOS) categories are sum
marized in Table 1.

Discussion

Raised ICP is a common phenomenon after severe
head injury and may indicate brain damage and limi
tation of cerebral blood flow, producing further brain
dysfunction and damage [11]. In the treatment of
head injury, agressive monitoring and treatment of
elevated ICP clearly improves the patients outcome
[10,14]. However, despite maximum management
strategies a number of patients develop uncontrolled
intracranial hypertension which is associated with a
high mortality [3].

In concordance with Baldwin et al. [2] lumbar
drainage was only instituted in the presence of dis
cernible basilar cisterns. Why some patients with un-

Table 1. Patient Data

R. B. Willemse and S. M. Egeler-Peerdeman

controllable ICP still have discernible basilar cisterns
on CT-scan is unclear. The presence of cerebrospinal
fluid (CSF) in the basilar cisterns on CT-scan in con
junction with increased ICP might reflect a CSF
circulation disorder. Possibly, in closed head injury,
compression of the aquaduct in combination with
CSF-formation in the choroid plexus of the fourth
ventricle can lead to accumulation of CSF in the
spinal and basilar compartments. Especially, if there
is an additional absorption disorder due to the pres
ence of blood in the CSF spaces and secondary com
pression of the superior sagittal sinus in the presence
of increased ICP [13]. Consequently, ventricular CSF
drainage alone is insufficient to divert all CSF and
lower ICP. Lumbar drainage of accumulated CSF in
the spinal and basilar compartments could therefore
lead to a lowering of rcp.
To date, the use of lumbar drainage in uncon
trollable intracranial hypertension has only been
described in pediatric head injury [2,7]. Levy et al.
[7] hypothesized mechanisms comparable to pseu
dotumor cerebri as an explanation for the effects of
lumbar drainage. However, the pathophysiology of
diffuse pediatric head injury is still a matter of de
bate. Bruce et at. [4], emphasized the hyperemic na
ture of this condition, however, more recent reports
indicate mechanisms comparable to those in adult
head injury [12,15]. Therefore, the management of
uncontrolled rcp in adults with closed head injury
with lumbar drainage might be as valuable as in
pediatric head injury patients.
To our knowledge this is the first report about
lumbar drainage in adults with uncontrollable ICP.
Five of the seven patients had a lasting decrease in
ICP after lumbar drainage and survived. Whether
the outcome would be worse if these patients were
not treated by lumbar drainage is unclear. However,
the presence of increased ICP can induce secondary

Age Drain ICP
Case (yrs)/ Cause of GCS Pupillary placed (pre-/post)
No. sex injury (admission) reaction Lesion Surgery Barbiturates (day) (mmHg) GOS

1 27/M fall 1-2-1 -/- contusions no no 3 2719-5-4 severe
2 24/M fall 3-4-1 +/+ EDH yes,3x no 2 34/21-18-26 good
3 211F bike vs. car 4-6-4 +/+ EDH yes no 7 3217-7-13 good
4 26/M fall 1-3-1 -/- contusions no no 8 43/10-9-23 severe
5 24/F fall 1-2-1 +/+ SDH no yes 1 30/14-11-18 good
6 26/F ped. vs. car 1-2-1 -/- SDH yes yes 2 25/36-4-15 dead
7 35/M fall 1-2-1 -/- SDH/EDH yes,2x yes 3 50111-21-50 dead

M male; F female; ped. pedestrian; + reactive; - non-reactive; EDH epidural hematoma; SDH subdural hematoma.
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brain damage, which might have been avoided by
lumbar drainage. Two patients died due to progres
sive brain edema which could not be avoided by bar
biturates, hypothermia or lumbar drainage. In none
of the patients clinical signs of cerebral herniation
occurred within 24 hours post-drain placement.
The possible hazard of lumbar puncture, induction
of transtentorial or tonsillar herniation, is not sup
ported by evidence. A large clinical series and review
of early reports have indicated that the incidence of
cerebral herniation after lumbar CSF drainage in
patients with elevated ICP was less than 1.2% [6].
Herniation occurs only in the presence of some de
gree of obstruction of normal CSF pathways between
the cranial and spinal subarachnoid spaces. There
fore, the presence of discernible basilar cisterns is an
important factor when considering lumbar drainage
in the presence of increased rcp.
Since the introduction of the ventricular catheter
to monitor rcp and drainage of CSF, the controver
sial use of lumbar puncture lost its importance in the
management of increased rcp. However the results
give the impression that lumbar drainage might be
useful in the management of raised rcp and conse
quently in the reduction of the extent of secondary
brain damage in selected patients. Further investiga
tions are justified to elucidate the potential value of
this treatment.
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Summary

Thermal diffusion flowmetry is a continuous quantitative tech
nique of measuring regional cerebral blood flow utilizing a silastic
strip probe placed through a craniotomy or craniectomy in the
operating room. A new bolt like application of this technology is
now available for commercial use and is especially designed
for bedside placement in trauma patients. This new trauma bolt
is tested in juvenile pigs who are subjected to episodes of
hypercapnea to increase cerebral blood flow, and records signifi
cant changes in blood flow. Another feature of the trauma bolt is
a second port for the placement of an intracranial pressure (YCP)
monitor. Placement of the probe and YCP monitor were easier
than with the silastic probe and had relatively little complication.

Keywords: CBF trauma bolt; cerebral blood flow: thermal
diffusion.

Introduction

The use of thermal diffusion to determine blood flow
in a tissue was first described in 1933. Brawley [2]
utilized a Peltier stack with a thermal differential
placed upon the cortical surface to determine cere
bral blood flow (CBF). This probe has undergone
many modifications and currently utilizes a silastic
strip with two gold plates to create and measure ther
mal differentials. The differential is then correlated
to a quantitative blood flow using a determined tissue
constant for human brain. This probe (Flowtronics,
Phoenix, AZ) is commercially available and requires
a burrhole created in the operating room for passage
of the silastic probe under the skull with a tunneled
exit wound under the scalp, for later removal.
In an attempt to create a thermal diffusion
flowmetry (TDF) probe that could be placed in the
emergency room or intensive care unit a new bolt
like probe has been created and is currently available
commercially. This bolt utilizes a smaller circular

probe on the end of a piston which is passed through
a skull secured bolt and can be adjusted for proper
placement on the cortical surface. The burr hole re
quired measures 11 em. in diameter which can be
created with a twist drill. An added feature of the
trauma bolt probe is the ability to pass an intracranial
pressure (ICP) monitor through a separate port.
This new trauma bolt was tested in our laboratory
to determine ease of placement and reactivity of
the CBF and ICP recordings after a hypercapnic
challenge.

Materials and Methods

Juvenile pigs (weighing 5-lOkg) were sedated with Ketamine
(lOmg/kg, intramuscular) and then anesthetized with isoflurane
(3% in 100% 0, induction, 0.25-1.0% in 60:40 N,O:O" mainte
nance). Attention was then turned towards establishing venous
and arterial access via the femoral artery and vein. The animal was
then turned and placed in a stabilized head holder. A rectal tem
perature probe was placed and a feedback controlled warming
blanket was used to maintain body temperature at 37.5°C. The
scalp was divided in an anterior to posterior fashion and dissected
laterally exposing the bony skull surface. A Hudson-Brace
hand drill was then used to create bilateral burr holes in the
parietal regions. The dura mater was then carefully reflected and
cauterized in a cruciform fashion to expose the cortical surface.
Measurements to determine the skull thickness and depth to the
cortical surface were made for proper placement of the probe
surface.
The trauma bolt with the piston set flush to the bolt sleeve's
cortical surface is then screwed to the appropriate depth so as not
to penetrate the cortical tissue. The probe is then attached to the
monitor and the specific calibration programmed. The piston is
then advanced utilizing the micrometer scale on the side to deter
mine the depth of the probe surface. The CBF recording is moni
tored during the advancement of the piston and after an adequate
CBF measurement is determined the confidence of the contact is
determined. This confidence factor is a ratio of the temperature
recorded at both gold plates after the heating element is turned
off. This also allows determination of the cortical temperature and
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Fig. 1. ICP change pre- and post-C02 challenge

assures normothermia. The ICP monitor is then passed to a prede
termined length so that no more than one centimeter is exposed
past the probe surface.
The animal is allowed to stabilize for 30 minutes while base
line data is collected. The animal is then allowed to become
hypercapnic by decreasing the ventilation. Arterial blood gas
(ABG) determinations are determined before, during and after
the CO2 challenges to assure adequate increases in pCOI . The
CBF and ICP changes were recorded for 13 and 8 pigs respec
tively. Following the testing the animals were sacrificed with an
intravenous bolus of KCI and dead brain values were recorded.
The CBF values were corrected for the dead brain values.

Results

Prior to the development of the trauma bolt a silastic
probe was utilized; however, this required an operat
ing room for craniectomy and tunneling of the probe.
We found that the bolt probe was easier to place than
the silastic probes. Contact with the cortical surface
could be assured using the micrometer scale pro
vided on the piston after the appropriate measure
ments for skull thickness and depth to cortical
surface were recorded. Use of the probe in the clini
cal setting is underway and ease of placement at the
bedside should be determined.
As indicated in figures 1 and 2 CBF and ICP both

increased significantly in response to CO2 challenge
(p = 0.003 for CBF, p = 0.001 for ICP). Average CBF
measured 29.5 +/- 3.5 pre and 47.9 +/- 5.1 post chal
lenge (ml/lOOgm/min, AVG +/- SEM, n = 13, cor
rected for dead brain value). Average ICP measured
5.0 +/- 1.2 pre and 10.5 +/- 1.0 post challenge
(mmHg, AVG +/- SEM, n = 8).

Fig. 2. CBF change pre- and post-CO, challenge

Intraparenchymal placement of the ICP probe
through the second port did not significantly affect
the CBF values unless a major vessel was injured
during placement. Of note, the cortical surface vascu
lar anatomy of the pig was much more abundant than
that of the human, and clinical use of this probe type
should pose less of a difficulty than use in the labora
tory setting.

Conclusions

The trauma bolt is easy to place and allows ready
access in monitoring both ICP and CBF in the
trauma patient. Precise placement of the probe along
the cortical surface is easily observed. This bolt is
currently available commercially and should improve
the ease of continuously monitoring CBF and ICP in
the trauma patient. Use of the trauma bolt in other
neurosurgical settings such as vascular procedures
will require further study.
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Summary

The aim of head injury management is to prevent secondary in
sults to the damaged brain. Raised intracranial pressure and low
cerebral perfusion pressure are two secondary insults which are
important determinants of outcome following severe head injury
(SHI). Traditionally ICP is measured in the right frontal region in
an attempt to minimise the effects and complications of transducer
placement. This assumes that the brain acts like a fluid and that
ICP is transmitted equally throughout the intracranial space.
Experimental studies suggest that this is not the case: expanding
mass lesions are associated with the development of ICP gradients.
Ten patients with SHI who had an unilateral mass lesion
confirmed on CT were studied. All had bilateral placement of
intraparenchymal Camino ICP transducers in the frontal regions.
Data from both transducers were recorded every two minutes and
stored electronically. The volume of the mass lesion was calculated
from the CT scan.
Significant and lasting ICP gradients between hemispheres were
found in all patients with an acute subdural haematoma (greater
than lOmmHg for longer than 10 minutes). Such differences were
not found in patients with intracerebral haematoma or contusions.
We would advocate that ICP is recorded IPSILATERAL to the
lesion in patients with SHI due to acute subdural haematoma.

Keywords: BilateralICP monitoring; secondary insults.

Introduction

It is widely accepted that monitoring intracranial
pressure (ICP) and cerebral perfusion pressure
(CPP) provides valuable information in the man
agement of patients with severe head injury. They
provide information on the status of cerebral
haemodynamics and are useful in detecting and
hence mitigating secondary insults to the damaged
brain. In patients who are being monitored for a non
evacuated mass lesion (intracerebral or subdural)
there may be ICP gradients within the brain. Previ-

ous studies have produced conflicting evidence as to
the magnitude of these gradients. Recent experimen
tal work has shown that expanding masses can pro
duce significant and lasting ICP gradients. If ICP
gradients do exist then the traditional placement of
the ICP transducers in the right frontal regions (our
usual practice) may lead to an underestimate of ICP
values when there is a contralateral lesion.

Methods

Ten patients with SHI who had documented unilateral mass le
sions were studied. In each patient bilateral frontal intra
parenchymal Camino ICP transducers were inserted. ICP and
CPP data were recorded continuously every two minutes and
stored electronically. Monitoring continued whilst clinically indi
cated. At the end of the recording period the atmospheric pressure
reading of each transducer was recorded to ensure that the read
ings were not biased by drift. Medical and nursing staff were
blinded to the second ICP trace so as not to alter normal practice.
In this study a detailed analysis of the first six hours of recording
from each patient has been undertaken. The volume on the intrac
ranial mass lesion was quantified from the CT data. The CT im
ages were converted into digital format using a back-lit scanner
and these were analysed using a software program written in
Delphi. The area of the mass lesion on each contiguous slice was
outlined with a polygon. As the CT slices were 1cm apart, a very
good approximation of the volume of the mass lesion can be
calculated. The study was approved by the Joint Ethics Committee
of Newcastle and North Tyneside Health Authority and the Uni
versity of Newcastle upon Tyne. Consent was obtained before
entry into the study.

Results

There was a wide range in the ICP levels of the
patients which reached a maximum of 84mmHg
in the six hour period. The maximum zero offset
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Fig. 2. Recordings from patients with contusions or ICH
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hemisphere in patients with an unrelieved subdural
haematoma. ICP values were higher ipsilateral to the
clot. Similar differences were not found in patients
with intracerebral haematomas or cerebral contusion
which were of similar size. These observations are
the subject of further investigation.
With a greater emphasis on the detection and
prevention of secondary insults, it is important to
recognize that these differences exist between the
hemispheres. There may also be more localized pres
sure gradients which have yet to be determined. Our
data would suggest that in patients with SHI and an
acute subdural haematoma that ICP is most accu
rately measured on the side of the clot.
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measured upon removal of the ICP catheters was
2mmHg. The recordings could be divided into two
groups: those who had sustained differences (>10
minutes) of over 10mmHg (group 1) and those in
which the readings remained within lOmmHg (group
2). The patients in group one all had a non-evacuated
subdural haematoma whilst the patients in group two
had contusions [5] or an intracerebral haematoma [2]
(Table 1).
The volumes of the abnormalities were similar, yet
there was a sustained difference (>1 hr) in the read
ings between the ipsilateral and contralateral sides
when a subdural haematoma was present.
The recordings from those with subdural hae
matomas showed a positive difference between the
ipsilateral and contralateral recordings which ranged
up to 30mmHg (Fig. 1). In contrast, the recordings
from patients with intracerebral haematoma or con
tusions showed a close agreement between the two
measurement sites with most of the readings con
tained in a band with -10 to +lOmmHg (Fig. 2).

Injury type

Contusions 5
ICH 2
SDH 3

Table 1. Study Population
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Discussion

The data suggests that there may be differences
in the levels of ICP which are obtained from each
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Summary

Introduction: The use of the Camino fibre-optic subdural device
for measuring Intracranial Pressure (ICP) in patients, has been
shown to correlate well with recordings from the "gold standard"
intraventricular fluid filled catheter [1]. Following this work, its use
has become standard in the clinical monitoring of patients. More
recently, laboratory studies have demonstrated accuracy, accept
able drift and high fidelity for the new Codman Microsensor ICP
Transducer, a miniature strain gauge mounted on a flexible nylon
catheter [3]. Its performance in patients, however, has yet to be
fully assessed, in comparative studies.
Methods: Eight patients (5 head injured, 3 with an Intracerebral
haematoma) had a Codman Microsensor inserted. A Camino
Transducer was fitted immediately adjacent to it. A computerised
system was used to continuously record both ICP readings.
Results: In total 140,323 recordings were made over a wide range
of ICP values. Study periods ranged from 0.5 to 116 hours. In one
patient the Codman transducer tracing failed after several days,
probably due to fracture of electrical cable close to the interface
box. The readings from the two ICP transducers were compared
on Time Series, logistic regression and Altman-Bland plots.
Drift of the ICP recorded by the Codman microsensor, was
noted in 2 patients, 1 in positive direction (maximum 30mmHg), 1
negative (max. 20mmHg). In both cases the Camino ICP record
ing was relatively stable. In 24% of the recordings the Codman
microsensor recorded ICP as 5 or more mm Hg greater than the
Camino, this difference was 10mm Hg or greater in 9% of record
ings. Conversely the Camino recording was 5mm Hg or more, than
the Codman, in 5% of all recordings, and 10 mmHg or more in
3%.
Conclusion: These differences could in the majority of cases (ex
cepting the negative drift) be explained by a constant offset of the
Codman transducer, as described previously [6]. Further examina
tion of this device is required.

Keywords: ICP transducer; microsensor; subdural.

Introduction

Continuous Intracranial Pressure (ICP) measure
ment now forms part of the standard management of

many patients with all types of intracranial disease.
The most accurate method of measurement, by
placement of an intraventricular catheter [5] is now
rarely used, not only because of its invasive nature
and risk of infection but because of the development
of a series of devices that can be used in the
intraparenchymally/subdural space and inserted con
veniently at the bedside. The use of the Camino
fibre-optic device for measuring ICP has been shown
to correlate well with recording from this "gold
standard" intraventricular fluid filled catheter [1].
Following this work, its use has become standard as
the sole ICP device in the clinical monitoring of pa
tients. More recently a further device suitable for
use intraparenchymally/ in the subdural space has
become available; the Codman MicroSensor ICP
Transducer, consisting of a miniature strain gauge
mounted on a flexible nylon catheter. Laboratory
studies have demonstrated acceptable drift and high
fidelity of the microsensor [2,3], but its performance
in patients over prolonged periods has yet to be fully
assessed. This study was designed to achieve this by
comparing in vivo recordings from adjacent Codman
and Camino devices.

Method

Eight patients were included in the study, in all of whom continu
ous ICP recording was clinically indicated. Five patients had sus
tained a head injury and 3 patients had Intracerebral Haematomas
(ICH).
Under local anaesthetic, by the bedside, a Camino device was

inserted in the normal manner using the OLM screw fixation.
Immediately adjacent, through a similar twist drill hole, a Codman
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MicroSensor was inserted. This was held in place with a scalp
suture. A computerised system was used to record paired readings
from the two transducers at 10 second intervals for the duration of
ICP monitoring of each patient.

Results

In total 140,323 measurements were obtained with
ICP values from Q-SOmmHg. The recording periods
ranged from 3 hours to 5 days (average 2 days). No
clinical complications occurred in the insertion of
either device and there were no cases of infection.
Two of the transducers failed, one Codman and
one Camino. The Codman failed after several days
and was thought to be caused by a fracture of the
electrical cable at the interface connector. In a differ
ent patient the Camino tracing failed after the pa
tient pulled at the fibreoptic cable.
The paired ICP readings from each patient were
compared using time series, linear regression and
Altman-Bland plots. The analysis has shown that
there were large discrepancies between the two pres
sure readings on a number of occasions.
The recordings from one patient showed a good
agreement between the pressure readings from the
two devices, with most of the readings differing by
less than 2mmHg. However, in 4 patients the
Codman MicroSensor recorder a positive bias rela
tive to the Camino for the duration of the monitor
ing. The offset was constant for each patient, but

varied from 2 to 8mmHg between patients. In an

other patient the Codman reading appeared fairly
stable, whilst the Camino recording drifted in a nega
tive fashion (maximum deviation 15mmHg). In the
last two other patients the Codman device appeared
to drift, one in a positive direction (max. 30mmHg
see Fig. 1), and the other in a negative direction
(max. 15mmHg see Fig. 2). In both cases the Camino
appeared relatively stable, hence a large discrepancy
in the level of ICP measured, for the majority of the
duration of recording.

Discussion

Insertion of a ventricular catheter, the most accurate
compartment in which to measure ICP, may be diffi
cult because of compression of the lateral ventricular
system. It should also be avoided because of the po
tential risk to the intervening brain parenchyma and
the risk of infection. Thus in many neurosurgical
units clinical decisions are influenced by the ICP re
cordings obtained from a single intraparenchymal/
sub-dural device. Insertion of these devices is conve
nient. It can be performed safely by the bedside,
under local anaesthetic by junior members of the
team. However insertion through a twist drill hole
usually employed is "blind" in the sense that one is
unsure of the actual position of the tip. Recordings
may therefore be from brain parenchyma or from the
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Fig. 1. (a) Time Series and (b) Altman-Bland plot showing posi
tive drift of Codman compared to relatively stable Camino device

Fig. 2. (a) Time series and (b) Altman-Bland plot showing nega
tive drift of Codman MicroSensor
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subdural space, although in clinical practice this is
hardly relevant. We felt, therefore, that the direct
comparison of the Codman MicroSensor to the
Camino, that has been in use in our Unit for many
years, would enable us to make an accurate judgment
of the reliability and accuracy of the Codman
MicroSensor in clinical use. The bolt fixation device
of the Codman MicroSensor was avoided because we
felt that the diameter of the drill hole (about 6mm)
was too large to be safely used by the bedside. The
device was thus inserted through a twist drill hole
(diameter about 2mm) and sutured to the scalp.
Overall although the two traces tended to show

good agreement in terms of the timings of ICP
changes, there was often considerable offset between
the measurements from the two devices. In 24% of
the recordings the Codman Microsensor recorded
ICP as 5 or more mmHg greater than the Camino,
this difference was lOmm Hg or more in 9% of re
cordings. Conversely the Camino recording was
5mmHg or more, than the Codman, in 5% of all
recordings, and 10% or more in 3%. On average, the
Codman read higher than the Camino by 6mmHg.
However, the continuous monitoring of the two pres
sures did show that the differences between them
may vary with time. This may explain results de
scribed previously [6].
The cause of the discrepancies described is un
clear. Although the position of the measuring part of
the sensors is not precisely known there is a good

correlation between measurement of ICP in the
subdural space and brain parenchyma [4]. If clinical
decisions are made on the basis of absolute ICP val
ues, it appears that the management of these patients
may differ when different devices are used to moni
tor ICP. A further investigation is planned to com
pare in vivo and in vitro performance of each pair of
transducers under test.
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Summary

The use of indwelling cerebral monitoring devices (ICMDs) is
common in the intensive care of neurosurgical patients. ICMDs
are used to measure and treat intracranial pressure (ICP), tem
perature, blood flow and the microchemical environment. Intra
cranial hemorrhage (ICH) and infection are risks of ICMD use [4].
This study presents ICMD use at Detroit Receiving Hospital
(DRH) from July 1993- March 1997. Analysis of complications
associated with ICMD placement will test the hypothesis that
complication rate depends upon type of ICMD used. A log of all
patients having ICMDs at DRH has been kept since 1993. This log
was used to identify complications of ICMD placement. Each case
was reviewed and the following data obtained: diagnosis. patient
age, initial Glasgow Coma Score, Glasgow Outcome Score, type of
ICMD, number of ICMDs per patient. duration of implant and
complication. Descriptive and non-parametric statistics were used
to compare samples of interest. The following number of ICMDs
were placed: 274 ventriculostomies, 229 Camino® intra parenchy
mal ICP monitors, and 33 other ICMDs. Complications in these
536 cases include 21 infections, 15 ICHs, 1 granuloma and I persis
tent cerebrospinal fluid leak. Complication was analyzed as a
function of ICMD type using Chi-Square test for independence.
The rate of infection and ICH was significantly higher in the
ventriculostomy group (p = 0.0001). These results support the
hypothesis that complications of ICMD use are due to the type of
device implanted. The determinants of ICMD complication is
undoubtedly multifactorial. The clinician must consider the com
plication rate related to a particular ICMD among other factors
when choosing to place an ICMD.

Keywords: Complications; infection; Glasgow Coma Score.

Introduction

Indwelling cerebral monitoring devices (ICMD's) in
the form of ventricular puncture were first described
by Guillaume and Janny in 1951. Their use became
routine after Lundberg's publication in 1961 that de
scribed their accuracy in reading normal and abnor
mal intracranial pressure waves [3]. In the 1970's,
subarachnoid screws, subdural and epidural moni-

tors were described and commonly used, when ap
propriate, in the place of ventricular puncture. The
use of ICMD's has become commonplace in the
intensive care of neurologically injured and at risk
patients [5]. ICMDs may be used to monitor and
treat elevated intracranial pressure. Other ICMDs
monitor cerebral temperature, oxygen concentra
tion, blood flow or the microchemical environment.
Recent studies suggest that management of trau
matic brain injury based on cerebral perfusion pres
sures may be superior to management based on
intracranial pressure alone [1]. Aggressive monitor
ing and management of cerebral perfusion requires
continuous monitoring of intracranial pressure.
ICMD's have been described as safe [2] and causing
rare patient morbidity [3].

It is important for clinicians to realize the relative
risks of each type of monitor placed. This study pre
sents ICMD use at Detroit Receiving Hospital
(DRH) from July 1993-March 1997. Analysis of com
plications associated with ICMD placement will test
the hypothesis that complication rate depends upon
the type of ICMD used.

Materials and Methods

A log of all patients having ICMD's at DRH has been kept since
1993. This log was used to identify complications of ICMD place
ment. Each case was reviewed and the following data obtained:
diagnosis, patient age, initial Glasgow Coma Score (GCS),
Glasgow Outcome Score (GOS). type of ICMD, number of
ICMD's per patient, duration of implant and complication. The
following number of ICMD's were placed: 274 ventriculostomies,
229 Camino® intraparenchymal ICP monitors and 33 other
ICMDs. This last category includes combination Camino® bolt
ventriculostomies and a three way Camino® bolt which also in
cludes a Licox tissue oximeter and a Vasomedics laser doppler.
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Results

Complications in these 536 cases include 21 infec
tions, 15 intracranial hematomas, 1 granuloma and 1
persistent cerebrospinal leak. Complications in the
ventriculostomy group were as follows: 20 infections
(7.29%); 9 hematomas (3.28%); and 4 malfunction
due to position (1.45%). Total complications for the
ventriculostomy group was 12.04%. The complica
tions in the Camino® group consisted of 2 intra
cranial hematomas (0.87%) and 1 scalp granuloma.
There have been no complications associated with
other types of ICMDs to date (Fig. 1). Two complica
tions were thought to contribute to patients' deaths,
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Fig. 1. ICMD complications Total ventric vs Camino p = 0.0001;
mfect ventric vs Camino p = 0.0008

L. L. Guyot et al.

both hematomas in the ventriculostomy group (see
Fig. 2). The overall mortality for ICMD in this series
is 0.38%.
Complication was analyzed as a function of ICMD
type using the Chi-Square test for independence. The
total rate of complications (p = 0.0001) and infec
tions (p = 0.008) were significantly higher in the
ventriculostomy group, thus supporting our hypoth
esis that complication rate depends on the type of
ICMD placed. The rate of intracerebral hemorrhage
was not significantly different between the ven
triculostomy and Camino® group (p =0.108).
Non-parametric statistical analysis was used to ex
amine the data from the ventriculostomy patients
with ICMD complications. Mean GCS (9.04), GaS
(2.62) and duration (11.93 days) of ICMD were com
pared by complication using the Mann-Whitney test.
Mean GaS (2.62) was significantly associated with
complication (p = 0.018), while no such association
was found between complication and GCS or
duration.

Discussion

Our results support the hypothesis that complica
tion rate depends on the type of ICMD placed.
Ventriculostomy had a significantly higher number
of total complications and infections when compared
to the Camino® group. There was no such difference

Fig. 2. CT scan images of 2
ventriculostomy patients with in
tracranial hemorrhage complica
tions
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for hemorrhage between the ventriculostomy and
Camino® groups. The fact that insertion of both de
vices requires dural puncture may explain hemor
rhage rates which are not significantly different.
The analysis of the ventriculostomy group compli
cations suggests an association between complication
and GOS, rather than presenting GCS or duration of
implant. It is possible that the complication was one
of the factors determining GOS. Further analysis
of factors determining complication and outcome
would require more data regarding the non compli
cation groups for both ventriculostomy and other
ICMDs as a control. Such studies are in progress in
our institution.
There is no clear standard of care regarding
whether to employ an ICMD or which type of device
should be used to manage the head injured patient
[1]. When it is possible to place a ventriculostomy in
a patient with suspected elevated intracranial pres
sure (ICP) this is preferred, as the device may be
used to measure and treat ICP with ventricular
drainage.
The clinician must weigh the risks and the benefits
of any ICMD prior to placement. If there are no
compelling reasons for ventricular drainage, an
ICMD with a lower complication rate should be used
(e.g. post craniotomy). This study serves to provide
clinicians with information comparing different types

49

of ICMD's and their complications. Further study
may ultimately demonstrate the impact of ICMD
complication and patient outcome.
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Summary

Intraventricular catheters (IVC) and Intraparenchymal fiberoptic
catheters (IPC) are the prevalent methods of intracranial pressure
(ICP) monitoring. This study assesses the complications caused by
either method. Previous studies have shown a higher complication
rate with IVe. In 156 consecutive patients, with IVC (n = 104) or
IPC (n =52) insertion, the demographics, Glasgow coma score
(GCS), ICP, duration of monitoring, changes in monitoring de
vice, complications and computerized tomography findings, were
recorded. The patients were categorized into severe (GCS 3-8),
moderate (GCS 9-12) and mild (GCS 13-15) groups. A retrospec
tive, comparative analysis of both techniques was conducted, using
Kruskal-Wallis one way analysis of variance with chi square
approximation and Mann-Whitney U tests.
The use of IPC at 86.5% predominated in patients with GCS 3
8, while IVC at 81.4% and 92% prevailed in GCS groups 9-12 and
13-15, respectively (p = 0.000).43.2% IVC were used for 10+ days
and 25.9% for 1-3 days, while 80% of IPC were used for less than
6 days (p = 0.000). The complication rate for IVC and IPC was
25% vs 4.4% (p = 0.000). The infection rate was 4.4% and 0.6%
(p = 0.1) while, inadvertent removal 4.4% vs 1.2% (p = 0.4),
respectively. Malpositions occurred only with IVC (20.1 %). All
documented complications were without untoward clinical
sequelae. We conclude that, IVC remains comparable to IPCs in
complications.

Keywords: Complications; percutaneous ICP monitoring;
ventriculostomies.

Introduction

ICP monitoring plays an integral part in management
of patients with various neurosurgical disorders in a
neurosurgical intensive care unit (NICU). The preva
lent methods of ICP monitoring and management
include, IYC [4,9], which utilizes an external f1uid
filled transducer system, and the Camino IPe, con
sisting of a fiberoptic catheter tipped transducer
system [11]. The center where this study was con-

ducted, uses both these methods. Hence, the compli
cations ensuing from either, were compared under
uniform circumstances.

Material and Methods

At a level 1 trauma center, of 156 consecutive patients, 104 under
went IVC (Codman & Shurtleff, Inc., Randolph, MA) and 52 IPC
(Camino, Neurocare™, Inc., San Diego, CA) insertion. The demo
graphics, GCS, ICP, CT findings, duration of monitoring, any
changes in monitoring device and complications were evaluated.
The patients were categorized into severe (GCS 3-8), moderate
(GCS 9-12) and mild (GCS 13-15) groups, respectively. The co
hort was further classified to one of the following five diagnostic
groups: Spontaneous Subarachnoid hemorrhage (SAH), closed
head injury (CHI), Brain Tumors, Gun shot wounds and miscella
neous (intracerebral hemorrhage, cerebellar hemorrhage, cerebel
lar infarct, brainstem hemorrhage, granulomatous angitis).
The treatment rendered for raised ICP comprised of the follow
ing: sedation, paralytics, hyperventilation, diuretics, cerebrospinal
fluid (CSF) drainage and barbiturate coma. The following compli
cations were reviewed: infection, validated by positive catheter
tip or CSF culture [10], hemorrhage due to monitor insertion,
malposition of monitor, and inadvertent removal. Hemorrhage
and malposition were confirmed by CT scans. A retrospective,
comparative analysis of the two techniques was conducted, using
Kruskal-Wallis one way analysis of variance with chi square
approximation and Mann-Whitney U tests.

Results

In the selected cohort, we found the use of IYC and
IPC to be 66% and 33%, respectively. Overall, the
age ranged from 10-87 years (mean = 49.17 years,
median = 50 years). However, there was an age dif
ference noted in the two groups, so that the age
means of the IYC and IPC groups were 56.3 and 34.8,
respectively (p = 0.000). Amongst the 156 patients,
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104 were in GCS 3-8, 27 in 9-12 and 25 in 13-15

(Fig. 1).
The use of IPC at 86.5% predominated in patients
with GCS 3-8, while IVC at 81.4% and 92% pre
vailed in GCS groups 9-12 and 13-15, respectively (p
= 0.000). Overall, IVC were changed 62 times and
IPC 11 times, respectively. Spontaneous subarach
noid hemorrhage (SAH) was the commonest diagno
sis in the IVC group (n = 49); whereas closed head
injury (n =46) comprised the majority of IPC (p =
0.001). While, 25.9% IVC remained inserted for less
than 3 days and 43.2% for more than 10 days, 42.3%
of IPC were used for less than 3 days and only 3.8%
for more than 10 days. Eighty percent of IPC were
used for less than 6 days (p = 0.000).
As can be seen from Fig. 2, complications were
encountered in 46 cases (29.4%). The IVC group had
25% (n = 39), whereas the remaining 4.4% (n = 7)
occurred with IPC (p = 0.000). The infection rate was
5.1% (8 cases); 4.4% (n =7) with IVC and 0.6% (n =
1) in the IPC group (p = 0.1), respectively. Coagulase
negative staphylococci were the most common etio
logical organisms encountered (n = 4), followed by S.
aureus (n = 2) and 1 case each of Kl. Pneumoniae,
Enterobacter aerogenes and Enterobacter cloacae,
respectively. In the infected IVC group, a positive
blood culture had preceded the CSF infection by 2
days, while a concomitant urine culture was positive
in another case. Two types of hemorrhages were
found to be associated with catheter insertion i.e.,
intracerebral hemorrhage (ICH) and intraventricular
hemorrhage (IVH). IVH constituted 0.9% (n = 1) of

the IVC group, whereas ICH comprised 1.9% each
of the IVH (n = 2) and IPC (n = 1) groups, respec
tively. There were 21 cases of malpositions, all con
fined to IVC (20.1%); eight occurred in the third
ventricle (7.6%) 4 ended in the thalamus (3.8%),2 in
brainstern (1.9%), while 1 each (0.9%) in the fora
men of Munro, suprasellar cistern, internal capsule,
midbrain, interpeduncular cistern, frontal lobe and
temporal lobe, respectively. The incidence of inad
vertent removal was 5.7% (n = 9), which included
4.4% (n = 7) in IVC and 1.2% (n = 2) in the IPC
group (p = 0.4). Replacement for complication such
as mechanical failure or drift was documented in
2.5% cases, of which 0.64% (n = 1) was performed in
IVC and 1.9% (n = 3) in IPe.

Discussion

IVC is the accepted "gold standard" for ICP moni
toring, with the added advantage of direct control on
ICP by CSF drainage, as well as, the ability to admin
ister pharmacological agents via this route. However,
they come with an established risk of infection and
hemorrhage [9,13], which thus far are complications
infrequent with IPCs. Fibroptic IPC have a compa
rable accuracy and reliability, with a reading differ
ence of 2-4mmHg from the IVC [6,12,14]. IVC also
need frequent calibration and the requisite fluid
filled column is prone to trapping air bubbles, which
in turn may dampen the waveform [2,3]. IPCs are
not flawed in this manner, since they comprise of a
fiberoptic catheter tip, pressure-sensitive, transducer
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Fig. 1. Distribution of cases into GCS groups at initial presenta
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Fig. 2. Comparison of complications between intraventricular and
intraparenchymal catheters. IVC intraventricular catheter, IPC
intraparenchymal catheter
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which has proven to be consistently reliable. How
ever, IPCs are fragile and the delicate fiberoptic sys
tem is more likely to fail, in face of the unavoidable
mechanical insults in the ICU setup [15]. This may
well account for 1.9% of our IPC vs 0.64% of IYC
requiring replacement.
The difference between duration of monitoring in
IYC and IPC, arises from the prevalence of a particu
lar diagnostic category in either group. The fact that
a majority of IPC are discontinued within a week,
points to their role in short term ICP monitoring in
the absence of a reliable neurological examination.
Whereas, the use of nearly half the IYC beyond 10
days indicates their utility as an interventional mea
sure in monitoring and managing ICP. This extended
use of IYC is also due to the patients who have
become dependent on external CSF drainage and a
significant proportion of these will go on to require a
shunting procedure.
The infection rate for IYC is cited from 0% up to
40% [4,7] compared to 0.5% to 1.7% for IPC [12,15].
Our infection rate of 4.4% for IYC and 0.6% for IPC,
is comparable with other studies. It is worthy of note
that a majority of our catheters (91%) were inserted
in an ICU setting, where a better control of the sur
roundings appears to contribute to our favorably low
infection rate. A review of literature points to numer
ous factors responsible for ventricular infection, e.g.,
poor technique at the time of insertion, prolonged
duration of catheterization, opening of the fluid-filled
system to air, system manipulation such as withdraw
ing CSF or injecting drugs, ICP > 20mmHg, extra
neous procedures at the ventriculostomy site e.g.,
dressing changes, concurrent cranial surgery, pres
ence of intracerebral or intraventricular hemorrhage,
associated injuries like, open intracranial wounds or
skull fractures and breakdown in the system in the
form of CSF leaks [1,2,8,10,13]. Percutaneous tunnel
ing of IYC may contribute to a diminished rate of
infection [6,4]. The IPC fibreoptic system is a closed
one, requiring calibration only once, just prior to
insertion. Hence, it avoids all the pitfalls noted
above. None of the complications from either system
led to an untoward clinical outcome.
A review of the gathered data indicates that the
pattern of use of IYC and IPC in our study was
similar to that in other trauma centers [5], with the
former being used predominantly, followed by the
latter. This study also pointed to a pattern of monitor

usage, where IYC are inserted more in the presence
of SAH, while IPC are favored in CHI. Based on the
data, our conclusion is that IYC remain comparable
to IPC in complications. IPC, due to their inability to
facilitate CSF drainage, are indicated and useful in a
subset of patients, rather than universally.
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Summary

Using a reliable non-invasive technique for ICP monitoring,
we realized 93 continuous anterior fontanelle pressure (AFP)
recordings in 86 healthy infants aged from 29 to 85 post
conceptional (PC) weeks. For each recording, we calculated the
mean and extremes values of AFP, cerebral pulse amplitude, and
pressure waves rate and amplitude. We observed the occurrence
of plateau-waves of relatively low amplitude and duration in most
infants aged of more than 49 PC weeks. We postulate that PW
represents a physiological phenomenon which is amplified under
pathological conditions. All AFP parameters are correlated to PC
age and vary during early infancy according to an ascending
sigmoidal relation (this variation may be explained by a connec
tion between several cranio-cerebral characteristics of the young
infant). We conclude that the interpretation of AFP recordings
must take into account [1] PC age rather than postnatal age, [2]
variation of AFP parameters with age, and [3] occurrence of
physiological plateau-waves.

Keywords: Anterior fontanelle pressure; infants; non-invasive
technique.

Introduction

rcp monitoring in neonates and young infants may
be useful in many clinical situations; at this age, in
creased rcp may induce brain lesions and have del
eterious effects on cerebral development. However,
little is known about the evolution of rcp parameters
in normal infants during the first months of life. Until
recently, evaluation of the rcp characteristics in nor
mal infants was not possible because of the need for
invasive procedures. Since the past decade, a new
generation of transfontanellar devices allows reliable
non-invasive rcp monitoring through the open ante
rior fontanelle [1,14]. Using the Rotterdam Trans
ducer, we realized continuous anterior fontanelle

pressure (AFP) recordings in healthy infants of vari
ous ages in order to analyse the physiological evolu
tion of rcp parameters and pressure waves in early
infancy.

Materials and Methods

We studied 86 healthy infants aged from 29 to 85 postconceptional
(PC) weeks (18 prematures, 38 neonates and 37 infants). Informed
consent was obtained from all parents. All patients had normal
neurological history and examination at the time of monitoring,
and their psychomotor development remained normal afterwards.
We realized 93 one-night continuous AFP monitorings by means
of the Rotterdam Transducer, a transfontanellar device that has
previously been proved to record reliable information about ICP
[14]. The principles and technical details of the device have been
extensively described by de long and co-workers [1]. For each
recording, and after exclusion of awakening periods and motion
induced artefacts, we analyzed mean and max AFP, mean and max
cerebral pulse amplitude (CPA), max B-wave (BW) amplitude,
plateau-wave (PW) rate, mean and max PW amplitude and
duration. We defined BW as cyclic 2-4 per min waves, and PWas
sustained spontaneous AFP increases lasting at least 2min and
reaching at least 2mm Hg above the baseline. We divided our
population in 4 groups according to infant's PC age. All AFP
variables were correlated to patient's age in order to establish
charts of the evolution of AFP and pressure wave parameters. The
relationship between AFP parameters and infant's age was tested
by Spearman's regression coefficient (Rs). The extent of the
graphical relationship of AFP values with age was evaluated by
Pearson's correlation coefficient (R2) in order to determine the
most accurate trendline (linear. logarithmic or sigmoidal).

Results

The values of AFP parameters for each age group
are summarized in Table 1. One hundred fifty-nine
PW were observed in 24 patients (extremes: 2-19 PW
per recording). PW were never observed in infants
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Table 1. Values of AFP and Pressure Waves Variables in the Three Age Groups and Statistical Analysis

Age group No. of Mean Max. Mean Max. Max. B-W Mean poW Max. poW Mean poW Max. poW

(weeks) patients AFP AFP CPA CPA amplitude amplitude amplitude duration duration poW rate

Results
29-36 18 2.95 (1.57) 4.18 (1.04) 070 (0.32) 0.91 (0.56) 1.06 (0.76) -

36-44 38 5.63 (1.67) 7.92(1.84) 0.95 (0.43) 1.58 (0.99) 1.83 (0.75) -

45-{)5 28 7.33 (1.57) 10.11 (2.19) 2.46 (0.95) 4.14 (1.39) 3.30 (1.05) 12.98 (9.53) 18.41 (13.52) 4.33 (3.09) 7.18 (5.09) 9.35 (9.23)

66-85 9 10.69 (1.86) 13.01 (2.66) 3.91 (1.21) 5.89 (1.87) 6.56 (2.24) 30.00 (8.23) 45.56 (13.35) 9.50 (2.86) 15.78 (4.94) 25.83 (7.97)

Satistical analysis
Sigmoidal

progression
Pearson's 0.82 0.80 0.86 0.84 0.85 0.83 0.86 0.74 0.73 0.68

correlation
coefficient (R2)

Correlation with age
Spearman's 0.76 0.72 0.86 0.81 0.84 0.82 0.84 0.73 0.70 0.66

regression
coefficient (Rs)

() standard deviation; AFP arterior fontanellar pressure: CPA cerebral pulse amplitude; BW B-wave; PW plateau-wave.
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Fig. 1. Evolution of some AFP and pressure waves values with infants' post-conceptional age: (a) mean and max AFP; (b) mean and max
CPA; (c) mean and max PW amplitude; (d) mean and max PW duration

aged less than 49 PC weeks. All AFP and pressure
waves variables are increased in older infants; these
variables were plotted on two-dimensional charts
in order to analyze their evolution according to age
during the first year of life. Except for PW rate which
follows a linear progression, all AFP variables in-

creased with age according to a sigmoidal progres
sion (Fig. la-d). AFP parameters increase rapidly
between (roughly) the 30th and 50th postconceptional
week, after which they progressively stabilize;
around the 70th week, variables of AFP recordings
start again to increase until closure of the anterior
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fontanelle. The correlation between AFP parameters
and infants' PC age is very good (Rs ranged from
0.66 to 0.86); Pearson's correlation coefficient of the
sigmoidal progression of variables with age ranged
from 0.68 to 0.86 (Table 1).

Discussion

In his original publication, Lundberg [5] introduced
the concept of "Plateau-waves" as acute elevations of
ICP rapidly rising to 50-100mmHg and lasting from
5 to more than 20min before returning to the
baseline level. The origin and clinical significance of
PW are still debated. Using a reliable non-invasive
technique for ICP monitoring in young infants, we
observed that PW of relatively low amplitude and
duration may be found in AFP monitoring of normal
infants aged more than 49 PC weeks. Several authors
have already reported the occurrence of PW in ICP
monitoring of young infants with neurological dis
eases [7,9]. PW were also observed in ICP recordings
of normal monkeys [3], as well as in infants with
craniostenosis or arrested hydrocephalus and normal
baseline ICP [2,12]. Some authors have postulated
that PW actually constitutes a physiological phenom
enon which is amplified (in terms of duration and
amplitude) under pathological conditions because of
a decrease in cerebral compliance or of cerebrovas
cular dysfunction [8,11]. Our data seem to confirm
this hypothesis.
A progressive increase of ICP with age in preterm
and full-term babies has already been reported by
both non-invasive and invasive techniques [10,14];
nevertheless, the evolution of ICP and other param
eters of ICP monitoring (cerebral pulse amplitude
and pressure waves (during early infancy has, to
our knowledge, never been extensively studied. By
means of a non-invasive device, we found that all
variables of the ICP monitoring (including pres
sure waves) increase gradually with age following a
sigmoidal curve. Schematically, AFP parameters in
crease rapidly during the first 3 months after birth;
they reach a plateau during the next 3 months; they
further increase after this time until fontanelle clo
sure. The reasons for this evolution are unknown.
Some cranio-cerebral characteristics of the young in
fant probably playa role on this progression, such as
progressive closure of sutures and fontanels, head
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growth rate, variations of cerebral compliance [6],
capacities of modulation of cerebrospinal fluid ab
sorption and CSF flow, and maturation of the brain
stem and their control mechanisms [4]. Our study
demonstrates that infants' post-conceptional age has
to be taken into account for an accurate interpreta
tion of AFP recordings.
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Interhemispheric Pressure Gradients in Severe Head Trauma in Humans
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Summary

Interhemispheric pressure gradients may occur following severe
head trauma in patients even in the absence of intracranial space
occupying lesions. A higher ICP of the contralateral hemisphere
may escape routine unilateral ICP monitoring. Clinical signs and
CTscans do not seem to predict reliably a lateralized ICP. Accord
ing to our data with a limited number of patients, interhemispheric
pressure gradients seem to occur in the initial posttraumatic phase
in some patients, and they seem to resolve following adequate ICP
treatment after several hours. Therefore, simultaneous bilateral
ICP measurement may be warranted in the initial posttraumatic
phase.

Keywords: Head trauma; interhemispheric pressure gradients.

Introduction

Considerable pressure gradients have been observed
between the various intracranial compartments in
animal experiments and in humans following trauma
or surgery [1,2,4]. Yet, they are believed to be of no
clinical significance [3]. To evaluate their occurrence
and extent we measured intracranial pressure (ICP)
bifrontally in patients with severe head trauma.

Materials and Methods

Patients admitted with severe head trauma and a Glasgow Coma
Score (GCS) :0;9 were entered into the study if they had no space
occupying lesions that would warrant surgery and if coagulation
parameters were within normal limits. First, we tried to determine
if computer tomography (CT) or clinical signs (dilated pupil, focal
neurological deficit) would indicate an interhemispheric pressure
gradient and which hemisphere might have a higher ICP. The
results were recorded on the protocol before commencement of
bilateral ICP measurement. Then, we calibrated and introduced
intraparenchymal stain-gauge microsensors (Codman/Johnson
& Johnson Professional, Inc., Randolph, MA) bifrontally through
paramedian, precoronal burr holes and measured ICP and mean
arterial pressure (MAP) continuously. For data acquisition and

recording we used MacLab/4e, Chart 3.5 (ADlnstruments Pty Ltd,
Castle Hill, Australia), and a Powerbook 540c (Apple Computer,
Inc., Cupertino, CAl. Elevated ICP was treated stepwise accord
ing to our clinical standards (positioning, hyperventilation, manni
tol, barbiturates, and ventricular drainage). Treatment was aimed
at the higher ICP reading. Whenever possible, cerebral perfusion
pressure (CPP) was kept ~60mmHgand ICP:O;20mmHg. Data are
reported as mean ± standard deviation.

Results

Six patients were entered into the study. Their mean
age was 26.7 ± 21.6 years, n = 6 and their admission
GCS was 5.7 ± 2.5, n = 6. There were no side effects
or complications of the bilateral ICP measurement.
Patient characteristics are listed in Table 1. The posi
tion of the intraparenchymal probes is shown in Fig.
1 (patient 6). Mean recording time was 76.6 ± 84.2
hours, n = 6. In patient 6, only the first 38 hours of the
99-hour recording were evaluated because cables of
the probes may have been switched after the first 38
hours on the intensive care unit. Three of the six
patients (patients 1, 2, and 3) had interhemispheric
pressure gradients of 6-10mmHg from the beginning
of continuous monitoring equalizing gradually there
after over a time course of 6-7 hours. As an example,
the recording of patient 1 is shown in part in Fig. 2. In
two of the three patients with interhemisperic pres
sure gradients (patients 1 and 3), clinical findings or
CT scans indicated a higher ICP on the wrong side.
In two of six patients (patients 2 and 6), emergency
room interpretation of clinical and radiological
findings (pre-monitoring) were unequivocal and cor
related with ICP readings in regard to the presence
or absence of interhemispheric pressure gradients or
in predicting the lateralization of ICP correctly.
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Fig. 1. CT scan showing the intraparenchymal position of the tips
of the bifrontal ICP probes in patient 6
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Discussion

Our data rely on a limited number of patients. Yet,
our observations question the paradigm of an evenly
distributed ICP. Interhemispheric pressure gradients
seem possible in some patients after head trauma,
even in the absence of space occupying lesions. In
two-thirds of our patients, we were not able to deter
mine who might have pressure gradients or which
hemisphere might be affected most by raised ICP
based on clinical and CT findings only.
In the light of these observations, the case of pa
tient 1 is of particular interest. Clinical signs did not
indicate the presence of an interhemispheric pres
sure gradient. The CT scan was interpreted as a
slightly pronounced edema of the right hemisphere.
ICP monitoring revealed a differential ICP with
an elevated left hemispheric pressure. ICP readings
were ~20mmHg over the right hemisphere in the
initial phase and >20mmHg over the left hemisphere
at the same time (see Fig. 2). The right hemispheric
pressure would warrant close observation, whereas
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Fig. 2. Simultaneous recording of
MAP and bilateral ICP within the
first 6 hours after commencement
of monitoring in patient 1. For
the shown data, MAP is 81.07 ±
13.65 mmHg. right hemispheric
ICP is 17.66 ± 1.58mmHg, and
left hemispheric ICP is 22.17 ±
1.55 mm Hg. Both ICPs have a
tendency to rise
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Table 1. Patient Characteristics

Th. Mindermann and O. Gratzl: Interhemispheric Pressure Gradients

Patient
no.

I
2
3
4
5
6

Gender

M
F
M
M
M
M

Age
(years)

34
7
66
25
10
18

ICP gradient
Trauma GCS Clinical signs CT ICP monitoring (mmHg)

gunshot :; no gradient ri > Ie 5 days Ie> ri (6)
bicycle 8 ri > Ie ri > Ie 10 hours ri> Ie (7)
bicycle 3 ri > Ie no gradient 30 minutes Ie > ri (10)
work 3 Ie> ri ri > Ie 17 hours no gradient
bicycle 6 Ie> ri Ie> ri 9 days no gradient
car <) no gradient no gradient 4 days (first no gradient

38 h evaluated)

the left hemispheric pressure would warrant a
stepping up of specific ICP therapy. Under routine
conditions with unilateral, right sided ICP monitor
ing, this pressure gradient would have gone unno
ticed. The clearly elevated ICP of the left hemisphere
may have been treated less than optimally and the
range of CPP may have been chosen inadequately
for the dominant hemisphere. The question arises
if, under such conditions, an initially lateralized
higher ICP of the contralateral side remaining unde
tected may eventually lead to a more severe brain
edema and consequently to more severe secondary
brain damage caused by a delay of detection and
treatment.
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Summary

Failure of intraventricular pressure (IVP) measurement in case of
catheter blockage is believed to be eliminated by using intra
ventricular microtransducers. We report about an avoidable
methodological error, which may affect the reliability of IVP
measurement with these devices.
Intraventricular fiberoptic or solid state devices were implanted

in 43 patients considered to be at risk for catheter occlusion. Two
different types were used: devices where the transducer is placed
inside the ventriculostomy catheter (Type A), and devices where
the transducer is integrated in the external surface of the catheter
(Type B).
Of the 15 patients treated with Type A devices, no reliable

pressure recording could be obtained in three patients where ven
tricular puncture was not successful. In four cases of the remaining
12 patients, periods of erroneous pressure readings were revealed.
After opening of CSF drainage, all Type A devices failed to reflect
real IVP. In patients treated with Type B devices, no erroneous
pressure recording could be identified. irrespective if CSF
drainage was performed or not.
Transducers, which are simply placed inside the ventri
culostomy catheter require fluid coupling. They may fail, either
during CSF drainage or when the catheter is blocked or placed
within the parenchyma.

Keywords: Catheter occlusion; failure; fiberoptic; intracranial
pressure; intraventricular pressure; microtransducers; solid state
device.

Introduction

Intraventricular pressure (IVP) measurement is
considered to be the gold standard in intracra
nial pressure (ICP) monitoring, against which all
other systems are compared. However, standard
ventriculostomy catheters measuring IVP by fluid
coupled external transducers have certain limitations
both in clinical practice and experimental work. They
may fail in case of progressive mass lesion and com
pressed ventricles, in situations of catheter blockage

or when the catheter is dislodged and placed within
the brain parenchyma.
To overcome these problems, technological im
provements led to development of fiberoptic and
solid state transducers with direct pressure measure
ment. These techniques were developed primarily
for intraparenchymal, subdural or extradural pres
sure measurement, in which fluid coupling is not
possible or does not give correct results. In
intraparenchymal location, these microtransducers
have made clinical ICP monitoring simpler, safer and
more accurate [2,3,5].
These technologies were also transferred to IVP
measurement and kits combined with ventricular
catheters are commercially available for clinical use.
In one type, coded Type A, the pressure transducer
is simply placed inside a ventriculostomy catheter.
However, with this technique the pressure of the
intraluminal fluid seems to be measured and fluid
coupling to the extraluminal intraventricular CSF
should be necessary to reflect real IVP. In a different
type of device, coded Type B, the transducer is
an integrated part of the external surface of the
ventriculostomy catheter and has direct contact to
the extraluminal CSF or brain tissue. This study
reports about our experience with comparatively
priced Type A and Type B devices.

Material and Methods

43 patients of different intracranial diseases fulfilled the criteria of
1) being scheduled for ventriculostomy and ICP monitoring ac
cording to their management protocol and 2) based on computer
ised tomography scans, being at risk to develop blockage of the
ventriculostomy catheter either due to large intraventricular clots
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Results

Type A Type B

Fig. 1. Drawing of the two different types of intraventricular cath
eters using fiberoptic or solid state transducers for pressure moni
toring. In Type A devices, an additional pressure transducer is
positioned inside the ventriculostomy catheter. In Type B devices
the pressure transducer is an integrated part of the external sur
face of the ventriculostomy catheter

Discussion

Until now, there is no report in the literature about
failure of IVP measurement when fiberoptic or solid
state transducers are used. Using Type A devices, we
found in our study in the group of patients with com
pressed ventricles or large intraventricular blood
clots, evidence of periods of erroneous measurement
in 33% of cases. No Type A device reflected real
IVP, when CSF drainage was performed to treat for
elevated IVP or when ventricular puncture failed and
the catheter was left in the brain parenchyma. All
periods of erroneous pressure recording with Type A
devices, lasting by our definition from 10 minutes to
permanent failure, showed a decrease in mean pres
sure and an overproportional decline in pulse pres
sure amplitude.
This type of failure is unknown, when micro
transducers are used for intraparenchymal pres
sure measurement, because they measure pressure in
direct contact with the brain or CSF. If the same
technology was used in IVP measurement, as it
applies to Type B devices, accurate measurement
was observed all the time, including situations of
occluded or dislodged ventriculostomy catheter,
open ventricular drainage or failure of ventricular
puncture [4].

cases where Type A devices were used. Of Type B
devices, all IVP recordings were correct at the time
of pressure monitoring irrespective the presence or
absence of CSF drainage.
After opening of CSF drainage, with all record
ings with Type A devices, the recorded pressure de
creased to exactly the hydrostatic difference pressure
between the intraventricular transducer and the dis
tal end of the drainage tube. In no case was real IVP
reflected. With Type B devices, accuracy of measure
ment was not affected by opening of CSF drainage.
The change in the amplitude of the IVP pulse wave
and its configuration reflected the physiological
behaviour during outflow of CSF.
In all periods with erroneous IVP measurements

with Type A devices, false low pressures were re
vealed. 50% of these periods were characterized by
maintenance of pulsations with decreased pulse pres
sure amplitude. In 16% of these periods, a nearly
normal pulse pressure amplitude was seen. Identifi
cation was only possible by using graphs of long time
recording and scatterplots of IVP pulse pressure
amplitude.

00

0
0

o

In three cases, where access to the ventricular system
with Type A devices was not possible, no accurate
pressure monitoring could be established. With Type
B catheters, in all of the five cases with failed ven
tricular puncture, an accurate and reliable IVP mea
surement could be obtained for the remainder of the
monitoring time.
In the first hours after insertion, accurate IVP mea
surements were observed in all cases with both Type
A and Type B devices with correct intraventricular
catheter position. Secondary failure of IVP measure
ment for more than 10 minutes occurred in 4 of 12

or due to slit ventricles. Twenty-nine patients presented with
severe head injury, 7 with subarachnoidal haemorrhage and 7
with intracerebral haemorrhage.
In all these cases, intraventricular fiberoptic or solid state trans
ducers were implanted to avoid erroneous IVP measurements
reported with fluid filled external transducers [1]. Intraventricular
pressure was measured with a Camino Ventricular pressure moni
toring kit (Camino Laboratories, San Diego, California) in twelve
cases, with a Sensodyn transducer (Draeger Medical Electronics,
Best, The Netherlands) in three cases, with a Neurovent catheter
(Raumedic, Rehau AG, Rehau, Germany) in twenty-five cases,
and with a Ventcontrol catheter (Draeger Medical Electronics,
Best, The Netherlands) in three cases (total = 43). The duration of
intraventricular pressure monitoring ranged from 12 hours to 21
days (mean 5 days).
The Camino and the Sensodyn set-up includes positioning
of a separate transducer catheter inside the ventriculostomy
catheter (Type A devices). The Neurovent catheter and the
Ventcontrol catheter are Type B devices and their transducer
is an integrated part of the external surface of the tip of these
catheters (Fig. 1).
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Our figures demonstrate that transducers placed
inside the ventriculostomy catheter require fluid cou
pling for accurate IVP measurement. Thus they may
fail, when the ventriculostomy catheter is blocked or
placed within the parenchyma. It is of clinical impor
tance to emphasise the faulty low pressure readings,
which might not clearly be identified as erroneous
data and may lead to inadequate treatment decisions.
In patients at risk for secondary failure of IVP mea
surement due to catheter occlusion or dislodgement,
catheters with an integrated external surface pres
sure transducer (Type B) should be used.
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Summary

A harmful effect of prolonged hyperventilation on outcome has
been shown in comatose patients after severe head injury. The
purpose of this study was to assess the acute effect of moderate
hyperventilation for treatment of intracranial hypertension (ICP <
20mmHg) on invasively measured brain tissue-PO, (PtiO,), PCO,
(PtiCO,) and pH (tipH) in severely head injured patients.
15 severely head injured patients (GCS :s; 8) were prospectively

studied. Intracranial pressure (ICP), mean arterial blood pressure
(MABP), cerebral perfusion pressure (CPP), endtidal CO,
(ETCO,), PtiO" PtiCO, and tipH (Para trend or Licox
microsensors) were continuously recorded using multimodal
monitoring. Following a baseline period of 15 minutes, patients
were hyperventilated for 10 minutes. Arterial blood gas analysis
was done before, during and after hyperventilation. At least three
hyperventilation maneuvers were performed per patient. For
statistical analysis the Friedman test was used.
Hyperventilation (p,CO,: 32.4 ±0.6 to 27.7 ±0.5 mmHg) signifi

cantly reduced ICP from 25.3 ± 1.5 to 14.2 ± 1.9mmHg (p < 0.01).
As a consequence, CPP increased by 9.6 ± 3.4mmHg to 76.8 ±
3.2mmHg. Brain tissue PCO, decreased from 37.5 ± 1.3 to 34.6 ±
1.2 while tipH increased from 7.13 to 7.16. In all patients. hyper
ventilation led to a reduction of brain tissue PO, (PtiO, / Licox:
24.6 ±1.4 to 21.9 ± 1.7mmHg, n.s.: PliO, / Paralrend: 35.8 ±4.3 to
31.9 ±4.0mmHg, n.s.). In one case hyperventilation even had to be
stopped after 7min because the drop in brain tissue PO, below
lOmmHg signalized imminent hypoxia.
As well known, hyperventilation improves CPP due to a reduc
tion in ICP. However, this does not ameliorate cerebral oxygen
ation as demonstrated by the decrease in PtiO,. This underlines
that hyperventilation should only be used with caution in the
treatment of intracranial hypertension.

Keywords: Brain tissue PO,: hyperventilation; intracranial hyper
tension; PCO, and pH.

Introduction

Hyperventilation has traditionally been used in the
treatment of intracranial hypertension [1,2]. There is
general agreement that hyperventilation leads to an

effective reduction of raised intracranial pressure
(ICP) by a reduction of cerebral blood volume
through cerebral vasoconstriction [1,3,4]. As CO2
freely diffuses over the blood-brain barrier a theo
retical advantage of hyperventilation may also be an
attenuation of posttraumatic cerebral lactic acidosis
[5] which is correlated with poor outcome. Despite
all this potentially beneficial influence, the general
use of hyperventilation for treatment of raised ICP
has been controversially discussed during the last
years [6-9]. The effect of hyperventilation on
alkalization of cerebrospinal fluid pH and arteriolar
diameter was only short-lived in rabbits and may
possibly be counteractive after 24hrs [7]. In a ran
domized clinical trial Muizelaar et al. [6] reported
that prophylactic prolonged hyperventilation may be
deleterious to the outcome of severely head injured
patients.
Hyperventilation induced cerebral vasoconstric
tion to such an extent that cerebral ischemia may
result could be a possible cause for adverse effects of
hyperventilation. Since new methods for continuous
monitoring of cerebral oxygenation and pH have re
cently evolved it was the aim of this study to assess
the acute influence of hyperventilation on invasively
measured brain tissue-P02 (Pti02), PC02 (PtiC02)
and pH (tipH).

Materials and Methods

Fifteen patients who sustained a severe head injury between
March 1996 and March 1997 with a postresuscitation Glasgow
Coma Score of :s;8 were admitted to the study. The mean age of
these patients was 33.5 ± 3.2 yrs, ranging from 18 to 52 yrs. There



Influence of Hyperventilation on Brain Tissue-PO" PCO" and pH

were 6 female and 9 male patients. Patients were managed accord
ing to international standards which included aggressive treatment
of raised intracranial pressure and evacuation of intracranial mass
where necessary.
Intracranial pressure was measured using a frontally placed

Camino (Camino Laboratories, San Diego. USA; n = 9) or
Codman (Johnson & Johnson Professional, Raynham, USA; n = 6)
device. Brain tissue PO, as a parameter of cerebral oxygenation
was monitored with a Licox (GSM, FRG) or Paratrend
(Diametrics Medical, UK) microsensor (10) which was also intro
duced via a frontal burr hole. In 7 patients both systems were
used, while in 4 patients either Licox or Paratrend was inserted.
Care was taken not to place the PO, probes within a contused
brain area but in supposedly vital and reactive brain tissue. Be
sides the amperometric PO, sensor the Para trend device also com
prises probe areas enabling continuous measurement of brain
tissue-PCO" pH and temperature. Insertion of invasive probes
was usually accomplished within 12 to 48 hrs following head injury.
Additionally, mean arterial blood pressure, cerebral perfusion
pressure and endtidal CO, were recorded. All data were stored for
analysis using a multimodal monitoring system.
Hyperventilation studies were done on day 1 to day 10 post
trauma (median: 5). Hyperventilation is aimed at a decline
of about 5mmHg of endtidal CO,. Following a baseline period of
15 minutes, hyperventilation lasted for 10 minutes and patients
were monitored for an additional 10 minutes after the end of
hyperventilation. At least three such hyperventilation maneuvers
were performed per patient with a minimal interval of 1 day.
Arterial blood gas analysis was done before. during and after
hyperventilation.
Results were checked for statistically significant differences by

use of the Friedman test.
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Results

As expected, moderate hyperventilation from an ar
terial PCOz of 32.4 ± 0.6 to 27.7 ±O.5mmHg signifi
cantly reduced intracranial pressure (all patients:
25.3 ± 1.5 to 14.2 ± 1.9mmHg, p < 0.01; for Licox
probe see Fig. 1a). As mean arterial blood pressure
did not change significantly, this in turn caused an
improvement of cerebral perfusion pressure by 9.6 ±
3.4mmHg to 76.8 ± 3.2mmHg. In all patients, moder
ate hyperventilation led to a decrease in brain tissue
POz which was sometimes pronounced (PtiOz/Licox:
from 24.6 ± 1.4 to 21.9 ± 1.7mmHg, n.s., Fig. 1a;
PtiOzlParatrend: from 35.8 ± 4.3 to 31.9 ± 4.0mmHg,
n.s., Fig. 1b). Brain tissue PCOz in patients moni
tored with the Paratrend sensor was also found to be
decreased by the hyperventilation maneuver (from
37.5 ± 1.3 to 34.6 ± 1.2mmHg, Fig. 1b). In accordance
to alkalization of blood, hyperventilation caused a
slight rise in brain tissue pH from 7.13 to 7.16 (n.s.).
After the end of hyperventilation brain tissue peoz
slowly started to increase again with brain tissue
POz following but not reaching baseline within the
next 10 minutes observation period (Fig. 1). In one
case hyperventilation led to a drastic decline in brain
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Fig. 1. Effect of a 10 minute maneuver of moderate hyperventilation on (a) intracranial pressure (ICP), cerebral perfusion pressure (CPP)
and brain tissue PO, (PtiO,) as measured by Licox probe (11 patients). (b) brain tissue PO, (PtiO,), PCO, (PtiCO,) and pH (tipH) as
measured by Paratrend sensor (11 patients). P,CO, = arterial PO,; ETCO, = endtidal CO,. *p < 0.05, **p < 0.01, ***p < 0.001
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oxygenation as measured by Pti02and the maneuver
had to be stopped after 7 minutes because brain tis
sue P02had dropped below the critical threshold of
cerebral hypoxia (Fig. 2).

Fig. 2. Registration of one hyperventilation maneuver. In this
patient hyperventilation led to a severe drop of Pti02 below
10mmHg causing imminent cerebral hypoxia. The maneuver,
therefore, had to be stopped after 7 minutes. MARP mean arterial
blood pressure, ICP intracranial pressure, CPP cerebral perfusion
pressure, p,CO] arterial POz, ETCO] endtidal CO2, pH" arterial
pH, PliO] brain tissue POz (Licox probe)
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come in patients with a motor score of 4-5; however,
he could not pinpoint the possible cause for this to
ischemia because he found no evidence of ischemia
in intermittent measurements of cerebral blood flow
(CBF). Since the hyperventilation induced change in
cerebral blood flow was reported to be more pro
nounced than the change in cerebral blood volume
[9] therapeutic hyperventilation could still more im
pair CBF than reduce ICP. In accordance, in this
study acute moderate hyperventilation led to a re
duction in brain tissue p02 despite the beneficial
effects on ICP and CPP. This has to be taken into
account when considering the risk of hypoxic/
ischemic phases in the early posttraumatic period
[12] and the increased vulnerability of traumatized
brain to ischemia [13]. The obviously higher Pti02
values measured by Paratrend as compared to Licox
may be explained by a slightly different insertion
technique which led to a closer placement of the
Paratrend P02sensor towards cerebral grey matter.
Given the ongoing controversy over whether or not
patients should be hyperventilated it was reasonable
to employ new techniques of measuring Pti02,
PtiC02and tipH. Though hyperventilation caused a
slight alkalization of brain tissue no amelioration of

cerebral oxygenation could be obtained. In most pa
tients the decrease in Pti02was not as pronounced.
The case, however, in which Pti02dropped below the
ischemic threshold illustrates that hyperventilation
induced vasoconstriction may be dangerous. Taken
together, these findings suggest that hyperventilation
in the treatment of intracranial hypertension should
only be used with caution and alertness to potentially
adverse effects and whenever possible under moni
toring of cerebral oxygenation.
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Discussion

This study again proves that hyperventilation due to
vasoconstriction and reduction in cerebral blood vol
ume is capable of effectively reducing raised intracra
nial pressure. This, in turn, leads to an improvement
in CPP which would favor hyperventilation, since the

importance of a sufficient CPP has more and more
evolved during the last decade [11]. On the other

hand, there have been several reports lately, that the
use of hyperventilation may be disadvantageous or
even harmful for some patients [6-9,12]. Muizelaar et
al. [6] showed a deterioration in 3 and 6 month out-
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Summary

The present study was designed to validate our noninvasive ultra
sonic technique (pulse phase locked loop: PPLL) for measuring
intracranial pressure (ICP) waveforms. The technique is based
upon detecting skull movements which are known to occur in
conjunction with altered intracranial pressure. In bench model
studies, PPLL output was highly correlated with changes in the
distance between a transducer and a reflecting target (R2 = 0.977).
In cadaver studies, transcranial distance was measured while pul
sations of ICP (amplitudes of zero to 10mmHg) were generated
by rhythmic injections of saline. Frequency analyses (fast Fourier
transformation) clearly demonstrate the correspondence between
the PPLL output and ICP pulse cycles. Although theoretically
there is a slight possibility that changes in the PPLL output are
caused by changes in the ultrasonic velocity of brain tissue, the
decreased amplitudes of the PPLL output as the external compres
sion of the head was increased indicates that the PPLL output
represents substantial skull movement associated with altered
ICP. In conclusion, the ultrasound device has sufficient sensitivity
to detect transcranial pulsations which occur in association with
the cardiac cycle. Our technique makes it possible to analyze ICP
waveforms noninvasively and will be helpful for understanding
intracranial compliance and cerebrovascular circulation.

Keywords: Cerebrovascular circulation; intracranial pressure;
noninvasive measurement.

Introduction

Elevated intracranial pressure (ICP) is used as a
sign of neurological deterioration in the management
of patients with head trauma, cerebrovascular dis
eases, and brain tumors [6]. Conventional methods
for ICP monitoring require surgical procedures which
are accompanied by increased risk of infection. For
this reason, candidates for ICP monitoring are cur
rently only patients with severe neurological condi
tions. A noninvasive technique could make it possible
to monitor ICP more easily and repeatedly in patients

with a variety of neurosurgical conditions, thus aiding
clinical management and reducing the mortality and
morbidity related to neurological diseases.
We have developed a new ultrasonic device to
measure ICP waveforms. Although mean ICP is
commonly used for ICP monitoring, the analysis of
ICP waveforms is also important because the wave
forms contain information on intracranial compli
ance and cerebrovascular tonus, which cannot be
estimated from mean ICP [1]. Our technique [8],
the principle of which is called pulsed phase-locked
loop (PPLL) method, is based upon detecting skull
movements which occur with fluctuations in ICP.
Although the skull is often assumed to be a rigid
container with a constant volume, many researchers
[2-5,7] have demonstrated that the skull moves on
the order of a few flm in association with changes in
ICP. The present study was designed to validate our
noninvasive technique for the measurement of ICP
waveforms.

Technique

The ultrasound technique [8] we utilized to detect
skull pulsation is based upon a modification of the
pulsed phase-lock loop design, which makes it pos
sible to measure slight changes in distance between
an ultrasound transducer and a reflecting target. Sen
sitivity of the device is on the order of 0.1 flm. In the
typical operation of the PPLL, the instrument trans
mits a 500kHz ultrasonic tone burst through the
cranium via a transducer placed on the head. The
ultrasonic wave passes through the cranial cavity,
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reflects off the inner surface of the opposite side of
the skull, and is received by the same transducer. The
instrument compares the phase of emitted and re
ceived waves and alters the frequency of the next
stimulus to maintain a 90° phase difference between
the output of the device and the received signal. This
repetition takes place at intervals of approximately
0.5msec to 20ms.
The details of PPLL are described elsewhere [8,9].
Briefly, if path length is changed by 1::11, the frequency
shift (1::1f) of the ultrasound which is made to main
tain the 90° phase difference between the output of
the device and the received signal can be expressed
as Mil = -l::1flf (see Appendix). This is the fundamen
tal PPLL technique. In order to provide continuous
monitoring, we modified the PPLL circuit to inte
grate error signals of the phase shift from normal
90° phase difference (PPLL output). Theoretically,
integration of the error signals also correlates with
altered path length (M).

Methods

Cadaver Study

The correlation between the PPLL output and ICP were evaluated
in two fresh cadavera (age 85 and 90) which were less than 48
hours postmortem. In supine position, a catheter was inserted to
the frontal horn of the right lateral ventricle through a burr hole,
and the other end of the catheter was connected to pressure tubing
and a plastic syringe. To correlate the PPLL output with ICP
directly, a fiber-optic, transducer-tipped catheter was placed in the
epidural space through another burr hole. The ultrasound trans
ducer was placed on the temporal area above the ear and fixed
with pressure cuff around the head to adjust the surface pressure
on the transducer. Pulsatile changes in ICP were generated by
infusing saline into the lateral ventricle at a frequency of 1Hz. In
the first experiment (cadaver A), we recorded the PPLL output
while generating ICP pulsations and thereafter increased the cir
cumference pressure around the head in steps of lOmm Hg (0
40mmHg) by inflating the pressure cuff. In the second experiment
(cadaver B), we recorded the pulsatile PPLL output by infusing
saline of different temperatures into the ventricle (4°C and 20°C).

Data Analysis

The amplitudes were calculated based upon the fundamental har
monic of the data using 256 point-fast Fourier transformation
(sampling rate: 50Hz) to avoid distortion caused by other fre
quency waves.

Bench Test Results
A specially constructed aluminum cylinder was used to examine
the PPLL output characteristics. Two pressure-resistant tubes
were connected to the cylinder filled with saline. The other ends of
the two tubes were connected to a plastic syringe and a fiber-optic,
transducer-tipped catheter (Camino Laboratories, San Diego)
which measures fluid pressure, respectively. An ultrasonic trans
ducer was placed on the top of the cylinder. Pressure pulsations
were generated at a frequency of 1Hz by pumping the syringe
while its amplitudes were changed randomly. Changes in distance
were calculated from changes in ultrasound frequency.

Bench Test

Our model experiments demonstrated that changes
in the PPLL output correlated with changes in the
distance to a high degree (Fig. 1). Theoretically, the
distance calculated from the ultrasound frequency
can be obtained independently of PPLL output. In
the results, PPLL output is expressed as:
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Fig. 1. The relation of the PPLL output to the pressure inside the
cylinder and the distance between the transducer and the bottom
of the tank is shown, where x = distance (J.lm) and y = PPLL output
(voltage)

Fig. 2. Typical waveforms in the PPLL output and directly mea
sured ICP are shown as solid and dash lines, respectively. The
results of frequency analysis (fast Fourier transformation) are pro
vided in the top inset
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where x = ICP amplitude (mmHg) and y = PPLL
amplitude (voltage).

~int (voltage)=2.33.1O-4M(llm) (1)

Where ~int and ~l are the changes in PPLL outputs
and distance, respectively.

y = -1.0· 10-5X +0.0008, R 2 = 0.87 (p = 0.020)

where x = circumferencial compression (mmHg) and
y = ratio of PPLL amplitude to ICP amplitude (volt
age/mmHg). In the second experiment, the cor
relation between the PPLL and ICP amplitudes
was expressed as the same equation in both saline
temperatures:

Cadaver Study

The PPLL output closely followed the pulsatile com
ponent of ICP (Fig. 2). The results of fast Fourier
transformation are provided in the top insert, show
ing the coincidence between the PPLL output and
ICP pulse cycles. In the results of the first experi
ment, the ratio of PPLL amplitude to ICP amplitude
significantly decreased along with increased external
compression around the head:

~int/MCP = 3.0 .10'4 (voltage/mmHg) (3)

Using equations 1 (shown in the Results) and 3, the
skull elastance, defined as ~ICP/M, is approximately
1.6mmHg/llm (= 2.33'10-4/(3.0'10-4).2). Heisey and
Adams [3] demonstrated that skull elastance in adult
cats is 4.5mmHg/Ilm by invasively measuring the
skull movement across the sagittal suture with strain
gauge. The difference between our data and theirs
might be due to the difference in skull elastance be
tween cat and human. Also, we measured skull
movements transversely, while they measured the
movement only across the sagittal suture. This differ
ence in the site of measurement may affect changes
in the distance obtained.

In conclusion, our technique allows analysis of ICP
waveforms noninvasively and will be helpful for
understanding intracranial compliance and cerebro
vascular tonus in general clinical settings.

cannot be explained by changes in ultrasound veloc
ity. This study may be the first report to measure
skull movements noninvasively in association with
alterations in ICP.
According to the Eq. 2, the ratio of PPLL ampli
tude to ICP amplitude is expressed as:

(2)y = 3.0· 10-4X + 0.0011
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Appendix

Changes in wavelength after the frequency shift which maintains a
90° phase difference between the output of the device and the
received signal can be expressed as:

nfj,A. =fj,1 (fj,A.: changes in wavelength,

M: changes in distance)

where n = l/A.(l: initial distance between a transducer and a target,
A.: initial wavelength).

fj,A. M
Therefore, - = -

A. I

aA. aA.
Also fj,A.=-fj,v+-fj,f where fj,v is changes in ultrasound

, av af
velocity, and f =vIA..

S I · h . . fj,f fj,v Mo vmg t ese equatIOns, we obtam - = - --
f v I

If changes in sound velocity are negligible, the above equation is

fj,f fj,l
finally expressed as - = --

f I
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Infants: Experience with the Rotterdam Teletransducer

J.-L. Wayenberg

Department of Paediatrics, H6pital Fran,<ais - Reine Elisabeth, Brussels, Belgium

Summary

On the basis of an experience of more than 400 recordings, we
demonstrate the usefulness of the anterior fontanelle pressure
monitoring (AFP) in several clinical conditions. Main indications
for AFP monitoring are the evaluation and the differential diagno
sis of neonatal encephalopathy and the assessment of infants with
enlarged ventricular spaces, ventriculo-peritoneal derivation or
increased head growth rate. Further technical progress is needed
to permit AFP recordings in infants with small anterior fontanelle
and to reduce the time necessary for the AFP measurement and
interpretation procedure. We conclude that it is technically pos
sible and clinically helpful to obtain accurate information about
ICP and changes in cerebral compliance in a wide range of clinical
conditions without the use of invasive techniques.

Keywords: Encephalopathies; infants; neonates; teletransducer.

Introduction

Because increased ICP has deleterious effects on
the developing brain, ICP monitoring may be bene
ficial in many conditions such as head injury,
hydrocephalus and post-asphyxial, infectious, meta
bolic and toxic encephalopathies. In infants with an
open fontanelle, it is possible to measure ICP non
invasively and accurately by means of the Rotterdam
Teletransducer [2,9]. Our aim is to report our clinical
experience of more than 400 recordings of the ante
rior fontanelle pressure (AFP).

Material and Methods

Patients

Healthy infants. AFP was measured on 93 occasions in 86 healthy
children, including prematures, term neonates and infants aged
from 1 to 12 months. Neurological evolution and psycho-motor
development were normal in all cases.

Hypoxic-ischemic encephalopathy. We studied 87 continuous
AFP recordings performed on 46 full-term neonates who experi-

enced birth asphyxia, defined by the presence of foetal distress
and/or depression at birth, associated with metabolic acidosis at
30min of life (arterial base deficit> IOmEqll). Neonatal evolution
was favourable in 26 patients; 20 developed signs of moderate or
severe post-hypoxic-ischemic encephalopathy (HIE) as defined by
Finer et al. [4).

Hydrocephalus. We studied 42 patients with hydrocephalus (98
continuous AFP recordings). According to their clinical condition
and cerebral imaging results, patients were divided into a vacuo
hydrocephalus (AVH, n = 10), progressive hydrocephalus (PRH,
n =24), well functioning derivation (n =11) and shunt dysfunction
(n = 4).

Increasing head growth rate and external hydrocephalus. Thirty
patients aged from 1 to 10 months were evaluated because of an
asymptomatic increase in their head growth rate. Cerebral imag
ing and 12-months follow-up were obtained in all cases.

Other conditions. AFP was also measured on 114 occasions in 58
patients with various conditions such as subdural haematoma (6
patients) and hygroma (n =2), metabolic diseases (5 patients),
CNS infections (n =3), neonatal subarachnoidal hemorrhage (n =
4), congenital syndromes (Down, Marfan, foetal-alcohol) and in
neonates with respiratory distress (n = 10).

Anterior Fontanelle Pressure Measurements

The Rotterdam Teletransducer was developed at the department
of experimental neurosurgery of Erasmus University, Rotterdam.
Technical details and measurement procedure are extensively
described elsewhere [2). AFP was measured in dorsal horizontal
position and care was taken to avoid neck flexion.

Analysis of AFP Traces and Statistics

We studied both basal AFP variables, AFP and pulse pressure
amplitude (PPA), and pressure waves, only when the infant was
quiet or sleeping. Mean AFP and mean PPA are calculated as the
average of points taken every five minutes, excluding movement
artefacts and pressure waves. Pressure waves are defined as
spontaneous AFP increases, and classified according to their mor
phology into plateau waves (PW), representing sustained AFP
increases, and B-like waves (BW), representing sharp-pointed
0.02-0.05 Hz AFP increases. For each recording, we measure the
duration and the amplitude of each PW, the mean AFP occurring
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percentile normal value. Compared with both nor
mal infants and patients with AVH, a significant in
crease of all AFP variables except one (mean AFP) is
observed in PRH patients. Mean AFP is increased in
only one half of the patients; in all cases but one, the
PPA, the PW and BW amplitude and/or the PW rate
are above normal values, mainly during active sleep.
A PW rate greater than 25% is the most reliable
criteria for the diagnosis of PRH. The diagnostic
value of AFP monitoring in the presence of ventricu-

Fig. 1. Evolution of max. AFP and mean PPA after birth as
phyxia. Open circles: mean ± standard-deviation of patients with
normal neurological evolution or mild HIE. Closed circles: mean ±
standard-deviation of patients with moderate or severe HIE. *p <
0.05, **p < 0.01
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Hypoxic-Ischemic Encephalopathy

In patients with moderate/severe HIE, significant
changes in AFP variables were noted as compared
with patients with normal neonatal evolution or mild
HIE (Fig. 1): while mean AFP increases between the
12th and the 72nd hour of life, PPA is already in
creased at birth and remains elevated during the first
days of life. Among patients with moderate/severe
HIE, three died, all had increased AFP. Among sur
vivors from moderate/severe HIE, the AFP variables
are significantly higher in patients with abnormal
neurological examination at discharge than in those
with normal examination (p < 0.05); increase of the
AFP above 15mmHg is associated with subsequent
neurodevelopmental handicap in the 12 patients
available for follow-up (p < 0.05).

Hydrocephalus

In patients with AVH, all AFP variables are in the
normal range; mean AFP did not exceed the 50th

Results

AFP Recordings in Normal Infants

Normal values of AFP, PPA and pressure waves
variables are now available at various ages. Each
AFP variable changes with post-conceptional age
and with sleep stages. Detailed data are presented
elsewhere [8].

during PW, the BW maximal amplitude, and calculate the PW and
BW rates (total duration of PW or BW divided by total interpret
able recording time). AFP variables were considered as abnormal
if exceeding the 90th percentile of normal age-related values.
Wilcoxon, Mann-Whitney and Chi-square tests are used for statis
tical analysis. Correlations are tested by Spearman correlation
test.

Table 1. Clinical Value of AFP Monitoring

Positive Negative
predictive predictive

Clinical condition X
2 Sensitivity Specificity value value

Hypoxic-ischemic encephalopathy:
- prediction of neurodevelopmental outcome in <0.05 100% 71% 71% 100%
survivors of moderate or severe HIE

Hydrocephalus:
- differentiation between progressive and stable <0.0001 96% 100% 100% 91%
ventricular enlargement
- assessment of shunt function <0.001 100% 100% 100% 100%

Increased head growth rate:
- prediction of the need for neurosurgical procedure <0.001 100% 88% 63% 100%
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lar enlargement is presented in Table 1. AFP traces
are relatively flat in well-functioning shunts; in
contrast, pressure waves of an amplitude higher
than 4mmHg and a BW rate greater than 25% are
observed in all four patients with shunt dysfunction.

Increasing Head Growth Rate

Eight recordings were classified as abnormal; basal
AFP was increased in four; in the other four PW
amplitude, PW duration, PW rate and/or BW ampli
tude were increased only. Cerebral imaging showed
subdural collection in 4 cases, ventricular enlarge
ment in another 3, and in the last case enlargement of
both subarachnoidal spaces and ventricles. Five out
of the 8 patients of this group further developed
neurological deficits and/or increase of the ventri
cular size in the following months, and required
neurosurgical procedures. Twenty-two AFP record
ings were classified as normal; cerebral imaging was
normal in 10 cases; enlarged subarachnoidal spaces
and normal ventricles were noted in the other 12. All
patients of this group remained asymptomatic and
further normalised head growth rate; none required
neurosurgical procedure. Table 1 presents the clini
cal value of AFP monitoring for the evaluation of the
need for neurosurgical procedure in this situation.

Other Conditions

Increases of AFP, PPA and pressure waves variables
are observed in patients with subdural haematomas,
CNS infections and metabolic diseases with cerebral
edema. In contrast, normal range AFP is noted in
neonatal subarachnoidal hemorrhage, metabolic
diseases without cerebral edema and congenital
syndromes. In non-intubated term patients with
respiratory distress, PPA is significantly increased
when compared to normal term neonates (p < 0.05).
In ventilated prematures, mean AFP and PPA are
correlated with peak inspiratory pressure (r, = 0.9,
P < 0.05). An increase of positive end-expiratory
pressure from 0 to 5cm H20 induces an 1-2mmHg
increase of mean AFP.

Discussion

Increased ICP is of particular importance in the de
veloping brain because of its association in infantile
hydrocephalus with delayed myelination and reduc
tion in neurodevelopmental testing scores [5,6].

J.-L. Wayenberg

Therefore it is useful to obtain this information, pref
erably by means of a non-invasive procedure. In our
experience, accurate continuous information about
changes in ICP and cerebral compliance may be ob
tained in wide range of clinical conditions by means
of the Rotterdam Transducer. A significant increase
of the AFP variables is observed in most patients
with «active» cerebral diseases such as pro
gressive hydrocephalus, subdural haematoma and
cerebral edema due to birth asphyxia, metabolic
disorders or infection.
Our results confirm and complete the observations
of other investigators, obtained by means of invasive
methods [3,7]. After severe birth asphyxia, AFP
monitoring shows the typical ICP pattern secondary
to progressive cerebral edema while the early in
crease in PPA reflects the increase in cerebral blood
flow noted in Doppler studies [1]. As reported by
Levene, increased AFP is associated with worse
neurological prognosis [7]. In neurologically dis
tressed neonates, increased AFP observed on pa
tients with severe birth asphyxia, meningitis or
hyperammonaemia contrasted with normal AFP
observed in patients with congenital syndromes,
subarachnoidal hemorrhage, metabolic disease with
out cerebral edema and intoxications by substances
taken by the mother. In hydrocephalus AFP moni
toring is of great value to differentiate progressive
from stable ventricular enlargement and to check
shunt function. As basal mean AFP is within the
normal range in about half of the cases, amplitude
and rate of the pressure waves must be analyzed
during continuous recordings and compared to
changing with post-conceptional age and sleep stage
normal values [8-10]. However, AFP monitoring
must sometimes be repeated in very slowly progres
sive cases. In patients with increased head growth
rate AFP monitoring help us in the evaluation of the
need for extensive explorations or neurosurgical
procedures.
Thus AFP monitoring allows us to explore and
understand changes in cerebral compliance occurring
in a large number of indications, such as increased
ventricular size, increased head growth rate, CNS
disease of the newborn, neonatal ventilation, intrac
ranial hemorrhage and space-occupying lesions, CNS
infections and metabolic diseases. Unfortunately a
wider use of the Rotterdam Teletransducer is limited
by the need for sufficient fontanelle size (11 x 11mm)
and by the time necessary to install and calibrate
the device and to interpret the recordings. Further
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progress in automation of the installation procedure
and in computerisation of the AFP recordings are
needed.

Acknowledgements

This work was supported by a grant of the Foundation Lekime
Ropsy. We thank Doctor Anne Pardou for sustained support.

References

1. Archer LNJ, Levene MI, Evans DH (1986) Cerebral artery
doppler ultrasonography for prediction of outcome after
perinatal asphyxia. Lancet ii: 1116-1117

2. de Jong DA, Maas A, van de Voort E (1984) Non-invasive
intracranial pressure monitoring. A technique for reproduc
ible fontanelle pressure measurements. Z Kinderchir 39: 274
276

3. Di Rocco C, Mc Lone DG, Shimoji T, Raimondi AJ (1975)
Continuous intraventricular cerebrospinal fluid pressure
recording in hydrocephalic children during wakefulness and
sleep. J Neurosurg 51: 206-210

4. Finer N, Robertson C, Richards R, Pinnell R, Peters K (1981)
Hypoxic-ischemic encephalopathy in term neonates: perinatal
factors and outcome. J Pediatr 98: 112-119

73

5. Hanlo PW, Gooskens RH, Van der Knaap MS, Schooneveld
M, Faber JAJ, Tulleken CAF, Willemse J (1996) The effect
of ICP on myelination and the relationship with
neurodevelopment in infantile hydrocephalus. In: Thesis
Universiteit Utrecht. Koninklijke Bibliotheek, Den Haag

6. Hanlo PW, Gooskens RH, Van der Meulen JHP, Braun KP,
Vandertap WP, Tulleken CAF, Willemse J (1996) Non
invasive measurements of ICP in infantile hydrocephalus: the
relationships between raised ICP, shunt implantation and
outcome. In: Thesis Universiteit Utrecht. Koninklijke
Bibliotheek, Den Haag

7. Levene M, Evans D, Forde A, Archer L (1987) Value of ICP
monitoring of asphyxiated newborn infants. Dev Med Child
Neurol 29: 311-319

8. Massager N, Wayenberg JL, Vermeylen D, Brotchi (1998)
Anterior fontanelle pressure recordings with the Rotterdam
teletransducer: variation of parameters with age in healthy
infants. Acta Neurochir (Wien) [Suppl] 71: 53-55

9. Wayenberg JL, Raftopoulos C, Vermeylen D, Pardou A
(1993) Non-invasive measurement of ICP in the newborn and
the infant: the Rotterdam Teletransducer. Arch Dis Child
69: 493--497

10. Wayenberg JL, Hasaerts D, Franco P, Valente F, Massager N
(1995) Anterior fontanelle pressure monitoring during sleep
in healthy infants. Sleep 18: 223-228

Correspondence: Jean-Louis Wayenberg, M.D., Department of
Paediatrics, H6pital Fran~ais - Reine Elisabeth, 180, avenue V.
Goffin, B-I080 Brussels, Belgium.



Acta Neurochir (1998) [Suppl] 71: 74-77
© Springer-Verlag 1998

Continuous Monitoring of Cerebrovascular Pressure-Reactivity in
Head Injury

M. Czosnyka, P. Smielewski, P. Kirkpatrick, S. Piechnik, R. Laing, and J. D. Pickard

MRC Cambridge Centre for Brain Repair and Academic Neurosurgical Unit Addenbrooke's Hospital, Cambridge, u.K.

Summary

Objective: Cerebrovascular vasomotor reactivity reflects changes
in smooth muscle tone in the arterial wall in response to changes in
transmural pressure or concentration of carbon dioxide in blood,
We have investigated whether slow waves in ABP and ICP may be
used to derive an index which reflects reactivity of vessels to
changes in arterial blood pressure.
Method: A method for the continuous monitoring of the associa
tion between slow spontaneous waves in ICP and AP has been
adopted in a group of 98 head injured patients. ABP, ICP and
transcranial Doppler blood flow velocity (FV) in the middle cere
bral artery was recorded daily (20 to 120 minutes time periods). A
Pressure-Reactivity Index (PRx) was calculated as a moving corre
lation coefficient between 40 consecutive samples of values for
ICP and ABP averaged over 5 seconds. A moving correlation
coefficient between spontaneous fluctuations of mean FV and CPP
(Mx), which was previously reported to describe cerebral blood
flow autoregulation, was also calculated.
In an additional 25 patients, PRx was calculated and recorded

continuously along with mean IC? AS? and parameters describ
ing ICP waveform.
Results: A positive PRx correlated with high ICP (r = 0.366;
P < 0.001), low admission GCS (r = 0.29: p < 0.01), and poor
outcome at 6 months after injury (r = 0.48; P < 0.00001). During the
first two days following injury, PRx was positive (p < 0.05) in
patients with unfavourable outcome. The correlation between
PRx and Mx (r =0.63) was highly significant (p < 0.000001).
Continuous recordings demonstrated that PRx was able to indi

cate individual thresholds of vascular reactivity for CPP, ICP, and
ventilation parameters.
Conclusion: Computer analysis of slow waves in ABP and ICP is
able to provide a continuous indcx of cerebrovascular reactivity to
changes in arterial pressure, which is of prognostic significance.

Keywords: Head injury; pressure reactivity; Pressure-Reactivity
Index (PRx); vasomotor reactivity.

Introduction

Cerebrovascular reactiVity to changes in arterial
blood pressure describes the ability of vascular

smooth muscle to change basal tone in response to
variation in transmural pressure. When the cerebral
autoregulatory reserve nears exhaustion, cerebral
blood flow becomes unstable. However, vessels may
still show responses to a further reduction in perfu
sion pressure of changes in concentration of carbon
dioxide [3,6]. Vascular responses continue to occur
outside the range of a stable cerebral blood flow, i.e.
outside the limits of cerebral autoregulation [6]. Slow
fluctuations in ABP, lasting from 30 seconds to a few
minutes, is almost always present in ventilated pa
tients [5-8], and the rate of change observed is usu
ally sufficient to provoke a noticeable vasomotor
response [1,4]. Theoretically, if cerebrovascular reac
tivity to pressure changes is intact, an increase in
ABP should produce vasoconstriction, a decrease in
cerebral blood volume, and a decrease in ICP, pro
vided the brain compliance is low [11]. If vessels
remain non-reactive, an increase in ABP should
cause an increase in the cerebral blood volume, and
hence ICP.
Our aim was to study the correlation between slow
wave changes in ICP and ABP using a simplified
Pressure-Reactivity Index (PRx). We have investi
gated the relationship of this index to intracranial
hypertension, and to changes in mean ABP in pa
tients with a severe head injury. We summarized
our previous study on correlation between PRx
and the severity of injury, outcome, and cerebral
perfusion pressure. We also explored a value of PRx
as an on-line index of changes in cerebrovascular
reactivity in long-time monitoring of head injured
patients.
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Material and Methods

A hundred and seven head injured patients with a mean Glasgow
Coma Score of 6 (range 3 to 13) admitted to Addenbrooke's
Hospital were included in the study. There were 27 females and 55
males with age ranging from 6 to 75 years (mean age 36 years).
The patients were paralyzed, sedated and ventilated to achieve
mild hypocapnia (3.5--4.5kPa). Intractranial hypertension (ICP >
25mmHg) was managed with boluses of mannitol (200ml of20%,
over a period of20min) and cerebral perfusion pressure was main
tained at 60mmHg or above, using plasma expansion (alternating
colloid and normal saline infusions) and ionotropic support if
necessary (dopamine 2-15~g/kg per minute). Arterial pressure
was monitored directly from the radial or dorsalis pedis artery
(System 8,000, S&W Vickers Ltd, Sidcup, UK). Intracranial
pressure was monitored continuously using an intraparenchymal
fibre-optic transducer (Camino Direct Pressure Monitor, Camino
Laboratories, San Diego, CA). Transcranial Doppler investiga
tions were performed daily for a period of between 20 and 120
minutes from the day of admission until discharge from the inten
sive care unit (PCDop 842 Doppler Ultrasound Unit, Scimed.
Bristol, UK),
Analogue outputs from all monitored were processed through
an analogue-to-digital converter digitized (DT 2814, Data Transla
tion, Marlboro, USA) and data collected on a portable IBM AT
laptop computer (Amstrad ALT 386 SX, UK). Data was sampled,
digitized and stored on the hard disk using specific software for
the waveform recording (W. Zabolotny, Wrasaw University of
Technology, Poland) and then processed using software devel
oped in-house (ICMR, M.e).
Time averaged values of ICP, ABP, CPP, (CPP = ICP-ABP),
and the MCA blood flow velocity (FV) were calculated using
waveform time-integration for 6 second intervals. Pearson's
moving correlation coefficients for 40 consecutive samples of aver
aged ICP and ABP, defined as the Pressure-Reactivity Index
(PRx), was computed for every 6 second epoch. In 25 patients, we
used PRx for long-term patient monitoring and collected one
minute moving-averaged values together with other monitored
modalities.
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Results

Correlation with Clinical Findings (N = 82 Patients)

Spearman rank correlation coefficients between
averaged (for each patient) values of PRx, ICP,
CPP, admission GCS, outcome, and TCD-derived
index of autoregulation (Mx) are presented in Table
1. Disturbed pressure-reactivity (i.e. positive PRx)
correlated with lower admission GCS, poorer out
come, greater ICP, and disturbed TCD-derived
index of autoregulation.
From the analysis of PRx versus outcome, a critical
value for averaged (over whole period of intensive
care monitoring) PRx appears to be +0.2, above
which chance of an unfavourable outcome was 81%
(n = 27 cases). All patients with a PRx of less than
-0.2 had a favourable outcome (n = 8 cases).

Long-Term monitoring of PRx (N = 25 Patients)

Index of cerebrovascular reactivity was monitored
continuously in 25 severly head injured patients. In
all cases negative correlation between changes in
CPP and PRx with time was observed (average R2 =

0.65). On average PRx started to rise when CPP
decreased below 67mmHg; however, an obvious
breakpoint could not always be demonstrated. More
over, if detectable, it was case- and time-dependent.
Patients who had a complicated post-injury period
showed frequent changes in PRx from negative to

Table 1. Spearman Rank Correlation Coefficients and Their Significance Levels Calculated
between the Analysed Parameters

GOS GCS CPP ICP ABP PRx

GCS -0.425
P < 0.0001

CPP -0,0628 0.167
P < 0,57 P < 0,14

ICP 0,21 -0,063 -0.66
P < 0.058 P < 0.58 P < 0.0000

ABP 0.18 0.11 0.543 0.202
P < 0.14 P < 0,34 P < 0.0000 P < 0.07

PRx 0.484 -0,29 -0.19 0,36 0,0127
P < 0,0000 P < 0,0095 P < 0.09 P < 0,001 P < 0.25

Mx 0.42 -0.34 -0.32 0.455 0.046 0,65
P < 0,0002 P < 0,002 P < 0.004 P < 0,0000 P < 0.68 P < 0,0000

GCS admission Glasgow Coma Scale, GOS Glasgow Outcome Score, CPP cerebral perfusion
pressure, ICP intracranial pressure, ASP arterial blood pressure, PRx pressure reactivity
index, Mx TCD-derived index of autoregulation,
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Fig. 2. Five days monitoring of ICP, ASP and SI02 (starting from
day 3) following severe head injury (GCS = 3). PRx indicated
an averaged good reactivity during first 3 days. On the Day 4 a
decrease in SI02 below 55% was recorded, associated with a
decrease in CPP. PRx became positive permanently, indicating
severity of this secondary brain insult

DAYSDAY 4

response and low zero drift. Because the time
response of interest ranges from 30sec to 2min, vir
tually any type of ICP transducer, (either epidural
or subdural) can be used. An internal "biological
oscillator" [5] which provokes vasomotor-derived
fluctuations in ABP would need to be present to
allow full analysis of PRx. Although sometimes at
tenuated, the vasomotor activity in ABP and ICP is
usually present, and can be analyzed using computer
supported methods of digital signal detection.
We suggest that PRx may be monitored inde
pendently of CPP and ICP to provide a measure of
cerebrovascular self-protection. It is important to
emphasize that PRx may be helpful in identifying
either transient phenomena (associated with cere
brovascular derangement as in Fig. 2), or used as a
measure of the "steady state" of the cerebrovascular
reserve. If used for this purposes its value should be
averaged over a minimum of 2 hours. A value above
+0.2 reflects a poor state of cerebrovascular pressure
reactivity, while a value below -0.2 demonstrates
excellent reactivity.

80
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positive values. If PRx persisted above 0.2 for more
than 4-6 hours, this was usually associated with fatal
complications due to refractory intracranial hyper
tension (Fig. 1).
Rise of PRx in one case showed a negative associa
tion with jugular bulb oximetry (Fig. 2). During first
three days, PRx was rather negative with short peri
ods of positive values when short-term increases in
ICP were detected. Started from the day 4, a more
persistent increase in ICP was recorded. The jugular
bulb was catheterized, showing a value of SJ02 above
70%. Around the midday a long period of arterial
hypotension, with SJ02 decreasing below 55% was
noted. Starting from this moment PRx became
persistantly positive, and ICP had a tendency to in
crease. All this ended with a brain-stem herniation
on day 5.

PR,
[nit]

The association between slow waves in ABP and ICP
has been previously used as an index of the state of
cerebral pressure-autoregulation [7,9,12]. In our pa
tients, a significant correlation was found between
PRx and ICP, outcome, GCS, and a TCD-derived
index of autoregulation (Mx). Moreover, we demon
strated that PRx reacted dynamically to decreases in
CPP, during which cerebral autoregulation (accord
ing to FV criteria) was compromised (Figs. 1 and 2).
We propose that PRx can be used to reflect global
cerebrovascular reactivity to changes in arterial
blood pressure.
Continuous analysis of PRx does not demand ex
pensive ICP transducers which have good frequency

Fig. 1. Example oflong-term monitoring (6 days) of ICP and ASP
and on-line analysis of the PRx index in patient after severe head
injury (GCS =4). Patient died on Day 6. PRx indicated diminish
ing cerebrovascular reactivity on day 4 after injury
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Summary

Intracranial pressure (rCP) is currently the main parameter moni
tored following severe head injury or during the post operative
period in neurosurgical patients. The normal cerebral cortex de
pends upon a continuous supply of 02' and direct coupling exists
between adequate cerebral blood flow (02 supply) and ion homeo
stasis as well as electrical activities. We have developed a new
"Brain Function Analyzer - BFA" which enabled monitoring
of the following parameters continuously in real time from
the surface of the cortex: rcp: tissue blood flow & volume:
intramitochondrial NADH redox state: DC steady potential:
electrocorticography; tissue temperature. The probes were as
sembled in a Brain Function Multiprobe (BFM) which was
connected to the brain via the burr hole procedure used for rCP
monitoring. Measurements were performed in 18 comatose pa
tients after severe head injury (GCS ~ 8) who were monitored in
the ICU for 48-72 hours. The basic concept of the muitiparametric
monitoring approach was proven to be practical in neurosurgical
patients. Clear correlations were recorded between hemodynamic,
metabolic, ionic and electrical activities under various treatments
administered to the patients or after pathological events. Re
sponses similar to cortical spreading depression and ischemic de
polarization were recorded from a severely head injured patient.

Keywords: Brain Function Analyzer: ion homeostasis:
multiparametric monitoring.

Introduction

Severe head injuries may result in a high mortality
rate or in the development of irreversible brain dam
age in another part of the brain [5]. One way to
improve the outcome of such patients is to begin
treatment as soon as possible after hospitalization.
The aim of treatment given to the head-injured pa
tient is to reduce irreversible damage as much as
possible. Therefore, early diagnosis of the origin of
the damage or the initial functioning status of the
brain may significantly improve the prognosis.

The main monitoring approach currently used in
head injury is the measurement of intracranial pres
sure (ICP) after drilling a small hole in the skull and
inserting the connecting tube to the pressure monitor
[4,8]. When the ICP exceeds a critical level (15
20mmHg) the patient is treated by different means
in order to decrease the ICP level and improve the
perfusion pressure of the brain. The most common
treatments are injection of a hyperosmolar solution
such as mannitol, decreasing the blood pC02 or even
barbiturate injection. Since the population of head
injured patients is heterogenic, the responses to the
same treatment may be different in various patients
or during various phases in the same patient. The
definition of the status of the brain after a traumatic
event is therefore of great significance when choosing
the kind and duration of treatment.
At least two responses of CBF are possible in head
injured patients [11], a decrease in blood flow 
ischemia [1] or an increase in CBF - hyperemia 
which is not utilized for the metabolic purposes of
the tissue. It is currently not possible to determine
the actual situation scientifically or practically in real
time. Therefore, more than one treatment is com
monly employed simultaneously, i.e., injection of a
hyperosmolar solution together with hyperventila
tion. With this approach the effects on the patient
and on the outcome are not always clear.
Furthermore, the focus of ICP monitoring has
shifted toward cerebral perfusion pressure (CPP)
monitoring [2]. Other real-time techniques used in
the ICUs for brain evaluation are the EEG and the
EP [9] or regional CBF measured by Laser Doppler
or thermal diffusion flowmetry [10].
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Fig. 1. Effects of IV infusion of mannitol on brain hemodynamic,
metabolic and ionic activities in a head injured patient. ICP intrac
ranial pressure; R 366nm reflectance; CBF, CBV cerebral blood
flow and volume; K; extracellular potassium; D spontaneous de
polarization developed repeatedly every 30 minutes

Results

During the initial phase of the study we were able to
monitor 20 patients. The development of the tech
nique was part of this study. In order to present the
potential use of this technology for head injured pa
tients 2 typical events are presented, which have to
date never been reported to occur in the human
cerebral cortex. Fig. 1 shows a recording (about 1
hour) obtained from a comatose patient, who was
treated with mannitol. Before treatment ICP gradu
ally increased and as a result CBF and NADH indi
cated some signs of ischemia. The mannitol
treatment led to hypotension and to an improvement
in the energy balance (increased CBF and oxidation
of NADH). The extracellular K+ level was appar
ently also affected by this treatment (decrease). The
spontaneous spreading depression (SD) seen in the
recording was part of a repetition of more than 40
cycles developed in this patient.
The responses to SD were very similar to those
recorded in rats, including a transient metabolic defi
ciency as indicated by a decrease in CBF and an
increase in NADH. The second unique recording
was obtained a few hours before the declaration of
brain death (after more than 60 hours of monitoring).
A gradual increase in ICP was recorded while the
CBF was stable or even showed a slight increase (Fig.
2). The ECoG was flat for at least 4-5 hours prior to
the presented recording and the NADH trace in
cluded unstable signals at this stage (not shown). Due
to the missing real time data on blood pressure in this
patient, it is difficult to correlate the general hemody
namic and local CBF or other parameters measured
from the brain. After reaching a very high ICP level
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Methods

Various imaging techniques, i.e., CT, MRI, PET,

have been developed during the past 2-3 decades
and have been applied to the study of the human
brain. These techniques offer the advantage of
noninvasiveness as well as supplying 3-dimensional
information. However, they cannot provide infor
mation on various brain functions such as ionic ho
meostasis or mitochondrial respiratory-metabolic
activity. Information on extracellular ion concentra
tions or respiratory function of the mitochondria has
so far been derived only from experimental animals.
Confirmation of these functions by direct measure
ments from the human brain under clinical situations
has yet to be obtained.
During the past 20 years we have developed and
applied a multiparametric monitoring system for
studying the brain of various animal models. We
have recently modified and adapted these techniques
for monitoring the human brain following severe
head injury. The aims of the present report are to
demonstrate the feasibility of using this multi
parametric monitoring system.

The technique used in this application (Muitiparametric assembly)
integrated muitiparametric monitoring of the main indicators rep
resenting various brain functions in real time [7]. The monitoring
assembly which was placed on the cortex (after opening of the
dura matter) includes an fCP probe and was connected to the skull
using the same principle. The following parameters were mea
sured simultaneously in real time:

1. Tissue blood flow (using laser Doppler flowmeter)
2. Intramitochondrial redox state (NADH fluorometry)
3. Extracellular K+ level (surface minielectrode)
4. Direct current (DC) steady potential (Ag/AgCI electrode)
5. Intracranial pressure (using a Camino probe)
6. Electrocorticography (bipolar cortical electrodes)
7. Tissue temperature (surface thermistor)

All probes were connected to the appropriate amplifiers and the
signals were calibrated, stored and displayed on a 16 channel
computerized acquisition and storage system as described in detail
[6]. Informed consent was obtained in accordance with the IRS of
the Tel-Aviv Medical Center.
The MPA was sterilized before usage according to standard gas
sterilization procedures. After admission of the patient to the ICU
and his stabilization, the following activities were performed:

1. An 8-9 mm diameter hole was carefully drilled in the frontal
area. After cleaning the exposed area of bone residue, the dura
matter was cut to enable direct contact between the MPA and
the brain.

2. The MPA holder was screwed into the skull to a predetermined
depth, thus avoiding any undue pressure on the brain.

3. The MPA was introduced into the holder and fastened into
position.

Immediately after connection of the MPA, the various parameters
were recorded and the baseline which served as a reference for the
rest of the monitoring period was established.
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Fig. 2. Terminal depolarization re
corded in a head injured patient several
hours before determination of brain
death was performed. Abbreviations as
in Fig. 1

(about 100mmHg), a rapid decrease in CBF together
with a large increase in extracellular K+ was noted.
One hour later dopamine and apnea tests were per
formed to diagnose the status of brain stem func
tions. Those tests together with the depolarization
response suggested that a possible brain death event
occurred. The final verification of this finding was
performed 6 hours later.

Discussion

The introduction of multiparametric monitoring de
vices is a natural trend after long years of brain moni
toring (in the head injured patients) with single or
dual parameter instruments [8-11]. Indeed, few at
tempts have been made to increase the number of
monitored parameters. Kirkpatrick et at. [3] have
shown that the multimodality monitoring system
used provided a useful tool for assessing the brain of
comatose patients. In their approach, only hemody
namic parameters from the brain tissue were re
corded (ICP, CBF). In our approach we combined a
set of parameters representing hemodynamic, meta
bolic, ionic and electrical activities measured simulta
neously in severely head injured patients.
Even in less severe neurological disorders such as
stroke, the need for new monitoring techniques is
still very significant. Wiebers et at. [12] made the
following very lucid statement on the issue of human
brain monitoring:

"Ultimately, however, the answers to many of our questions re
garding the underlying pathophysiology and treatment of stroke
do not lie with continued attempts to model the human situation
perfectly in animals, but rather with development of techniques to
enable the study of more basic metabolism, pathophysiology and
anatomical imaging detail in living humans".

The results presented in this study suggest that it
is feasible and practical to monitor the human brain
under various pathophysiological conditions. The
development and implementation of the surface
probes organized in the multiprobe assembly (MPA)
for animal studies [7] has made it relatively simple to

modify the system and adapt it to clinical situations.
Indeed, in a preliminary study (7) we showed a clear
correlation between CBF and NADH redox state
under partial ischemia induced in the human brain
during neurosurgical procedures. The discovery of
human spreading depression using the MPA (6) and
the various responses to it suggest that basic mecha
nisms of brain pathophysiological processes may
be similar in the animal and human brain. It is
well documented that during the SD wave, which
basically includes a propagation of depolarization
through the entire hemisphere, a large increase in O2
consumption occurs due to the stimulation of the ion
pumps [7]. This increased demand for O2 is compen
sated by a large increase in CBF.
When SD is induced under normal conditions,
complete coupling occurs between the increase in O2
consumption and the large increase in CBF. If the O2
supply is limited (ischemia, hypoxia) the responses of
the brain to SD will be different.
The combination of the NADH probe with the
CBF probe used in the present study indicated that
the reversed NADH response (an increase instead of
a decrease) is due to the limitation in CBF compen
sation as indicated by the initial decreased CBF res
ponse (Fig. 1).
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Summary

Maintaining cerebral perfusion pressure (CPP) above 70mmHg is
currently a mainstay of neurosurgical critical care. Shalmon, et at.
recently showed poor correlation between CPP and regional cere
bral blood flow (CBF) [1]. To study the relationship between CPP
and CBF, at a microvascular level, we retrospectively analyzed
multimodality digital data from 12 neurosurgical critical care
patients in whom a combined intracranial pressure (lCP) - laser
Doppler flowmetry (LDF) probe (Camino, San Diego) had been
placed. Over the entire interval of continuous monitoring for all
patients, 97% of local CBF data was at ischemic levels below a
CPP of70mmHg. For CPP above 70 mm Hg, local CBF data had
considerable dispersion ranging from ischemic (71 %), to normal
(19%), and hyperemic (10%) levels. Elevated jugular bulb oxy
hemoglobin saturation levels (Sj02) complemented intervals of
hyperemia. Autoregulation was impaired or absent in all moni
tored patients. We conclude that with disrupted autoregulation,
CPP above 70mmHg does not necessarily insure adequate levels
of cerebral perfusion. Restoration and maintenance of adequate
cerebral perfusion should be performed under the guidance of
direct CBF monitoring.

Keywords: Cerebral blood flow; microvascular resistance;
multimodality monitoring.

Introduction

In the absence of direct cerebral blood flow (CBF)
monitoring during critical care, cerebral perfusion
pressure (CPP) has been used to assess the pressure
gradient of blood across brain. The mainstay of
therapy in the neurosurgical ICU is to maintain
cerebral perfusion pressure (CPP) above a clinical
ischemic threshold of 70mmHg. The recent avail
ability of continuous CBF monitoring devices suit
able for clinical settings enable us to investigate the
hypothesis that CPP is an adequate indirect assess
ment of CBF.

Methods

An integrated parenchymal pressure and LDF probe (Camino
Laboratories, San Diego, CA) was inserted at the bedside with
rigid fixation through a conventional subarachnoid screw in 12
neurosurgical critical care patients for continuous monitoring of
ICP and local CBF. The most affected side of cerebral injury was
monitored on the basis of neuroimaging. Arbitrary units of
local CBF were converted to absolute units (mI/100g/min) using
quantitative autoradiographic data from an animal model [2].
Multimodality monitoring included: systemic arterial pressure;
central venous or pulmonary arterial pressure; cardiac output;
Sj02 on the most affected side of cerebral injury; pulse oximetry;
end-tidal CO2; and computed CPP and cerebrovascular resistance
(CVR). Transcranial Doppler velocimetry (TCD), autoregulation,
and CO2 vasoreactivity were assessed daily [3]. A sampling fre
quency of 64 Hz was used for each parameter over 24 hour inter
vals of monitoring. Mean values of CPP and local CBF were
computed for every minute in each patient over the entire interval
of monitoring. This clinical protocol was approved for human
subjects by the Institutional Review Board of the State University
of new York Health Science Center at Brooklyn.

Results

A total of 12 patients with a mean age of 34 years
(range 3 to 60 years) were monitored for an average
of 5 days (range 2 to 10 days). Pathology included
8 patients with subarachnoid hemorrhage (SAH),
Hunt & Hess grades II through V, and 4 with severe
head injury, Glasgow Coma Scores 4 through 7. Six
of the 12 patients had continuous SjOz monitoring,
of which 4 had severe head injury and 2 had
SAH. The patients with SAH had elevated SjOz
(~80%) coupled with increased TCD velocities and
hyperemic levels of local CBF. Autoregulation was
tested (n = 33) and found to be absent in all patients
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Fig. 1. Scatter-plot demonstrating a loss of autoregulation with
close correlation between instantaneous signals of local CBF and
CPP over 15 minutes (r = 0.87 and p < 0.001). Note that below a
CPP of 70mmHg, there are ischemic levels of local CBF

(Fig. 1). Out of 34 evaluations, CO2 vasoreactivity
was present in 24 and lost in 10.
A scatter-plot compared mean CPP and local CBF
(n = 28,798 points) on all patients over the entire
interval of monitoring (Fig. 2). For CPP below
70mmHg, 97% of local CBF data points fell within
the ischemic range. For CPP above 70mmHg, local
CBF data had considerable dispersion ranging from
ischemic (71%), to normal (19%), and hyperemic
(10%) levels. A chi-square test (X2

) performed on
this data indicated that the distribution was not ran
dom (X2 = 1139.30; p < 0.001; ex = 0.05). Poor correla
tion was noted between CPP and CBF: for CPP <
70mmHg, r = +0.149 and p < 0.01; for CPP ~

70mmHg, r = +0.299, P < 0.01; and for all CPP data,
r = +0.337, P < 0.01.

Discussion

This small series was biased towards severe cere
bral injury as demonstrated by the absence of
autoregulation in all patients. Our results are similar
to the findings of Shalmon et al. in that CPP has poor
correlation with an assessment of CBF. For CPP <
70mmHg, local CBF was consistently ischemic, but
correlation remained poor. For CPP > 70mmHg, all
levels 0 local CBF were found, including hyperemia.
Disparity between CPP and local CBF may be re
lated to microvascular resistance which will affect
flow rates, despite adequate CPP.

Fig. 2. Scatter-plot comparing CPP to local CBF for all patients
over the entire interval of monitoring. Each data point is the mean
of 1 minute of continuous monitoring per patient. The normal
range is indicated from 45 to 80mill 00 gm/min. Hyperemic values
are above this range and ischemic values are below. Note the
triangular data points (CPP < 70mm Hg) and circular data points
(CPP> 70mmHg)

Increased Sj02 in two SAH patients supports the
presence of hyperemia. For patients with SAH or
head injury, it is important to distinguish hyperemia
from vasospasm in the presence of elevated TCD
velocities [3-5]. With appropriate monitoring, hyper
tensive therapy can be avoided during periods of
hyperemia.
In the presence of disrupted autoregulation, ma
nipulation of CPP aimed at restoration and main
tenance of adequate cerebral perfusion should be
performed under the guidance of direct CBF
monitoring.
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Therapeutic Hypothermia for Severe Head Injury
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Summary

The therapeutic significance of moderate hypothermia and cere
bral monitorings was assessed in the 10 patients with severe head
injury. Cooling was begun as soon as possible after admission,
using water blankets under general anesthesia. Jugular venous or
tympanic temperature of patients was maintained at 32°C for 3 to
5 days, then rewarming at the rate of 1°C a day was started. The
intracranial pressure was controllable less than 20mmHg under
hypothermia. Moderate hypothermia reduced the jugular venous
lactate (33.5%) as well as the cerebral blood flow velocity at M1
portion of middle cerebral artery (CBFV-M1) measured by
transcranial Doppler (7.2%), while increase of the the jugular
venous oxygen saturation (Sj02) (17.9%) was observed in a major
ity of the patients. Our results demonstrated that moderate thera
peutic hypothermia significantly reduced cerebral circulation and
metabolism. Measurement of Sj02 and CBFV-M1 seems to be
useful for estimation of cerebral circulation and metabolism in
therapeutic hypothermia.

Keywords: Cerebral blood flow velocity; jugular venous oxygen
saturation; moderate hypothermia; severe head injury; Sj02;
transcranial Doppler.

Introduction

Moderate or hypothermia has been shown to de
crease neuronal death in rodent after global fore
brain ischemia [2,5], and furthermore to reduce
neuronal loss after experimental traumatic brain in
jury [3,4]. Recently several clinical studies have dem
onstrated that moderate or mild hypothermia is
effective for severe head injury [6,9]. The present
study aims to define the relation of intracranial pres
sure (ICP), jugular venous oxygen saturation (Sj02)'
cerebral blood flow velocity at Ml portion of middle
cerebral artery (CBFV-Ml), and other cerebral
monitorings in patients with severe head injury dur
ing moderate therapeutic hypothermia.

Materials and Methods

Patients

Between February, 1995 and October, 1996, 10 patients who suf
fered severe head injury admitted to the Kagawa Medical Univer
sity Hospital with subsequent Glasgow Coma Scale (GCS) of less
than 8 or predicted brain swelling on admission were considered
for this study. There were 2 female and 8 male with a mean age of
29.8 years (range of 4 to 67 years). Summary of patients is pre
sented in Table 1.

Managements

All patients were initially managed with intubation and ventila
tory support. Computerized tomography (CT) of the head was
obtained as soon as possible. If necessary, surgical procedures
were performed for hematomas and contusion. Eight of 10 pa
tients underwent craniotomy, and one was a burr hole. Cooling
was begun immediately, using water blankets under general
anesthesia. Jugular venous or tympanic temperature was used
for temperature measurements during this treatment. Tempera
ture was maintained at 32°C for 3 to 5 days, and then rewarmed
at the rate of 1°C a day. To prevent shivering during hypo
thermia, systemic neuromuscular paralytic medication was
administered.

Monitorings

Epidural or subdural sensors were placed in 3 patients to use for
continuous measurement of rcp. Mean arterial blood pressure
(MAP) was measured through radial or femoral artery catheter.
Cerebral perfusion pressure (CPP) was calculated by difference
between MAP and rcp. To monitor jugular venous temperature,
jugular venous lactate and SjO" fiberoptic catheter was inserted
percutaneously into the internal jugular bulb in 8 patients. Nine
patients were investigated with daily CBFV-M1 measured by
transcranial Doppler.
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Table 1. Summary of the Patients Jugular Venous Oxygen Saturation, Jugular Venous

Case Age GCS (on Outcome
Lactate and Cerebral Blood Flow Velocity

no. (yr) Sex admission) Operation (GOS) The mean SjOz was increased by cooling (24.1%) and

1 12 M 8 craniotomy MD decreased by rewarming (12.2%). On the other hand,
2 67 M 5 craniotomy SD the jugular venous lactate was decreased by cooling
3 16 F 3 0 (33.5%) and increased by rewarming (33.5%). The
4 16 M 14 craniotomy GR

mean value of CBFV-M1 was decreased by cooling5 17 M 7 craniotomy GR
6 10 M 7 burr hole GR (7.5%) and increased by rewarming (42.4%). The
7 52 M 5 craniotomy MD jugular venous temperature and SjOz showed a good
8 57 F 5 craniotomy VS

correlation (r =-0.849, P < 0.01) as well as the jugular9 4 M 5 craniotomy SD
10 47 M 5 craniotomy GR venous temperature and CBFV-M1 (r = 0.898, P <

0.01).
GCS Glasgow Coma Scale, GOS Glasgow Outcome Scale, GR
good recovery, MD moderate disability, SD severe disability, VS
vegitative state, D death, M male, F female.

Results

Intracranial Pressure and
Cerebral Perfusion Pressure

The rcp was maintained below 20mmHg during this
treatment in 3 patients. The CPP was reduced by
cooling (17.2%) and contrary increased by rewarm
ing (29.3%). Although the jugular venous tempera
ture and the rcp showed a poor correlation (r =

0.439, P < 0.01), the jugular venous temperature and
the CPP showed a good correlation (r = 0.733, p <
0.01).

Cerebral Perfusion Pressure and Cerebral Blood
Flow Velocity

Fig. 1 demonstrates the correlation of CPP and
CBFV-M1 in 2 patients. The CPP and the CBFV-M1
showed a good correlation.

Patients Outcome

The outcome of the patients according to Glasgow
Outcome Scale is shown in Table 1. Four out of 10
patients obtained good recovery (GR), 2 showed
moderately disabled (MD), 2 patients survived se
verely disabled, 1 was vegetative state, and 1 died of

jugular venous
Sj02 (%) lactate (mg/dl) CBFV-Ml (em/sec.)
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Fig. 1. Changes in cerebral blood flow velocity at Ml portion of middle cerebral artery (CBFV-Ml) (left), jugular venous oxygen
saturation (SjO,) (middle) and jugular venous lactate (right)
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lation or cerebral metabolism results in changes of

Sj02 predominantly. It was assumed that the de
crease of CBFV-M1 during hypothermia stage might
be caused by reduction of cerebral circulation and
MAP. The increase of the Sj02 and the decrease of
the jugular venous lactate were most probably associ
ated with marked reduction of cerebral metabolism.

It was shown in the present study that moderate
therapeutic hypothermia significantly reduced cere
bral circulation and metabolism. The measurement
of Sj02 and CBFV-M1 seems to be useful for estima
tion of cerebral circulation and metabolism in thera
peutic hypothermia. These observations lead us to
conclude that hypothermia had protective effects on
cerebral metabolism in low CPP level and resulted in
good outcome in severe head injury.

r:O.824, p<O.OOOl •
•
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Fig. 2. Correlation of cerebral perfusion pressure (CPP) and cere
bral blood flow velocity at M1 portion of middle cerebral artery
(CBFV-M1). r correlation coefficient, p p-value
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primary brain stem injury. Therefore, 6 patients were
good outcome (GR, MD).

Discussion

In experimental studies, both CBF and cerebral
metabolic rate for oxygen (CMR02) decreased 6.7%
a 1°C reduction in body temperature of normal dogs
(8). Hypothermia at 30°C was associated with a 50%
reduction in CMR02 [7]. But, in clinical cases,
systemic complications including cardiac and pulmo
nary abnormalities have been associated with con
ventional hypothermia (less than 30°C). Recently,
clinical studies reported that moderate hypothermia
(32°C) significantly reduced ICP (40%) [6] and CBF
(26%), and Mild hypothermia (34°C) significantly
reduced ICP (10.4mmHg) and increased CPP
(14.0mmHg) [9].
In our study, undergoing moderate hypothermia,
the measurement of CBFV-M1 and CPP showed a
good correlation. Frequently, there was a distur
bance of autoregulation on CBF after severe head
injury. The changes in CBFY-Ml, therefore, are
similar to changes in CBF [1]. Thus measurement of
CBFY-M1 is useful to know whether cerebral circu-
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Summary

The time course of brain-stem auditory evoked potential (BAEP)
changes was investigated using an impact-acceleration trauma
model in 23 spontaneously breathing rats. Intracranial pressure
(ICP), arterial blood pressure and respiratory rate were moni
tored. The experiments were terminated at four hours after
trauma. No significant changes in intracranial pressure (ICP) oc
curred following the impact. After a short increase, blood pressure
returned to baseline values within 5min. Transient apnea was
not followed by prolonged respiratory depression. Diffuse closed
head injury (CHI) did not result in general, unidirectional changes
of peak latencies or amplitudes of auditory evoked responses.
Most BAEP changes developed slowly reaching a maximum at 1
to 4 hours after the injury. In the absence of ICP changes, this
pattern reflects secondary ischemia in sensitive brain-stem areas
rather than direct traumatic lesions or hypoxia due to respiratory
depression.

Keywords: Brain-stem auditory evoked potentials; brain injury;
rat; hypoxia; respiratory depression.

Introduction

The impact-acceleration model, introduced by
Marmarou and colleagues [3,5] has contributed sub
stantially to the understanding of the mechanisms
of diffuse closed head injury. It has been demon
strated that secondary injury, such as hypoxia and
hypotension may cause prolonged breakdown of the
blood-brain barrier, deleterious edema and increase
of Iep [1,4].
The major cause of death due to impact in non
ventilated animals has been attributed to respiratory
depression. Mortality rate has been reported to in
crease from 10% to 50% with the same impact level
when the animal was allowed to breathe spontane
ously [5].

In severely injured rats with no artificial ven
tilation, transient respiratory depression following
weight-drop impact was paralleled by a temporary
brain-stem physiological dysfunction indicated by in
consistency of wave IV of the BAEP [12].
We assumed that secondary insult due to respira
tory depression would also be reflected in changes
of BAEP components. The study was conducted to
investigate primary and secondary BAEP changes
following experimental diffuse brain injury in spon
taneously breathing rats.

Materials and Methods

Twenty-three adult Lewis rats, weighing between 320 and 400g,
were anesthetized using an initial intramuscular dose of 100mg/kg
ketamine and lOmg/kg xylazine. Intravenous ketamine (40mg/kg/
h) maintained an adequate depth of anesthesia during the entire
experimental period. Body temperature was monitored continu
ously and kept within normal range. Arterial blood pressure was
recorded from a catheter in the femoral artery. After a midline
scalp incision, the skin and periosteum were reflected. A plastic
canula was inserted subfrontally through a 1mm-burrhole into the
subdural space and connected to a Statham pressure transducer.
To prevent skull fractures, a round stainless steel disk was fixed to
the dry skull using cyano acrylate.
Four subcutaneous needle electrodes were placed over the left
and right posterior convexity of the skull (+), nose (-) and neck
(ground). A dosage of 2ml/kg Evans blue dye was injected imme
diately before trauma induction. The animal was positioned on a
foam bed under a hollow plexiglass tube, and a metal weight of
500 g was dropped from a height of 1.5m onto the center of the
metal helmet. Overall mortality rate was 22%. Surviving animals
were sacrificed for histological examination after 4 hours.
BAEP in response to 100dB SPL condensation clicks (duration

1001lS) delivered monaurally through NICOLET TIP-lO tubal in
sert earphones were recorded immediately preceding and at 5min,
1h, 2h, 3 h, and 4 h after trauma in surviving animals. A tube
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Discussion

Fig. 2. Time course of peak latencies (A, mean ± standard devia
tion) and percent changes in amplitude (B) of brain-stem auditory
evoked potentials (BAEP) following diffuse head injury
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In contrast to fluid-percussion injury the impact
acceleration model in spontaneously breathing rats
does not produce a transient unidirectional increase
in BAEP peak latencies or general depression of
amplitudes [6,10,12]. This supports the notion of
Marmarou et al. (1994) that the weight-drop impact
results in disseminated brain damage without mas
sive hypertensive surge or excessive brain-stem dam
age. It also confirms the data of van den Brink et at.
(1993) demonstrating generally intact BAEP follow
ing diffuse head injury utilizing the same model.
Convulsions, transient disinhibition of somatosen
sory evoked potentials as observed in an earlier in
vestigation of our group [11], cortical paroxysmal
EEG discharges and histological pattern all indicate
a cortical predominance of primary lesions [3,5].

changes of mean BAEP amplitudes or latencies ipsi
lateral to the side of acoustic stimulation occurred
in the immediate post-traumatic period. Latency of
wave II gradually increased reaching a maximum
at 3 hours after trauma (0.73 ms to 0.81 ms; t = 4.0,
P = 0.0001) with a tendency to return towards pre
trauma values. Amplitude of wave III also progres
sively increased up to a maximum at 3 hours after the
impact (0.49 to 1.01; t = 2.6, P = 0.01) and declined
afterwards.
Two components showed significant, slowly pro
gressive changes with no tendency to recover within
4 hours after the injury. Amplitude of wave I gradu
ally declined to 60% of pre-trauma values (t = 3.73, P
= 0.001). Latency of wave V increased from 2.19ms
before the trauma to 2.28ms at 4 hours after the
impact (t = 2.64, P = 0.01).
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Fig. 1. Example of brain-stem auditory evoked potentials
(BAEP) recorded immediately preceding and 5min, 60min,
120min, lS0min and 240min following diffuse head injury. The
vertical line indicates the time of arrival of the stimulus at the
tympanon. Roman numerals denote reference-positive BAEP
peaks

Results

No skull fractures were detected following the
trauma. Convulsions developed in 80% of cases.
Transient apnea up to 20 seconds occurred in all 18
surviving animals. Mean respiratory rate was 109.8 ±
11.8bpm at 1 hour and 105.3 ± 19.4 at 4 hours follow
ing the injury and was not changed significantly in
comparison to baseline values (113.0 ± 8.1 bpm). Ar
terial blood pressure increased to a maximum of
200mmHg immediately after CHI. Following a short
period of hypotension, systolic pressure returned to
baseline values of 80-100mmHg within 5 min after
trauma and remained constant for the rest of the
experiment. ICP ranged between 5-7mmHg and did
not show any significant changes throughout the
recording period in all animals. No macroscopical
supra- or infratentorial focal brain lesions were
found in survivors. On histological examination small
disseminated hemorrhages and neuronal damage
was seen predominantly in the cerebral cortex bilat
erally. No extravasation of Evans blue dye could be
detected.
A marginal significant decrease of wave II ampli
tude (1.35~V to 0.98~V; t = 2.1, P = 0.04; Fig. 2)
occurred at 5min after the impact and recovered
completely at 1 hour. No other statistically significant

length of 26cm resulted in an air conduction time of 75 ms for the
stimulus to arrive at the tympanon. This delay was subtracted from
BAEP latencies off-line. Stimulus repetition rate was 10Hz. The
non-stimulated ear was masked by SOdB (SPL) white noise. 1.024
sweeps of 10ms duration were averaged per run. Electrophysi
ological responses were differentially amplified with filters set at
20 to 10,000Hz, digitized and subjected to off-line statistical analy
sis using the SPSS+ statistical package.
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The significant loss of wave II amplitude immedi
ately following injury may be attributed to a direct
mechanical stretching of the eighth nerve at its entry
zone into the cochlear nucleus [2,9]. All other BAEP
changes developed more slowly, gradually reaching a
maximum at 1 to 4 hours after the primary injury.
The time course of the underlying pathophysiologi
cal mechanism should parallel these changes. In the
absence of both prolonged respiratory distress and
ICP changes, this mechanism may well be consistent
with a temporary reduction in cerebral blood flow
that has been reported by Piper et al, (1995) using the
same model. This hypothesis is further supported by
reductions in cerebral blood volume [4] and increase
of the pressure-volume-index [8] following impact
acceleration trauma. It is concluded that the impact
acceleration model does not primarily produce
brain-stem injury. However, physiological brain
stem function may be secondarily affected by pro
cesses involving longer time constants.
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Summary

In our institution ICP was monitored in patients with GCS ~ 8 and
abnormal cr scan: 362 severely head injured and 180 subarach
noid hemorrhage. Mean duration of monitoring was 103.6 hours
(SD 74.96). Among 542 patients, 440 showed at least one episode
of ICP above the threshold of 20mmHg. Among 362 head injured
patients only 71 (19.3%) had an ICP lower than 20mmHg. In the
remaining 289 (81.7%) at least one episode ~20mmHg was mea
sured. In 13 cases (2.2%) a ventricular infection has been diag
nosed. In 1 case an intraparenchimal hemorrhage related to the
presence of the catheter was detected.
Elevated risk of HICP and low incidence of complications have
been shown in this series.

Keywords: Complications; ICP monitoring; safety.

Introduction

Intracranial hypertension (HICP) has been recog
nized as one of the most important factors affecting
mortality and morbidity in head injury and in other
neurosurgical pathologies [7,8,19]. Nevertheless re
cent reports suggest that only in 30% of American
Neuro-ICU, ICP monitoring is currently performed
in head injured patients [1].
In Parma Hospital ICP monitoring has been
extensively adopted in the last decade, both in the
management of head injured patients and in the post
operative surveillance of patients suffering from sub
arachnoid hemorrhage (SAH) admitted with an Hunt
and Hess grade of 4 and 5 [3]. We reviewed our
experience in ICP monitoring in order to assess the
rate of HICP and to quantify potential complications.

Methods

The analysis involved 542 patients admitted to the Intensive Care
of Parma Hospital between 1988 and 1993. Indications for ICP

monitoring were: 1) Head injury with GCS ~ 8 and a cr scan
showing masses and/or signs of increased intracranial content
(compressed or absent perimesencephalic cisterns); 2) Manage
ment of patients with subarachnoid hemorrhage at risk of develop
ing HICP. The placement of a ventricular catheter was considered
the first choice. Subdural catheters were used when ventricles were
not detectable on the CT scan or when the surgeon failed to place
a ventriculostomy. The catheters were placed in the operating
room under sterile condition, tunneled for few centimeters under
the scalp, secured on the skin and covered with a sterile dressing.
No antibiotic was prophylactically used.
In selected patients, mainly head injured, when ventriculostomy

was present, twice a day after sterile preparation, pressure-volume
tests were performed as described elsewhere. ICP values equal or
greater than 20mmHg and lasting more than 5 minutes were
considered pathological. The worst value of ICP detected during
the whole period of monitoring was choosen to classify each pa
tient. A grading was then performed by subdividing ICP raises:
ICP < 20mm Hg, ICP between 20 and 30mmHg, between 31 and
40 mmHg, and greater than 40 mm Hg respectively.
Infections and hemorrhages related to the catheter insertion

were recorded in a separate form. Meningeal infection was diag
nosed according to criteria described elsewhere [5]. CSF samples
were collected from catheters immediately before their removal at
the end of monitoring or in case the duration of monitoring ex
ceeded 72 hours, on the fourth day, then every two days. In pa
tients with subdural catheters, a lumbar puncture was performed
in case a meningeal infection was suspected.
Outcome at six month was assessed by phone interview and was

classified by using a simplified version of the Glasgow Outcome
Scale as follows: good recovery and moderate disability (GR
MD), severe disability and persistent vegetative state (SD-VS),
death.

Results

ICP monitoring was performed in 362 severely head
injured patients and in 180 subarachnoid hemor
rhage patients. Head injured patients were classified
according to the main lesion detected on the CT scan
as follows: epidural hematoma 62 (17.1 %), subdural



92

Table 1. The Number of Patients (SAH and Head Injured), the Mean Age and Ranges, Percent
age of Male and Mean GCS on Admission are Represented. Besides the rates of patients in
whom the ICP monitoring started less than six hours after insult in head injury and after
admission in SAH, and lasted more than seven days are shown

Mean % fCP started % fCP
Mean age GCS <6 hours from monitoring

Number (ranges) Male adm insult >7 days

Brain injury 362 35.6 (2-83) 76.8% 5 65% 15%
SAH 180 51.4 (17-76) 54% 7 74% 23%

S. Rossi et af.
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Fig. 2. Relationships between HICP and outcome are shown.
HICP is subdivided in 4 grades: 0 (ICP < 20mm Hg), 1 (lCP
between 20 and 30mmHg), 2 (fCP between 31 and 40mmHg),
and 3 (fCP > 40mm Hg). Median, confidence intervals, middle half
of the data between 25th and 75th percentiles, and ranges are
summarized in the boxplot. (p < 0.001)
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Fig. 1. Rates of HICP in the different classes of head injury are
represented. EDH stands for epidural hematoma. SDH for
subdural hematoma, CONT for cerebral contusions and DfFF for
diffuse damge. The differences are not significant

hematoma 109 (30.1%), cerebral contusions 124
(33.5%), diffuse damage 67 (18.5%). 248 catheters
(43%) were placed into the subdural space, 330
(57%) into the ventricles.
Main data regarding patients' characteristics and
timing of catheters insertion and removal are re
ported in Table 1.
ICP monitoring started 10.64 (sd = 25.56, range 0

288) hours after the insult; mean duration of moni
toring was 103.668 (sd = 74.96, range 1-672) hours.
Pressure-volume tests and intracranial dynamics
were performed in 127 head injured patients through
a ventricular catheter following the procedure de
scribed in the previous section.

Head Injured Patients

Among 362 head injured patients only 71 (19.3%)
had an ICP lower than 20mmHg. In the remaining

289 (81.7%) at least one episode ~20mmHg was
measured at some point during the monitoring. Of
them 91 patients (25.4%) had an ICP greater than
40mmHg. Figure 1 summarizes the rate of HICP in
different classes of head injured patients classified
based upon the main lesion detected on CT scan.
Outcome at six months could be assessed in 375
head injured patients. Figure 2 shows the relation
ships between HICP grade and outcome.

Subarachnoid Hemorrhage

Among 180SAH patients, 47 (26.1%) did not de
velop HICP, 41 (22.7%) had an ICP between 20 and
30mmHg, 42 (23.3%) between 31 and 40, while 50
patients (27.77%) had an ICP greater than 40mmHg.

Complications

In 13 cases (2.24%) a ventricular infection has been
diagnosed. In 1 case an intraparenchimal hemorrhage
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related to the presence of the catheter was detected.
There were no deaths related to complications.

Discussion

Despite the variety of underlying lesions, a high inci
dence of intracranial hypertension was found in our
group study.
In SAH, values greater than 30mmHg were de
tected in more than 50% of the patients. The cause of
the high incidence of HICP in this subset of patients
is probably due to the fact that only the most severe
cases (Hunt and Hess 4 and 5 grade), were admitted
to ICU.
In head injured patients the rate of intracranial
hypertension was even more elevated: 81% of them
showed ICP ~ 20mmHg. This rate is higher than
reported elsewhere [4,6,11]. This high percentage
may reflect the criteria followed for identifying pa
tients eligible for ICP monitoring. Our criteria were,
in fact, stricter than the Narayan's criteria. On the
other hand, we considered as pathological rise of
ICP, values greater than 20mmHg lasting at least 5
minutes. This way the incidental occurrence of HICP
has been excluded, and the rate discovered under
lines a real intracranial disturbance. That probably
plays a role in determining the final results as shown
by the relationship between the degree of HICP and
the occurrence of bad outcome.
The number of infections diagnosed in the group
was lower than the rate of infections described in the
literature [2,5,11,12]. A scrupulous policy was
adopted in order to prevent CNS infections due to
the presence of ICP catheter. The duration of moni
toring exceeded 7 days only in 15% of head injury
and 23% of SAH, besides no antibiotics were used
prophylactically. Moreover, all the catheters were
placed in the O.R. instead of in the intensive care
unit. Clearly this procedure is time and resources
consuming, however the benefit in terms of low rate
of infections is probably greater than the costs in-
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curred with O.R. placement of the catheters. In con
clusion: due to the high incidence of HICP and the
strong impact of the latter on outcome, we believe
that comatose patients with positive CT scan are
those who can greatly benefit from this monitoring.
Even with frequent manipulations of the system for
drainage and measurement of pressure volume index
(PVI), the rate of complications is low.
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Summary

The following conditions of 17 patients with severe head injury
(ages 9-76; mean 37: 12 focal and 5 diffuse injuries) were evaluated
during acute phase (1-14 days after injury, mean 5) by transcranial
power Doppler imaging (PD1), a new color Doppler ultrasound
technique: a) morphological changes via temporal window, b)
hemodynamic changes in major intracraniaUcervical arteries
based on measured angle-corrected time-averaged mean (TAM)!
peak velocities and vessel diameter (Va), and calculated pulsatility
indices (PI), vessel area (Va), and flow volume (Vf = TAM x Va).
a) 1) Major trunks of intracranial vessels and circle of Willis and
pathological changes in frontal!temporallobes and midbrain were
finely visualized. 2) Contusional hemorrhage and cerebral contu
sion demonstrated irregular hyper- and hypo-echoic lesions, re
spectively. 3) Delayed epidural hematoma showed a hyper-echoic
band. b) 1) Decreased velocities, significant PI increase, and Va
increase tendency were observed in intracranial arteries. 2) In
creased velocities with Vf increase but no Va decrease indicated
hyperemia rather than vasospasm. 3) Va in the intracranial
vessels, however, tended to increase PDI appears useful in eva
luating real-time and simultaneous morphological and hemo
dynamic information in pathogenesis and neurointensive care of
patients with severe head injury.

Keywords: Severe head injury; sonography; transcranial power
Doppler.

Introduction

No method which can simultaneously evaluate he
modynamic and morphological changes and repeat
non-invasively at bedside has been introduced for
neurointensive care of patients with severe head
injury Doppler color flow imaging (CFI) or color
coded realtime sonography (2) or color-coded du
plex sonography [17] has been used transcranially to
visualize changes in intracranial brain parenchyma

and major vessels in the basal brain. In addition,
evaluation of blood flow volume (Vf) through mea
surement of vessel diameter (Vd) and flow velocity
of the extracranial vessels using CFI also has been
made [15,16].
There have been no reports elsewhere of such
study involving measurement of Vf in the intracranial
arteries In this respect, our previous study utilizing
CFI pointed out problems derived from reliability of
Vd measurement and calculated vessel area (Va) due
to poor visualization of vessel contour [18]. To over
come this, we have introduced power Doppler imag
ing (PDI) because it is supperior to CFI with respect
to visualization of intracranial vessels [7,19].
The objective of this study was to clarify the
significance of transcranial PDI in morphological and
hemodynamic evaluations of patients with severe
head injury on the basis of Vd measurement and Vf
estimation.

Subjects and Method

The subjects were 17 comatose patients (ages, 9-76; mean, 37)
with severe head injury (12 focal and 5 diffuse injuries) and 11
normal controls (ages 21-61; mean, 34). Table 1 lists age and sex of
patients, diagnosis, days after injury up to PDI, Glasgow coma
scale scores (GCS), and results of simultaneously measured jugu
lar bulb oxygen saturation (Sj02), end-tidal CO2partial pressure
(PetC02), Intracranial pressure (ICP), cerebral perfusion pressure
(CPP), jugular bulb venous blood temperature (Tjb), treatments,
and Glasgow outcome scale at one month after injury.
POI (Ultramark 9 HOI, ATL) was performed using a 2-3 MHz

phased-array probe for intracranial arteries and cervical internal
carotid artery (lCA) and a 5-10 MHz linear-array probe for com-
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Table 1. Demographics of17 Patients with Severe Head Injury*

Case Age Sex Diagnosis Days after injury GCS SjOz PetCOz ICP CPP Tjb Treatment GOS

AK 76 F ASDH (L)/CC 7 5 59 36 37.4 HTIDC (L) VS
BK 17 M DBIITSAH 2 5 71 23 10 110 35.6 HT SD
DT 54 M AEDH (R)/CC (RT) 4 5 54 27 37.9 DC (R) MD
FM 39 M CH (LF) 14 9 HLSIDC (L) MD
HM 29 F DEI 3 8 GR
KS 25 M DBI 1 5 85 35 20 71 37.1 HT MD
KA 22 M AEDH (L) 2 4 65 23 33.9 BT/HT/DC (L) SD
KM 55 M ASDH (R)/CH 3 3 64 13 105 34.1 HTIDC (R) MD
KY 76 F ASDH (R) 2 3 DC (R) BD
MS 29 M CC (LFT) 5 5 78 16 101 36.1 HLS/HTIDC (L) D

8 3 87 17 23 110 35.7 HLS/HTIDC (L) D
OY 17 M ASDH (R)/CC/TSAH 5 3 60 22 44 34.2 BT/HTIDC (R) GR

12 8 BT/HTIDC (R) GR
SM 22 F DBI 5 4 63 30 10 60 35.9 HT GR
SA 9 M DBI 5 9 HT GR
SH 9 F ASDH (L) 5 6 82 39 11 97 35.4 HTIDC (L) GR
UY 69 F AEDH (L)/CC (LT) 1 9 DC (L) MD
WM 44 F ASDH (R) 1 3 80 16 49 46 33.3 HTIDC (R) D
YA 39 M ASDH (L) 4 6 60 22 8 90 37.9 HTIDC (L) MD

Mean 37 5 5 70 27 18 83 35.7
SD 21 3 2 11 8 11 25 1.48

*ASDH acute subdural hematoma, CC cerebral contusion, DBI diffuse brain injury, TSAH traumatic subdural hematoma, AEDH acute
epidural hematoma, CH contusional hemorrhage, L left, R right, T temporal lobe, F frontal lobe; M Male, F female; GCS Glasgow coma
score, SjOz jugular bulb oxygen saturation (%), PetCOzend-tidal COz partial pressure (mmHg), ICP intracranial pressure (mmHg), CPP
cerebral perfusion pressure (mmHg), Tjb jugular bulb venous temperature (0C), GOS Glasgow outcome scale; HT hypothermia, DC
decompressive craniotomy, BT barbiturate therapy, HLS hypertonic lactate saline.

mon carotid artery (CCA). PDI was evaluated in terms of a)
morphological changes via the temporal window, and b) hemo
dynamic changes via the temporal window in the middle cerebral
artery (MCA), anterior cerebral artery (ACA), and posterior
cerebral artery (PCA); via the foramen magnum window in the
vertebral artery (VA) and basilar artery, and using the cervical
approach in the ICA and CCA. Hemodynamic evaluations were
comparing the results of patients with those of controls on the
basis of measured angle-corrected time-averaged mean velocity
(TAM) and time-averaged peak velocity (TAP) on the Doppler
spectrogram, Vd on the PDI, and calculated pulsatility index (PI),
resistance index (RI), Va, and flow volume (Vf =TAM x Va).
Such utilized parameters as wall filter (WF), pulse repetition fre
quency (PRF), and color gain (CG) also were evaluated.

Results

1. Morphological Evaluations

Major trunks of intracranial vessels, including the
MCA, ACA, PCA, and circle of Willis, and cerebral
parenchyma such as the frontal and temporal
lobes and midbrain were finely visualized via the
temporal window, especially in cases of craniotomy.
Contusional hemorrhage in the frontal lobe with
shifted midline structures was clearly identified
as an irregular hyper-echoic lesion with shifted
anterior cerebral arteries (Fig. 1). Cerebral contusion
demonstrated hypo-echoic lesions Delayed epidural

hematoma could be identified as a hyper-echoic band
(Fig. 2).

2. Hemodynamic Evaluations

a. Analysis of normal controls (Table 2)

Via the temporal window, both MCA were detect
able in all but one case. Contrarily, only 12 ACAs
were detectable in 9 cases and only 8 PCAs in 6 cases.
Furthermore, vessel imaging was not sufficiently
clear for measuring Vd of one MCA and PCA each.
In imaging via the foramen magnum window, vessel
contours were detectable in all cases of VA, with the
exception of a unilateral side alone in 2 cases, and of
the basilar artery in 5 cases. Measured TAM, TAP,
and Vd, calculated PI, RI, Va and Vf, and utilized
WF, PRF, and CG are summarized in Table 2.

b. Analysis of patients with severe head injury
(Table 3)

Concerning measured TAM and TAP in the extrac
ranial arteries, CCA tended to increase; however,
ICA and VA tended to decrease. With respect to
TAM and TAP in the intracranial arteries, there
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Fig. 1. Fifty five-year-old patient with right acute subdural hematoma is postoperatively examined three days after injury. Hyper-echoic
lesion in right frontal lobe shown by POI (left) corresponds with CT scan (right). POI visualizes shifted anterior cerebral arteries

Fig. 2. Five days after decompressive craniotomy for left acute subdural hematoma of 9-year-old girl, delayed epidural hematoma in the
contralateral side indicated by green arrows is visualized as a hyper-echoic band in POI, corresponding with CT

were tendencies to decrease in the PCA and to
increase in the MCA, despite their remaining
unchanged in the BA and ACA.
In comparison with controls, Va increased in all
vessels The increases were particularly significant in
the intracranial MCA and PCA. Consequently, de
rived Vf of the CCA significantly increased primarily
due to the increase in flow velocities. Contrarily, de
rived Vf increases in the intracranial MCA, ACA,
and PCA mainly were due to increase in Va. Vf
increase was not apparent, however, in the ICA and
VA CG for VA utilized low, but WF and PRF
showed no significant differences.

Discussion

1. Morphological Evaluation Using Transcranial
en and PDf

Transcranial CFI or color-coded real-time
sonography has been used to visualize pathological
changes in the intracranial parenchyma of adult and
the major trunks of intracranial vessels in the basal
brain [2]. Its usefulness in identification of pathologi
cal change in cerebral parenchyma, especially visual
ization of cerebral hematoma, has been reported
in conjunction with not only cerebrovascular lesions
but also head injuries [17]. The image quality of
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Table 2. Control Values in 11 Normal Control Subjects*

CCA ICA MCA ACA VA BA PCA

n 19 22 32 12 20 5 8

TAM (cm/s) 20 ± 5 34 ± 7 60 ± 15 56 ± 28 32 ± 10 37 ± 8 44 ± 14

n 19 22 32 12 20 5 8

TAP (cm/s) 34 ± 5 58 ± 16 90 ± 18 88 ± 46 48 ± 15 59 ± 15 66 ± 16

n 19 22 32 II 18 5 7
Vessel diameter (em) 0.60 ± 0.23 0.48 ± 0.25 0.39 ± 0.25 0.42 ± 0.28 0.42 ± 0.28 0.42 ± 0.34 0.32 ± 0.20

n 19 22 32 11 18 7
Vessel area (cm2) 0.28 ± 0.04 0.18 ± 0.05 0.12 ± 0.05 0.14 ± 0.06 0.14 ± 0.06 0.14 ± 0.09 0.08 ± 0.03

n 19 22 32 11 18 5 7
Flow volume (mllmin) 325 ± 103 369 ± 162 434±212 429± 193 273 ± 171 344 ± 307 170 ± 57
n 19 22 32 12 20 5 7

PI 1.47±0.31 0.8 ± 0.22 0.71 ± 0.14 0.77 ± 0.10 0.71 ± 0.15 0.71 ± 0./ 0.67 ± 0.17
n 19 22 32 12 20 5 7
RI 0.70 ± 0.05 0.51 ± 0.07 0.49 ± 0.06 0.53 ± 0.04 0.50 ± 0.06 0.51 ± 0.06 0.56 ± 0.08
n 12 22 32 12 20 8
Wall filter (Hz) 200 100 100 100 100 100 100
n 12 22 32 12 20 8
PRF (Hz) 3500 450 450 450 450 450 450
n 12 22 32 12 20 5 8
Color gain (%) 70 ± 10 69 ± 8 85 85 85 ± 1 85 85

*n number of vessels, CCA common carotid artery. ICA cervical internal carotid artery, MCA middle cerebral aretry, ACA anterior cerebral artery. VA
vertebral artery, SA basilar artery, PCA posterior cerbral aretry. TA M time-averaged mean velocity, TAP time-averaged peak velocity. PI pulsatility index.
RI resistance index, PRF pulse repetition frequency.

brain parenchyma utilizing the CFI B-mode is not,
however, necessarily better than that of CT. This is
because CFI aims at transcranial visualization
and employs ultrasound frequencies as low as 2 to
3 MHz. It is considered to improve the quality of
image resolution utilizing a slightly higher frequency
probe, in cases of bone flap removal or burr holes
operation [1].
In visualizing the intracranial vessel contours, con
ventional CFI could not demonstrate high resolution
images [2]. Whereas the CFI viscualizes Doppler
mean frequency, the recently developed POI delin
eates the integrated Doppler power itself and fea
tures angle independence, no aliasing, and a low
signal-to-noise ratio resulting in a wide dynamic
range [13]. In fact, its superiority in the visualization
of intracranial vessels [7,19] has been reported.
Consequently, POI was adopted in this series.

2. Measurement of Blood Flow Volume

Ultrasonographic measurement of Vf in the cerebral
vessels has been introduced in clinical settings,
mainly in the CCA [10]. Lately, using CFI, attempts
have been made to measure Vf experimentally in the
peripheral small artery [20] and clinically in the cervi
cal ICA and VA [15,16], and the reproducibility of
the obtained data was confirmed [16].

There have been no reports elsewhere of such
study involving measurement of Vf in the intracra
nial arteries. Our pervious report of study utilizing
CFI pointed out problems arising from reliability
of Vd measurement and calculated Va due to poor
visualization of vessel contour [18]. Under these
circumstances, we employed PDI which features high
resolution of vessel contour for this study.
With respect to intracranial vessels of normal sub

jects, MCA and ACA Vd in our series were 0.39 ±
0.25 cm and 0.42 ± 0.28cm, respectively. Direct post
mortem measurements of intraluminal Vd in MCA
and ACA were 0.21 ± 0.038 (or 0.21 ± 0.041) cm and
0.161 ± 0.037 (or 0.163 ± 0.039) cm, respectively [11].
Taking postmortem vessel shrinkage into consider
ation might result in underestimation of Vd in ca
daver studies [11], whereas our POI measurements
of intracranial Vd probably are overestimations. Fur
thermore, measurements may be unreproducible due
to overlapping of vessels, especially in Al and A2
portions of the ACAs and anterior communicating
artery.
In the extracranial arteries, Vd in the cervical ICA
and VA measured by CFI using a 7MHz linear-array
probe demonstrated 0.48 ± 0.07 cm and 0.34 ±
0.06cm, respectively [15]. Our POI data using a 2-3
MHz phased-array probe result of 0.48 ± 0.25 cm in
the ICA was almost the same, while the result of
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Morphological and Hemodynamic Evaluations

0.42 ± 0.28cm in the VA was greater than Schoning's
data [15]. Experimental CFI data using a 7MHz
linear-array probe in the anterior tibial artery of
newborn lambs also indicated overestimation of Vd
by 10-27% [20].
These overestimations and wide variability of Vd
in the intracranial arteries in our POI study probably
were affected by depth from probe to vessels and the
resolvigng power of vessel contours using a 2-3MHz
low frequency phased-array probe. Measurement of
Vd also is affected by WF, PRF [6], and Reynolds
number [5]. Further studies including reduction of
random errors [4] are essential.

It is known that 10 to 15% higher flow velocity
values were obtained on the basis of angle correc
tion using CFI in comparison with conventional
transcranial Doppler [14]. Flow velocity values in the
MCA and ACA measured in this series also tend to
be higher.

3. Hemodynamic Evaluation in Patients with Severe
Head Injury

The flow velocities measured in this series showed a
decreasing tendency for the ICA, VA, and PCA and
an increasing tendency for the MCA. In evaluating
the flow velocity increase of intracranial arteries, it is
necessary to distinguish between cerebral vasospasm
or hyperemia, utilizing Sj02 monitoring [3] or quan
titative cerebral blood flow measurements based on
intravenous!33 Xe [9] and single photon emission CT
[12], and the risk of cerebral ischemia due to vasos
pasm has been pointed out.
The increasing tendency in the flow velocity
meaured for the MCA in this series is suspected of
vessel contraction due to vasospasm. Because flow
velocity in the ICA showed a decreasing tendency, it
is considered that there is also a decreasing tendency
in the cerebral blood volume [8]. It is not always easy
in this series to demonstrate Vd decrease due to va
sospasm In fact, an inconsistency was observed that
Vd increase resulted in calculated Vf increase. This
inconsistency, encountered in evaluation of normal
cases, is attributable to Vd measurement. Further
study will be required for improved reliability in this
respect.
PI and RI, on the other hand, showed significant
increases except those for the CCA. This is consid
ered in relation to hyperventilation therapy for in
creased ICP used in this series, and the increase in
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peripheral resistance due to cerebral parenchymal
lesions.
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The Effect of Experimental Spinal Cord Edema on
the Spinal Evoked Potential

K. Tanaka, A. Kim, H. Naruse, and A. Hakuba

Department of Neurosurgery, Osaka City University Medical School, Osaka, Japan

Summary

Experimental spinal cord edema was successfully produced in the
cat intumescentia cervicalis by the infusion method of Marmarou.
The water content around the infusion site significantly increased
to 75.9% from the normal value of 69.8% of white matter in the
lateral column, with the infusion of 20 ~l of autoserum. The edema
was observed for a length of ca.20mm, spreading mainly longitudi
nally in the lateral column. The spinal evoked potential was mea
sured four times on the course of infusion and the Nl peak latency
at the end of infusion did not show any significant difference
compared to the value before infusion. This model may contribute
to basic understanding of pathophysiology of spinal cord edema by
changing the nature and the volume of infusate, and the location
of infusion, according to the experimental purpose.

Keywords: Spinal cord edema; spinal cord trauma; spinal evoked
potential.

Introduction

Although spinal cord trauma and intramedullary spi
nal cord tumor are often encountered in the clinical
setting, there are only a few reports of experimental
spinal cord lesions [1,2,9]. The infusion method of
producing experimental cerebral edema is a well
known method by which a fairly reproducible edema
can be produced in the brain parenchyma [4,7,8].
Experimental spinal cord edema was produced in the
cat intumescentia cervicalis by this infusion method,
and the distribution of water along the spinal cord
axis and its effect on spinal evoked potentials were
studied.

Materials and Methods

Adult cats were anesthetized with an intraperitoneal injection of
pentobarbital sodium (40mg/kg), intubated and mechanically ven-

tilated and maintained on 1: 3 gas mixture of O2 and NzO. The
head was fixed on a stereotactic apparatus and laminectomy from
Cl through C7 was performed. A 30-gauge needle, which was
connected with the polyethylene tubing to the 1ml syringe
mounted on a variable speed infusion pump, was inserted into the
right lateral column of the intumescentia cervicalis at the level
between C5 and C6 vertebrae. The point of needle insertion was at
the right 1/6th of the width of spinal cord. A total amount of 20 ~I
of autoserum was infused at a rate of lO~l/hr. The in-line pressure
was measured by a pressure transducer via a three-way stopcock
which was placed in the infusion line.
Three cats were used for the measurement of water distribution
along the spinal cord axis from the infusion point. In this group,
immediately after 20~1 of autoserum was infused, the cats were
sacrificed by intravenous injection of KCI. and the total length of
the cervical and upper thoracic spinal cord was removed. Thirteen
axial slices with 3mm thickness of the spinal cord, such that the
central slice contains the infusion point. were obtained. Two
samples from the lateral column and one sample from the central
gray matter were obtained from each half of the spinal cord in
every slice, and the water content was measured by specific gravity
method. In order to measure the water content by specific gravity
method. the specific gravities of the solid components (SPGRs) of
white matter and gray matter of the spinal cord must be known [3].
The values of 1.12197 and 1.19535 were used respectively, for the
SPGRs of the spinal cord white matter and gray matter, which
have been obtained in the other series of experiments in our
laboratory.
Five cats were used for the measurement of the spinal cord

evoked potentials. The stimulation electrodes were inserted be
tween toes of forelimbs bilaterally. and the spinal evoked potential
was recorded by monopolar lead with the silver ball electrodes,
which were placed over the bilateral dorsal column at the level of
Cl vertebra. The stimulation was performed by a train of square
waves. lIsec, with a duration of 0.5 msec, with 130% of the inten
sity which elicited forelimb movement. Routinely 100 responses
were processed by an averaging computer. The spinal evoked
potential was recorded intermittently at post-insertion of the infu
sion needle, and at the times when the accumulated volume of
autoserum reached 5~1, 1O~1. 15~1, 20~1. The recording was per
formed in four different ways: the left forelimb stimulation and the
left dorsal column recording, the left forelimb stimulation and
the right dorsal column recording. the right side stimulation and
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Fig. 2. The changes in the N1 peak latency of spinal evoked poten
tials in the course of infusion. Numerals in the abscissa represent
the accumulated volume of autoserum in the right lateral column.
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was done on the right dorsal column at the level of Cl by stimula
tion of left forelimb. The Nl peak latency at the infusion was
terminated (accumulated volume: 20IlI) and did not show any
significant/difference compared to the value before infusion in
four manners of recordings
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Fig. 1. Water distribution along the cervical spinal cord axis. Nu
merals in the X-axis represent the distance from the site of infu
sion. The positive number is used for cephalad direction and the
negative number is used for caudal direction. The water content
was measured in four locations in each axial plane, rt- & It-lateral
column, rt- & It- central gray matter. The significant increase was
observed only in four slices around the infusion site in the rt
lateral column. The mean % water content in these edematous
slices reached 75.85 ± 2.03% (mean ± SO) whereas the mean value
of all slices in the It-lateral column (contra-lateral side) was 69.80
± 1.78

..

the left side recording, the right side stimulation and the right side
recording.

Results

The water content was measured in four locations in
each slice, the lateral column of the right side where
the infusion of autoserum was performed, the lateral
column of the left side, the central gray matter bilat
erally (Fig. 1). The significant increase of the water
content was observed only in four central slices
around the infusion point in the right lateral column
compared to the remote slices (p < 0.001). The mean
value of these four slices reached 75.85 ± 2.03%
(mean ±SO, n = 24). There were not any significantly
increased slices in other locations. The values of the
lateral column and the central gray matter of the left
side, contralateral to the infusion side, were 69.80 ±
1.78% (mean ±SO, n = 70) and 77.88 ±1.84% (mean
± SO, n = 33), respectively. The pressure rise in the
infusion line while the infusion pump was motorized
was 5.0 ± 0.8mmHg and the tissue pressure after
termination of infusion was 4.3 ± 1.1 mmHg.
In order to examine the effect of edema on trans

mission of impulse through the posterior column and

the lateral column, the peak latency of the first nega
tive deflection of spinal evoked potential, which is
the conduction time from the site of stimulation to
the level of Cl vertebra, was focused. To avoid re
dundant description, the manner of stimulation and
recording was expressed in a short form, such that
when the recording was performed over the left pos
terior column by stimulation of right forelimb, it was
arbitrarily designated as "right-left" recording. The
peak latencies of N1 in the left-left, left-right, right
left, and in the right-right recordings before the infu
sion pump was motorized were 3.26 ± 0.15, 3.28 ±
0.17, 3.31 ± 0.20,3.28 ± 0.22 msec, respectively, and
3.24 ± 0.22, 3.26 ± 0.20, 3.26 ± 0.20, 3.26 ± 0.20, 3.23 ±
0.22 msec at the accumulated volume of infusate
reached 20111 (Fig. 2). There were not any significant
delays in conduction time through any tracts.

Discussion

The method of producing brain edema by infusion
has been reported elsewhere [4,7,8]. When it is ap
plied to the spinal cord, we have to consider that the
volume which will accommodate infusate is very
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small because of its size, then the total amount of
infusion must be limited to a small amount, the
needle which is used must be very thin and the speed
of infusion must be very slow in order to minimize
tissue injury. We have solved these problems by us
ing 30-gauge needle, and infusing 20111 at a speed of
101l1/hr.
The preliminary report of the histological aspect
of this model has been presented at the Tenth In
ternational Brain Edema Symposium. The extracel
lular space was markedly distended and filled with
electron-dense material. These features were similar
to the findings which were seen in the infusion type of
brain edema [6,8]. The water content of four slices
around the infusion needle significantly increased in
the lateral column (Fig. 1). Including the skirts of this
peak (three slices), the distribution of edema seemed
to extend for ca.l00mm in both directions from the
infusion site. Although a slight infiltration of Evans'
blue was observed in the adjacent border of the cen
tral gray matter in the previous study [5], no signifi
cant increase of water content was detected in the
central gray matter in the infused side.
The spinal evoked potential was recorded in four
manners; left-left, left-right, right-left, right-right (re
fer to the results for these abbreviations). In order to
investigate whether there is any effect of edema on
the conduction time, the first negative deflection of
the spinal evoked potential, the Nl peak latency, was
focused on. Although the other type of experiment
must be designed to define through which tract the
impulse is conveyed in each recording. When they
are compared in each animal the Nl peak latency in
the left-left recording is shorter than in the left-right
recording (4/5 cats), and the right-right recording is
shorter than the right-left recording (4/5 cats). We
presume that the impulse seemed to be conveyed
through posterior column in the left-left, and in the
right-right recordings, and it seemed to be conveyed
through lateral column in the left-right, and in the
right-left recordings. Taking these assumptions into
consideration, Nl peak latency in the left-right re
cording must be greatly affected by infusion in the rt
lateral column. Not only in the left-right recording,
Nl peak latency did not change in any other record
ings. This magnitude of edema, 6% increase in water
content, did not affect conduction of impulse. These
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results coincide with the results which were reported
in the previous study that there was not any delay in
the conduction of SEP in the infusion type of brain
edema [7]. The edema per se seemed to be a benign
event even in the spinal cord.
In a few experimental works concerning experi
mental spinal cord injury, injury was produced by
freezing or weight dropping technique [1,2,9]. In
these models, there inevitably exist tissue necrosis,
which in turn causes secondary damage to the spinal
cord. Tissue necrosis was not observed in this experi
ment. The spinal cord edema model presented here
may contribute to basic understanding of patho
physiology of spinal cord edema by changing the vol
ume and the nature of infusate, and the location,
according to the experimental purpose.
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Summary

We sought to investigate the course and magnitude of blood brain
barrier (BBB) permeability following focal and diffuse traumatic
brain injury (TBI) in immature rats and examine the time course of
markers of acute inflammation (neutrophil accumulation and E
selectin [E-sel] expression) following these two types of injury. We
measured BBB permeability using IV injection Evans Blue (EB)
and the extent of inflammation using immunohistochemical tech
niques identifiying neutrophils (monoclonal antibody RP-3) and
the endothelial adhesion molecule. E- selectin. Male Sprague
Dawley immature (17 day-old) rats (30-45 g, n =80) were subjected
to a controlled cortical impact (CCI: 2mm, 4m/s), a closed head
diffuse injury (01: 150g/2m) or a corresponding sham procedure
(with or without craniotomy). EB was injected IV at 30min before
sacrifice, which occurred at 1h, 4h, or 24 h after injury. BBB per
meability was observed in both the CCI and DI rats at 1 h after
injury which largely resolved by 24 h. In the CCI. EB extravasation
was seen within and around the contusion. In 01. diffuse BBB
permeability was seen. 01 was not associated with acute inflamma
tion since there was neither neutrophil accumulation nor E
selectin expression. The CCI rats though had 5.1 ±2.2 neutrophils/
hpf and 3.0 ±0.4 endothelial cells/hpf expressing E- selectin (mean
± SEM) (both p < 0.05 vs sham and 01). These data suggest that
BBB breakdown occurs in the immature rat after both focal and
diffuse TBI. This early BBB permeability was not associated with
acute inflammation in DI but was in CCI. These data also suggest
that contusion is a key factor in the development of a tradtional
acute inflammatory response after TBI in the immature rat.

Keywords: Acute inflammation: blood brain barrier: immature rat.

Introduction

Little is known of the pathophysiological processes
that occur and are unique in children after traumatic
brain injury (TBI). Clinically. children are consid
ered to respond to severe TBI by exhibiting diffuse
cerebral swelling more commonly than adults. The

development of diffuse swelling is associated with
increased mortality and disability. Why children
more commonly develop diffuse swelling compared
to adults is not well understood and the etiology of
this diffuse swelling remains to be determined. Cere
brovascular failure with hyperemia [3], breakdown of
the blood brain barrier (BBB) with edema [2], and
cytotoxic edema [7] have been suggested as key
events in the evolution of this pathophysiological
response.
Enhanced BBB permeability has been reported to

occur after many different types of experimental
acute cerebral injury. Fluid percussion [6,11], CCI
[8,10], and diffuse impact-acceleration [2] TEl as well
as other types of cerebral insults such as hypoxia
ischemia, and radiation cerebritis in the adult rat are
accompanied by varying degrees and durations of
increased BBB permeability. The etiologies of the
loss of BBB integrity has been attributed to direct
mechanical disruption, or to specific mechanisms
such as inflammation [11] or excitotoxicity [9]. There
are presently no animal studies addressing either
the acute response of the BBB or the relationship
between permeability of the BBB and inflammation
following experimental diffuse TBI in the developing
brain. In this preliminary study, we sought to in
crease understanding of the response of the imma
ture brain to diffuse impact acceleration [1], and to
compare that response to that observed after focal
CCI in the immature rat, by determining the extent
of BBB permeability and its relationship to acute
posttraumatic inflammation.
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Material and Methods

Four experimental groups were used for this study. Male Sprague
Dawley immature (17 day-old) rats (35-50 g, n = 80) were sub
jected to either a diffuse or focal TBI. Diffuse injury was produced
using a previously described closed head impact acceleration
model (DI: 150g/2m) [1]. Focal contusion was produced using a
newly developed modification of CCI (1.5mm, 4m/s) in the imma
ture rat. Corresponding sham procedures (without [S-DI] or with
[S-CCI] craniotomy) were also used. Two types of sham proce
dures were used since in previous studies of BBB integrity in adult
experimental preparations, there was a measureable increase in
BBB permeability from craniotomy alone. Craniotomy is needed
for the production of the injury in the CCI but not in the diffuse
TBI model.
BBB permeability was determined by using an intravenous (IV)
injection of Evans Blue (EB) at specific times after the injury and
the rats were sacrificed 30min later at 1h, 4 h, and 24 h. The brains
were perfused transcardially with saline, removed and quick
frozen at -70°C. Brains were bisected coronally through either the
contusion or a comparable location (for the 01 rats) and BBB
permeability was initially qualitatively assessed in these sections.
Each of the anterior brain segments were then weighed and
the EB was extracted using a standard volume of N-n-dimethyl
formamide for 5d. The absorbance of the solutions was calculated
at a wavelength of 620nm and expressed as absorbance units/g of
tissue x1,000.
The extent of inflammation was determined using standard
immunohistochemical techniques in serial coronal brain sections
(20llm) obtained from the posterior half of the remaining brain
using MoAb RP-3 (which identifies rat neutrophils) and a MoAb
against E-selectin (an endothelial adhesion molecule induced by
IL-1~ and TNFa). The number of stained cells were quantified by
counting 22-28 randomly selected high power (100X) fields (hpf).
Statistical analysis was performed by comparing injury and
sham groups using Student t-test and analysis of variance
(ANOVA) with post-hoc comparisons where appropriate. Statisti
cal significance was defined by a p value <0.05.

Results

BBB permeability was observed in both the CCI and
DI rats compared to sham injured controls. Perme
ability was maximal at 1h after injury but had almost
completely resolved by 24h (see Table 1). In the CCI,
EB extravasation was seen for the most part within
and around the contusion though there was minimal
BBB permeability diffusely in the ipsilateral hemi-
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sphere. In DI, there was diffuse BBB permeability,
this was fairly equal between hemispheres but was
greater on the dorsal compared to the ventral surface
of the brain. Moreover, the BBB permeability at 1h
after injury was greater in the CCI than in the DI.
S-DI, S-CCI and DI were not associated with acute
inflammation since there were neither neutrophils
nor E-sel expression in any of the high power fields,
although S-CCI had an occasionally staining posi
tive cell beneath the craniotomy site. The CCI rats
though had increased numbers of postitive stained
cells for both markers, particularly around the site
of contusion (p < 0.05 vs SoCCI, S-DI, and DI (see
Table 2).

Discussion

This preliminary report represents the first data to
show that there is BBB permeability in the immature
rat after both experimental focal and diffuse TBI.
This breakdown in the BBB was noted to be maximal
at 1h in both types of injury and was shown to largely
resolve by 24h. This is similar to previous work in
adult animals following diffuse impact acceleration
injury [2] and fluid percussion injury [26] where the
BBB permability was also transient and lasted no
more than 3Q-60min depending on the severity of
injury. In previous work on focal injury, BBB perme
ability was observed up to 10h after injury [5]. Age
related differences or differences in severity of injury
may have been the source for this discrepancy in
BBB permeability. As assessed with our paradigm
(eg) between 1hand 24h, BBB permeability was also
found to be greater after CCI than after DI. This is
particularly true if one considers regional permeabil
ity in and around the contusion (which was not quan
tified in this initial study). This suggests greater local
vascular injury in contusion than in DI.

Table 2. Acute Inflammation (Number of stained cells/hpf) (mean
±SEM)

Table 1. Blood Brain Barrier Permeability (Absorbance units/
gram of tissue)

1 hour 4 hour 24 hour

S-DI 17.7 +/- 0.09 33.3 +/- 9.2 23.7 +/- 4.3
DI 54 +/-7.5 34.8 +/- 4.2 29.3 +/- 8.4
S-CCI 34.3 +/- 10.3 29.7 +/- 6.5 23.3 +/- 3.5
CCI 135.6 +/- 78.8 50.8 +/- 8.0 24.6 +/- 1.7

S-DI sham without craniotomy; DI diffuse injury; S-CCI sham
with craniotomy; CCI focal injury.

S-DI- RP-3
E- Sel
DI- PR-3
E- Sel
S-CCI- RP-3
E- Sel
CCI- RP-3
E- Sel

1 hour

o
o
o
o
o
o
0.1 +/- 0.1
o

4 hour

o
o
o
o
o
0.1 +/- 0.1
6.4 +/- 1.5
8.2 +/- 2.0

24 hour

o
o
o
o
0.3 +/- 0.3
o
18.0 +/- 6.4
8.4 +/- 2.3
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BBB permeability was not necessarily associated
with acute inflammation. In both our models of TBI
in the immature rat, early acute BBB permeability is
present whether or not there is acute inflammation;
no cellular markers of inflammation were noted in
DI although there was significant inflammation
noted after focal injury (CCI). In a previous report of
BBB permeability after fluid percussion TBI in adult
rats, neutrophil accumulation occurred where there
was concomittant BBB damage [11]. These data sug
gest that a contusion produced by our model of CCI
is a key factor in the triggering of an acute inflamma
tory response after focal TBI. We speculate that this
response is a result of either severe vascular disrup
tion in CCI, or the elaboration of chemotaxin in the
necrotic contusion zone. As a result, the importance
of contusion to the development of a traditional cel
lular inflammatory response may not be limited to
the immature since this is a key feature of contusion
in adult rats [4]. Also, because BBB permeability is
increased in the diffuse impact acceleration model in
the adult rat as early as 60min after injury [2], evalu
ation of earlier timepoints in the immature rat may
be warranted.
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Summary

Severe head injury with and without peripheral trauma is the most
frequent cause of death and of severe disability up to 45 years.
Outcome is determined by two major factors, the extent and na
ture of the irreversible primary brain damage. and the evolving
secondary sequelae, which contrary to the former are responsive
in principle to therapeutic intervention. An improvement of out
come from severe head injury can be expected only from an in
creased efficiency of the measures to prevent secondary brain
damage. A research consortium "Neurotrauma" was formed by
the University of Munich in collaboration with almost all city
hospitals in Munich, Augsburg, Murnau, Ingolstadt. Vogtareuth
and Southern Bavaria, providing care for neurotrauma patients.
These hospitals together with the associated organizations carry
out a system analysis on the management. logistics, organization.
patient referral, etc. In severe head injury. Data acquisition is e.g.
also concerned with outcome-relevant time periods of emergency
care measures in the pre-clinical phase until hospital admission,
conclusion of diagnostic procedures, and of the initial clinical care.
Current results and experiences with establishment of this com
prehensive research organization are presented, where no less
than 31 hospitals. Institutions and organizations, and a study
group of more than 40 physicians, students and statisticians are
collaborating.
Emerging data appear to be suitable to further improve perti

nent aspects of the patient management as a basis to lower the
incidence of secondary brain damage from severe head injury.

Keywords: Clinical management; neurotrauma; research consor
tium; severe head injury.

Introduction

Severe head injury is the most important cause of
mortality and disability in an age range of up to 40-45

years. In Germany, approximately 10,000 accident
and other victims are dying per annum as a conse
quence of severe head injury. Assuming a case
mortality of 35% [1] it can be concluded that the
incidence of cases with severe head injury ap
proached 30,000 per year. It is suspected that early
insults to the brain, in the prehospital phase, make
major contributions to the development of secondary
brain damage and a raised intracranial pressure. The
outcome depends on two factors, the nature and
severity of the primary injury of the brain at the
moment of the traumatic impact, and the various
manifestations of secondary brain damage [2,3].
Progress in improving outcome in severe head injury
requires a more efficient inhibition of the develop
ment of secondary brain damage - the various forms
of primary injury from trauma are by definition re
fractory to any treatment. They should be avoided by
the measures of prevention.
In essence, the treatment of head injury comprises
many components, such as organization and logistics
of the prehospital management at the scene, referral
and admission of the patient to a suitable hospitable,
as well as the subsequent diagnostic and therapeutic
procedures including rehabilitation. This requires a
highly developed communication system, organiza
tion, logistics, and management of the prehospital
rescue service, availability and sufficient density of
neurotrauma centers, well trained medical and
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paramedical personnel - each of which is essential
in raising the efficiency of services involved in the
patient management and care.

Purpose of Current Study

A system Analysis was designed and initiated to
assess all major components of the head injury
management commencing at the scene of an acci
dent. A Study Group was established as an objective
of the Research Consortium "Neurotrauma"
Munich, supported by the Federal; Department of
Education, Research and Science [7]. The System
Analysis is expected to provide data on the efficiency
of the current management, including logistics and
organization of patient care in the prehospital and
early clinical phase. The analysis includes the dis
patch of emergency services, time intervals relevant
to outcome, as well as the patient's state at the scene,
during transport, and after hospital admission, also
the occurrence and nature of complications.

In a currently concluded first study phase, data
were prospectively collected - quasi on-line - by an
independent team of assistants, i.e. medical students
trained as paramedics. The documentation assistants
arrive at the scene of an accident together with the
rescue team, most often by helicopter. The prospec
tive data collection is continued during transport
and after admission of the patient to the hospital.
The specifically designed protocol was established
by members of the Study Group, particularly
emergency physicians and neurosurgeons.
An endpoint of the Phase-l study was to obtain
information on the current state of preclinical care
and the early clinical management. The following
aspects were considered to be of specific interest:

Number and distribution of neurotrauma hospitals
in the catchment area
Allocation and transfer of patients to and from
general trauma hospitals to neurosurgical units
Type of emergency vehicle (ambulance car,
helicopter)
Monitoring and care of the patient at the scene,
during transport, and after hospital admission
Time periods and intervals relevant to outcome
("time management"), e.g. the promptness of
recognition and correction of life-threatening
complications
Frequency and nature of life-threatening compli
cations at the scene, during transport, and during

A. Baethmann et al.

the early clinical phase, e.g. hypoxia, hypercapnia,
or arterial hypotension.

Outcome was assessed by the Glasgow Outcome
Score [4].

Design and Methods

The catchment area contains large and small cities and rural areas
in Southern Bavaria, Munich was included as big city with a large
number of high intensity level hospitals. The city of Augsburg
(population ca. 120,000) is a typical smaller sized community which,
however, has a large medical center (Zentralkllnikum) providing
also intensive care in all disciplines, including general trauma sur
gery, and neurosurgery. The cities of Murnau, Ingolstadt, and
Vogtareuth are covered as smaller communities, yet also having
modern, high level hospitals serving Southern Bavaria and beyond.
The total catchment area covers approximately one third of the
Bavarian population, Altogether. 14 hospitals (general trauma,
neurosurgical, etc.) are taking part, also the institute of Surgical
Research and the institute of Medical information, Biometrics, and
Epidemiology of the University of Munich. An important issue is
the involvement of specific organizations in the region. One orga
nization of our university (Arbeitsgameinschaft f. Notfallmedizin
und Rettungswesen - ANR) is assigned with research on emer
gency medicine and rescue services, others are in charge of the
rescue helicopters "Christoph 1" based at the Community Hospital
Munich-Harlaching or "Christoph 32" based at the Medical Center
of Ingoistadt. Moreover, the Bavarian Red Cross is taking part, the
various dispatch centers for emergency services, e.g. in Munich,
Rosenheim, Erding, Forstenfaidbruck, Wellheim, Augsburg,
Krumbach, Kempten and Ingolstadt, and, finally, the headquarters
of the Munich fire brigade.
There are no specific instructions about the management for the
rescue services or the primary or secondary care hospitals, as it is
a point of this study to assess and analyse the status quo. The only
exception is the sampling of arterial blood at the scene of an
accident by the rescue team, which is performed, if possible before
the patient is intubated, ventilated, and given oxygen [5]. Care is
taken, of course, that the blood sampling is not interfering with the
routine emergency care for the patient. The blood gases are ana
lyzed to gather information on the actual respiratory state of the
patient. Data so far obtained in 45 cases indicate that most patients
from whom blood was sampled prior to intubation and, thus, were
spontaneously breathing, to have a subnormal to hypoxic arterial
PO, (i.e. < 80-86mmHg), whereas the arterial PCO, most often
was in the normal range. Other features documented at the scene
are the GCS blood pressure, respiratory rate, and visible complica
tions, injuries and, of course, management procedures.
The recording of time intervals was using as a reference the time
of the incoming call to the dispatch center. Times of interest in
clude when the rescue team arrives at the place of an accident,
when the patient is intubated. when transport starts, or when the
patient is admitted to the hospital. The time of CT-diagnosis and
of surgical or intensive care interventions was also recorded.
A patient is finally recruited as having a severe head injury, if
the Glasgow Coma Score on the scene is 8 points or below, i.e.
before intubation or sedation. or if the GCS deteriorates to 8
points or below within 24 hrs. However, assessment of the GCS
most often is complicated by management procedures on the
scene, particularly by the intubation and analgo-sedation, Under
these circumstances, the diagnosis of severe head injury is estab
lished by respective CT-findings. e.g. utilizing the classification of
L. F. Marshall et at. [6].
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severe head injury, but their large number on duty
and missions in our catchment area renders the prob
ability rather low that a given case will be a patient
with severe head injury.
Important issues have been recognized in the
present study. One is maintenance of the quality of
data. A critical moment, for example, is the transition
of the responsibilities after a patient is admitted to
the hospital, when documentation must be continued
by a physician of the admitting clinic. Another prob
lem is that a patient is prematurely discharged from
the hospital, raising the possibility that the documen
tation is interrupted. The Phase-1 study on the
preclinical and early clinical management in patients
with severe head injury was concluded in October/
November 1997. Thereafter, the system analysis will
be carried out as a Phase-2 study on an epidemiologi
cal population-based level in the catchment area.

Emergency measures (when)

• Lv. line
• 01-administration
• Intubation
• Ventilation
• Cardiac reanimation
• ARalgo-Sedation
• Infusions• Vomiting

• Aspiration
.DP-decrease
• Seizures
• Cardiac arrest
• Death

• Circulation
• Ventilation
• GCS. pupillary response
• Positioning

Complications (when)

State of patient

IRecording al all time points

Present State of Date Collection

At approximately two years after start of the Phase
1 study, 148 patients have been recruited, 77 cases
were included as the diagnosis of severe head injury
was confirmed, 72 cases were excluded, either since
severe head injury was not confirmed, or the patients
died within 24hrs. In 75% of cases the rescue team
arrived at the site of an accident within less than
15min after the call was received at the dispatch
center, intubation was done within 40min, admission
to hospital within 70min, cranial CT-scan within
120min, and the acute clinical procedures were com
pleted within 3.5 hrs. The majority of patients (79%)
were transported by helicopter together with an
emergency physician.
Although the number of patients so far recruited is
limited, our experience shows the extraordinary re
quirements to ensure that all information is collected
prospectively, partly even at an on-line basis provid
ing for a maximum level of data quality. The well
trained research assistants must be available on a
stand-by basis at the home-port of the rescue vehicle
(most often a helicopter), during a whole period of
duty, i.e. from morning until night in order to arrive
at a patient with severe head injury as soon as
possible after an accident. For organizational rea
sons, we were focusing our study on the helicopters
"Christoph 1" in Munich, or "Christoph 32" in
ingolstadt. This markedly improved the chances that
among the many missions of these vehicles patients
with severe head injury meeting our inclusion criteria
are available for documentation. Of course ground
based vehicles are also transporting patients with

At arrival of 1st vehicle

Visible injuries, blood gases

Type of rescue vehicle

Transport target

Fig. 1.

• Siale of consciousness
• Positioning
• First aid by lay people
• Cause of accident
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Summary

Ischemia causes secondary brain damage after severe head injury
(SHI). Cerebral perfusion is commonly estimated by monitoring
CPP, but the adequacy of cerebral oxygenation requires further
measurements, such as jugular oxygen saturation or, more re
cently, Pti02 monitoring. In 7 patients with severe head injury,
ICP, MAP, CPP, Sj02 and Pti02 were monitored for a mean time
of 9.0 ± 2.2 days. Most of the data were in a "normal" range.
Focusing on values under the thresholds of 60mm Hg for CPP and
20mmHg for Pti02, we found a relationship between CPP and
Pti02• Looking at the Pti02 time-course. we observed a quite
constant increasing trend during the first 48 hours of monitoring,
then the values remained relatively constant within a normal
range. Our data show that decreases of Pti02 are not uncommon
after severe head injury and therefore it seems that monitoring of
Pti02 in SHI may be useful in order to minimize secondary insults.

Keywords: Brain tissue P02; cerebral perfusion pressure: CPP;
ICP; jugular oxygen saturation; severe head injury.

Introduction

Adequacy of cerebral perfusion is commonly as
sessed by monitoring Cerebral Perfusion Pressure
(CPP), calculated as the difference between Mean
Arterial Pressure (MAP) and Intracranial Pressure
(ICP). Any modification in ICP or MAP which
causes a reduction of CPP below the autoregulation
threshold can lead to a critical reduction of cerebral
blood flow (CBF). Reduction in CBF is of para
mount importance in head injured patients because
ischemia is the common mechanism of secondary
brain damage and it has been proved that ischemia
severely affects the final outcome.

In recent years the relationships between CBF and
oxygen consumption have been studied by looking at

Jugular Oxygen Saturation (SjOz). The evaluation of
SjOz has many limits: 1) the optimal catheter loca
tion, especially when the patient has a diffuse brain
injury, is still debated [5,6]; 2) the catheter position
can be infuenced by head movements and it has fre
quent dislocations; and 3) when an optical catheter
is used, measurements are often unreliable due to
artifacts.
The monitoring of PtiOz is a more recent tech
nique based on the measurement of oxygen tension
in tissue and fluid through a polarographic Clark type
electrode. PtiOz monitoring has some advantages
over other established methods such as SjOz moni
toring: 1) recalibration is not necessary; and 2) once
inserted, it allows valid and stable mesurement last
ing hours and even days. Of course there are limita
tions: first of all the technique explores small portions
of the brain tissue (about 17mmz). Moreover, it is
unknown if the probe induces a microvascular com
pression [2] when positioned, and, if this is the case,
whether this could affect the readings.
Normal or hypoxic thresholds have not been

clearly defined: in head injured patients such as in
experimental situations, the reported values for nor
mality are above 20mmHg [3,7,8]. Clinically, a value
of 10mmHg is generally reported as hypoxic thresh
old; at this value of PtiOz, other signs of inadequate
oxygenation have been observed, such as SjOz less
than 50% and a CPP less than 60mmHg.
The aim of this study was to evaluate the frequency
and the clinical meaning of low (less than 20mmHg)
and very low (less than 11 mmHg) values of PtiOz in
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patients suffering of severe head injury and possible
pathophysiological causes.

Materials and Methods

P. Bruzzone et al.

Analog signals of all parameters were digitalized using a
multimodal computer system (LabVIEW, National Instruments,
Austin, TX) and were stored at 1 minute intervals as mean values
of the last 60sec. All artifacts and technical errors were checked
and excluded.

Fig. 1. Number of Pti02 data collected in each patient olivided
according to the threshold of 20mm Hg

Results

Overall, we collected data regarding 83337 minutes;
after filtering, we recorded reliable PtiOz data for
67664mins (81.19%) and suitable CPP data for
68742mins (82.48%); both parameters were reliably
and simultaneously recorded for 62936mins (75.5%).
PtiOz was below 20mmHg for 19033mins
(28.12%) and below llmmHg for 2714mins (4%)
(Fig. 1). CPP was less than 60mmHg for 11886mins

We investigated 7 patients (6 male) with severe head injury (GCS
¢= 8). The mean age was 35 ± 20 and the mean GCS on admission
was 6.2 ± 1.5 (median 5). All patients were intubated and venti
lated after GCS valutation and underwent cerebral CT scan after
admission in ICU (Table 1). All patients were sedated with con
tinuous infusion of Propofol (100-200mglhour) and Fentanyl
(0.05-0.1 mg/hour) and paralyzed. according to clinical needs. with
Vecuronium. MAP was maintained between 90-110mmHg and
increased ICP was treated optimizing sedation. applying moderate
hyperventilation (PaC0232-35 mm Hg) and infusing mannitol and
eventually barbiturates. Electrocardiogram (ECG). body tem
perature, peripheric arterial O~ saturation (SpO]) and end-tidal
CO2 (etC02) were monitored. ICP. MAP. CPP. SjO~ and Pti02
were continuously monitored and recorded. Data were collected
at 1 minute intervals starting between 6 and 24 hours after the
trauma (mean value 13.0 ± 6.7 hours). Data collection lasted 9.0 ±
2.2 days.
ICP was measured using a fiberoptic intraparenchymal device

(Camino Laboratories, San Diego. CAl: PtiO] was monitored us
ing a flexible Clark-type catheter (UCOX System: GMS. Kiel,
Germany). The device was placed into the non-lesioned frontal
white matter, usually 1-1.5 cm behind the ICP probe using an
introducer and a special bolt screwed in a second hole. Pti02
values were continuously corrected according to actual body core
temperature. No pre-insertion calibration of the catheter was
made setting the specific factors provided by the manufacturer.
SjOl monitoring was performed using a 8G catheter (lengh 20

centimeters) percutaneously inserted in jugular bulb: only in one
patient Sj02 was monitored in continuous using a o. 4 French
fiberoptic catheter (Opticath U425C Oximetric System; Abbott
Laboratories, N. Chicago, IL). CPP was continuously calculated as
the difference between MAP and [CPo

Table 1. CT-Scan Results and Neurosurgical Approach
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• Pli02>=20mmHg

• Pli02<20mmHg
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CT-scan results

- Left temporal and parietal contusions
- Omolateral edema
- Left frontal contusions
- Right temporal and occipital contusions
- Right epidural hematoma
- Right subdural temporal hematoma
- Diffuse edema
- Left subdural hematoma
- Left contusions
- Right temporal contusions
- Shift >5mm
- Diffuse edema
- Right talamic contusion
- Diffuse edema
- Right temporal contusions
- Bilateral frontal contusions
- Left internal capsula contusion
- Left parietal contusions
- Diffuse edema

Neurosurgical approach

None

None

Immediate

Immediate

Delayed

None

Delayed
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Discussion

Table 2. Distribution of CPP and PtiO! (Number of Da/a
Collected)

The aim of our study was to verify the incidence and,
possibly, the mechanisms of pathological values of
Pti02. Our hypothesis was that values less than
20mmHg (or even lower <llmmHg) were signs of

(17.29%). CPP and Pti02 were simuitaneaously in
the pathological range for 4943mins (7.8%). CPP
was closely related to Pti02when the lower limit of
autoregulation was exceeded «60mmHg), whereas
when CPP was greater than 60mmHg this relation
ship was no longer evident (Table 2).
Jugular bulb saturation was recorded by intermit
tent samples for a total of 128 determinations. In only
20 determinations (15.6%) Sj02 was less than 55%.
Interestingly, a strong relationship between Sj02 and
Pti02was found. Desaturation was, in fact, detected
when Pti02 was lower than 20mmHg. In one case,
Sj02 had been monitored continuously and the trend
of jugular saturation and Pti02were similar, confirm
ing that reduction in oxygenation were reflected by
both measurements.
We also evaluated the time course of Pti02, start
ing from the third hour of monitoring (the first two
hours were excluded for allowing stabilization of the
probe). Pti02increased during the first 48 hours the
lower value being recorded during the first day of
monitoring.
Each Pti02and ICP catheter were checked at the
end of monitoring. Pti02 probes were tested for
sensivity and for zero value at the end of monitoring.
Sensitivity drift was -4.5 ± 3.2% and zero drift was
0.5 ± 1.3mmHg. Mean drift of ICP intraparenchmal
device was 0.8 ± 2.9mmHg. No catheter-related in
fections or intracranial bleeding were observed.
Each patient survived; the mean GCS at discharge
from the ICU was 9.0 ± 1.8. At six months follow-up,
3 cases showed moderate disability and 4 suffered
severe disability. The mean length of stay in ICU was
24.5 ±6.4 days.
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compromized cerebral oxygenation. Low values of
Pti02were observed in more than 28% of measured
points. Low values of Pti02were more common dur
ing the phase immeadiately following trauma. This
may be in agreement with the incidence of jugular
desaturation and low CBF already reported dur
ing the first two days after injury [4]. As for the
mechanisms leading to reduced Pti02, the close
relashionship between CPP and Pti02 suggest that
tissue oxygenation is mainly a function of perfusion.
The optimal level of CPP is still debated; some
authors [1] consider above 60mmHg appropriate
for CBF and cerebral oxygenation; other propose a
higher [4] level. In our data the threshold for PtiO,

"-

(and Sj02) falls corresponds to a CPP of 60mmHg.
Sj02 was considered as an index of cerebral extr
action because arterial saturation was constantly
greater than 97%. Only few episodes of jugular
desaturation (Sj02 <55%) were detected. Our data
suggest that measurement of severe head injuries
brain tissue tension of oxygen adds substantially to
monitoring.
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Summary

Recent studies revealed a neuroprotective effect of the non
competitive NMDA receptor antagonist Aptiganel HCL
(Cerestat® CNS 1102) in focal cerebral ischemia. This study inves
tigates the influence of Cerestat on contusion volume, post
traumatic brain edema and intracranial pressure (ICP) following
Controlled Cortical Impact Injury (CCII). In rats (n = 54) CCIl
was applied to the left hemisphere using a pneumatic impactor.
Cerestat (2 mg/kg i.v.) or vehicle was injected 15 min after injury
animals were sacrificed 24 hours later. Contusion volume was
measured planimetrically (n =18). Hemispheric swelling and wa
ter content were determined gravimetrically (n = 20). ICP, mean
arterial blood pressure (MABP) and cerebral perfusion pressure
(CPP) were monitored for 30min before sacrifice (n = 16).
Cerestat reduced contusion volume from 77.3 ± 5.8 mill" to 66.8 ±
3.9mm3 (p < 0.05). Hemispheric swelling was also diminished from
11.1 ± 0.8% to 8.2 ± 1.4% as soon was water content (Cerestat
82.30 ± 0.18% vs. control: 82.78 ± 0.12%, p < 0.05). ICP was
decreased by treatment from 31.7 ± 3.5 mmHg to 26.3 ±2.2 mm Hg
and CPP was significantly improved (82.1 ± 4.4 mm Hg vs 57.7 ±
4.8 mmHg; p < 0.05) 24 hours after injury. Cerestat administration
was associated with decrease contusion volume, less hemispheric
swelling, a lower ICP and increased CPP.

Keywords: Aptiganel HCL; cortical impact injury: N-methyl-D
aspartate (NMDA).

Introduction

Secondary or delayed brain damage is a major char
acteristic of traumatic brain injury (TBI), Recent
investigations have identified that the release of the
excitatory amino acid glutamate has a major role in
the pathophysiological mechanisms of delayed brain
tissue damage [4],
Glutamate binds to various excitatory amino acids
(EAA) receptors, Since activation of the ionotropic
N-methyl-D-aspartate (NMDA) receptor leads to an

influx of Ca2+ and Na+ and an efflux of K+ [3] this
receptor is presumed to play a key role in the
glutamate-mediated excitotoxicity. The consequent
increase in intracellular Ca2+ causes metabolic dis
turbances within the cell initiating a cascade of
autodestructive responses.
Cerestat® (CNS 1102, aptiganel hydrochloride) is
a recently developed high affinity non-competitive
NMDA-receptor antagonist binding within the ion
channel. Neuroprotective effects of Cerestat have
been demonstrated after focal cerebral ischemia [7]
and phase III trials of Cerestat for have been in
patients with and traumatic brain injury.
So far, there are no reports on the effects of this
substance in models of TBI. Thus, this study investi
gates the effects of Cerestat on contusion volume,
brain edema and ICP induced by Controlled Cortical
Impact Injury [2].

Material and Methods

For the study, 54 male Sprague-Dawley rats weighing 270-330 g
were used. Under inhalation anesthesia (2% isoflurane in a 2: 1
gas mixture of N,O/O" and spontaneous breathing) a craniotomy
was performed over the left temporo-parietal region leaving the
dura intact. Using a computer controlled pneumatic impactor [2)
with a convex tip surface (diameter 5mm), a standard CCIl was
applied to the cortex (velocity 7m/s: deformation depth: 2mm).
Rectal temperature was maintained at 3rc. Mean arterial blood
pressure (MABP) was monitored throughout the experiment.
Arterial blood gases (pH. pCO,. pO,) were analyzed 5 minutes
before trauma. Cerestat® (CNS 1102, aptiganel HCL, Cambridge
NeuroScience. Cambridge. MA.) was administered in a single in
travenous dose of 2mg/kg body weight 15 min after impact. In the
control group an identical volume of vehicle was given. 24 hours
after injury animals were sacrificed and the brains were removed
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for specific investigations. Animals were randomly assigned to one
of the following groups.
In groups Al (Cerestat, n = 10) and A2 (vehicle, n = 8) the
contusion volume was determined. After perfusion fixation with
4% paraformaldehyde, coronal sections - 10 11m thick - were pre
pared at intervals of 400l1m and stained with hematoxylin and
eosin (H.E.). The area of contusion was measured by computer
ized planimetry and the volume of contusion was assessed by
multiplying with section interval.
Groups Bl (Cerestat, n =10) and B2 (vehicle, n =10) were used
to investigate hemispheric swelling and water content. Following
sacrifice, hemispheric swelling was determined gravimetrically
after meticulous seperation of hemispheres using a microscope.
Thereafter hemispheres were dryed at 100°C for 24 hours. Cere
bral water content was then calculated as the difference between
hemispheric wet- and dry weight.
In groups Cl (Cerestat, n = 8) and C2 (vehicle, n = 8) ICP,
MABP and CPP were monitored for 30 minutes before the ani
mals were sacrificed to determine hemispheric swelling and water
content. For ICP measurements a Codman ICP-probe was in
serted 6mm into the right hemisphere through a burr hole. In this
series, ICP was correlated with hemispheric swelling and water
content of the traumatized hemisphere determined after sacrifice.

Results

Arterial blood gases were within normal range and
MAPB (control: 94.6 ±4.3 mmHg vs. Cerestat: 94.2 ±
7.4mmHg) showed no significant differences be
tween groups before cortical contusion.
Cerestat reduced posttraumatic contusion volume
by 13.6% from 77.3 ± 2.1 mm3 in controls to 66.8 ±
3.9mm3 in Cerestat treated animals (p = 0.044, Table
1).
Hemispheric swelling was also significantly dimin
ished from 11.1 ± 0.8% in controls to 7.6 ± 1.4% in
the Cerestat group (p = 0.049), representing a reduc
tion by 31.5% (Table 1).
CCII lead to a significant increase in water content
in the traumatized hemispheres in both the Cerestat
and the control group (p < 0.001), but water content
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in Cerestat treated rats (82.31 ± 0.18%) was signifi
cantly lower than in control animals (82.78 ±0.12%,
p = 0.046, Table 1). Non-lesioned hemispheres did
not differ in water content (81.32 ± 0.06% in controls
vs Cerestat: 81.39 ± 0.07%, P = 0.436).
24 hours after injury, Cerestat treatment decreased
ICP from 32.0 ± 2.7mmHg to 25.5 ± 2.4mmHg, p =

0.096. The MABP was significantly higher in the
treatment group (107.8 ± 3.6mmHg) in comparison
to the control group (89.9 ± 2.4mmHg; p < 0.001)
resulting in a significantly higher CPP (Cerestat: 82.6
± 4.2mmHg vs vehicle 57.3 ± 4.7mmHg; p < 0.001;
Table 1).
Significant correlations were found between ICP
and posttraumatic hemispheric swelling (p < 0.001)
as well as ICP and posttraumatic water content of the
injured hemisphere (p < 0.001; Fig. 1).
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Fig. 1. Linear regression analyses of intracranial pressure (ICP)
and posttraumatic hemispheric swelling (6) and ICP and post
traumatic water content (e) of the traumatized hemisphere

Table 1. Posttraumatic Contusion Volume, Hemispheric Swelling and Water Content at 24
Hours Following Controlled Cortical Impact Injury (CCII). Mean intracranial pressure (ICP),
mean arterial blood pressure (MABP) and cerebral perfusion pressure (CCP) were monitored
for 30 minutes at 24 hours after CCII

Vehicle Cerestat p-value

Contusion volume [mm3] 77.3 ± 2.1 66.8 ± 3.9 0.044
Hemispheric swelling [%] 11.1 ± 0.8 7.6 ± 1.4 0.049
Water content [%I 81.32 ± 0.06 81.39 ± 0.07 0.436
non-traumatized Hemisphere
Water content [%I 82.78 ± 0.06 82.31 ± 0.18 0.046
traumatized Hemisphere

rcp [mmHg] 32.0 ± 2.7 25.5 ± 2.4 0.096
MABP [mmHg] 89.9 ± 2.4 107.8 ± 3.6 0.001
CPP [mmHg] 57.3 ± 4.7 82.6 ± 4.2 0.001
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Discussion

In head injury, hypoxia and ischemia are important
secondary cerebral insults but unlike stroke, are ad
ditional causes of brain damage, such as contusion,
haematoma or diffuse axonal injury. Thus, for com
pounds being considered for clinical trials in head
injury, anti-ischemic efficacy alone is not sufficient
and neuroprotection should also be demonstrated in
models of trauma [1]. After focal cerebral ischemia
Cerestat reduces the volume of infarcted tissue by
70% [4] but so far, there are no reports on the
effects of this substance in models of traumatic brain
Injury.
In the present study, Cerestat given 15 minutes i.v.
after TBI, reduced contusion volume by 13.6% and
hemispheric swelling by 31.5%. It could be specu
lated that the neuroprotective effect of Cerestat
would be even more pronounced if the drug had
been given immediately after or even before trauma.
Cerebral tissue microdialysis in the CCII model has
demonstrated that interstitial glutamate concentra
tion peaks immediately after the injury [8]. Thus, to
achieve a most effective neuroprotection the drug
should be applied as early as possible. As shown
peviously with the noncompetitive NMDA receptor
antagonist MK-801 [6].
The importance of maintaining adequate CPP
after severe head injury is well established [9,5].
24 hours after contusion CPP was increased after
treatment with Cerestat by 56.9%, mainly due to
the elevation of MABP. Thus, in addition to the
NMDA-receptor blocking effect, the hypertensive
effect of Cerestat might be responsible for decrease
in contusion volume in Cerestat treated animals.
Our data show a reduction of ICP by 20.3% in the
treatment group. The ICP decrease could be a result
of the MABP elevation causing cerebral vasocon
striction [9] or brain edema reduction. Since there
was a significant correlation between ICP and post
traumatic water content as well as hemispheric swell-

ing, the decrease in ICP is most likely due to a reduc
tion in posttraumatic brain edema.
In conclusion, Cerestat exerts various beneficial

effects following experimental traumatic brain in
jury. It decreases contusion volume, hemispheric
swelling and ICP and also increases CPP. Thus, this
drug appears promising for further clinical trials in
brain trauma. Additional studies may clarify the role
of blood pressure elevation in the neuroprotective
properties of Cerestat.
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Relationship of Neuron Specific Enolase and Protein S-100 Concentrations
in Systemic and Jugular Venous Serum to Injury Severity and Outcome
after Traumatic Brain Injury

E. G. McKeating, P. J. D. Andrews, and L. Mascia

Department of Anaesthetics, University of Edinburgh, Western General Hospital, Edinburgh, U.K.

Summary

Neuron specific enolase (NSE) and protein SolDO have previously
been described as markers of brain injury. We aimed to discover
whether concentrations of either were raised in arterial and jugu
lar venous serum after traumatic brain injury, and whether serum
profiles were related to injury severity and neurological outcome.
We recruited 22 patients with a traumatic brain injury who were
admitted to the intensive care unit. Paired arterial and jugular
venous blood samples were taken on admission, and at 24, 48 and
96hrs after injury. Samples were analysed for NSE and SolDO by
RIA. Concentrations of both NSE and S-l 00 were increased above
controls - mean NSE concentration was highest on admission,
whilst mean S-lOO peaked at 24 hours after injury. There was a
small, but significant difference between jugular venous and arte
rial concentrations of S-lOO (p = 0.022). High NSE and S-IOO
concentrations were significantly related to poor neurological out
come (p = 0.004 and p < 0.001 respectively). Both serum NSE and
S-lOO may be of some value in helping to predict outcome after a
traumatic brain injury.

Keywords: Astroglial specific protein; neuron specific enolase;
protein S-lOO; traumatic brain injury.

Introduction

Prediction of outcome after traumatic brain injury
(TEl) is difficult. There has recently been interest in
the measurement of neuron specific enolase (NSE),
an isoform of the glycolytic enzyme enolase, which is
found in neurons and neuroendocrine cells, in the
serum and cerebrospinal fluid (CSF) after brain
injury [1,3]. Some investigators have claimed that it is
a good quantitative marker of neuronal damage.
Others have suggested that measurement of serum or
CSF concentrations of protein S-100, a protein
present predominantly in astroglial cells, is a suitable
quantitative marker of severity of brain injury [4].

Our aim was to measure the profiles of NSE and S
100 in both arterial and jugular venous serum after
TBI. We hypothesised that serum concentrations
would be raised, that jugular venous concentrations
would be higher than arterial and that the serum
profiles would be related to injury severity and
neurological outcome.

Materials and Methods

We investigated the difference between jugular venous (1V) and
arterial concentrations of NSE and S-100 in 21 patients with TBI
admitted to the intensive care unit. Data of patient characteristics,
consisting of sex, age, Injury Severity Score (ISS) and Glasgow
Coma Score (GCS) after non-surgical resuscitation were collected
on admission (Table 1). If a patient had an Abbreviated Injury
Score>1 for a body region other than the head/neck, he/she was
classified as having extracranial injuries. If this was not the case
then the patient's injury was classified as an isolated head injury.
Injury type was classified as either focal or diffuse from the initial
CT scan, read by a single neuroradiologist. Patients whose CT scan
appeared normal or showed both diffuse and focal injuries were
classified as "neither".
Paired arterial and IV blood samples were taken at designated

times after brain injury: on admission (median time 8h 30min
after injury, range 6h 30min -14h), at 24 hours, 48 hours and 96
hours. These were allowed to clot and spun down in a refrigerated
centrifuge. Serum was then immediately frozen at -25 C. Analysis
of serum for NSE and S-IOO was performed by immu
noradiometric assay (AS Sangtec Medical, Bromma, Sweden). A
total of 136 samples (68 pairs) were analysed by a single operator.
Standards and samples were analysed in duplicate. Standard
curves and NSE and S-100 concentrations were calculated by a
personal computer interfaced to a gamma-counter. Glasgow Out
come Scores (GaS) at 6 months after injury were obtained from
information supplied by the patients' family doctors. The GaS
refer to the following: 1 - dead, 2 - vegetative, 3 - severely dis
abled, 4 - moderate recovery, 5 - good recovery [2]. Statistical
analysis was by means of SPSS Base 7.0 for Windows with
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Student's t-test, analysis of variance (ANOYA), linear modelling
and linear and logistic regression.

Results

Mean JV concentration of NSE was 1l.69mcg/1 at all
time points (95% CI [9.81-13.59]). This was not sig
nificantly different from the mean arterial concentra
tion, which was 11.16mcg/1 (95% CI [9.66-12.67]' P =

0.416). Arterial concentrations at each time point,
and comparisons with control samples, are shown in
Table 2. ANOVA showed there to be no significant
differences between concentrations of NSE at differ
ent time points (p = 0.131).
Mean JV concentration of S-IOO was 1.13mcgll
(95% CI [0.59-1.66]), which was significantly higher
than the mean arterial concentration which was
1.05mcgll (95% CI [0.54-1.55], p = 0.022). Table 2
shows mean arterial S-lOO concentrations. ANOVA
showed there to be no significant differences be
tween concentrations of S-lOO at different time
points (p = 0.90). Individual patient profiles for NSE
and S-lOO are shown in Fig. 1.
There was a inverse relationship between both
NSE and S-IOO concentrations and the GCS, but

Fig. 1. Patient profiles for arterial NSE and protein S-100. Those
patients with poor outcome are shown with broken lines, those
with good outcome with solid lines. In those where S-100 was
undetectable «0.2 mcg/ml) the profile lies on the x-axis
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neither was statistically significant (p = 0.063 and
0.131 respectively). There was a positive relationship
between both NSE and S-100 and the ISS. This was
statistically significant for NSE (p < 0.001), but not
for S-IOO (p = 0.155).
Glasgow Outcome Scores were summarised into
two categories - the first representing a good out
come (GOS 4-5, n = 12), the second a poor outcome
(GOS 1-3, n = 9). There was a significant difference
in age between those with good and poor outcome
mean age was 28.5 yrs (95% CI [20.2-36.8]) for
"good" and 42.3yrs (95% CI [30.3-54.3]) for "poor",
p =0.039), however there was no difference in either
GCS or ISS between those with good outcome and
those with poor outcome (p =0.237 and 0.652 respec
tively). There was a significant correlation between

17/4
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35
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7/10/4
9-38
25
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Table 1. Data of Patient Characteristics

Sex: male/female
Age: range

median
Glasgow coma score: range

median
Injury: Isolated head / + extracranial
CT: Diffuse/focal/neither
Injury severity score: range

median
Glasgow outcome score: range

median

Table 2. Mean Concentrations of NSE and 5-100 in Arterial Serum in Volullteer Controls and
Patients over a Period up to 96 Hours after Brain Injury. P values are for a two-tailed t-test of
patients v controls

NSE (meg/I) S-100 (mcg/l)

Time Mean 95% CI p value Mean 95% CI p value

Controls 6.9 6.3-7.5 NO
Admission 13.7 10.4-17.0 <0.001 0.80 0.24-1.35
24 hours 11.2 8.6-13.7 0.003 1.28 0--2.49
48 hours 9.5 6.5-12.5 0.096 1.02 0--2.23
96 hours 9.2 5.4-13.0 0.220 1.15 0-2.59

'NO = not detected (lower limit of detection 0.2 meg/I).
Patient samples which contained concentrations of S-l 00 <0.2 meg/I were assigned a concentra
tion of zero for statistical analysis.
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Fig. 2. Boxplots showing median, interquartile range and outliers
(0) for arterial concentrations of NSE and SolDO in patients with
poor and good outcomes

high serum concentrations of both NSE and S-100
and poor outcome (p =0.004 and p < 0.001 respec
tively), controlling for time (Fig. 2). Patients with
poor outcome are shown with dotted lines in Fig. 1.
This relationship was still significant if the first three
time points only were considered for NSE (p = 0.014)
and if the first two time points only were considered
for S-100 (p =0.006).
There was no significant difference in NSE concen
trations between patients with an isolated head in
jury and those with additional extracranial injuries (p
= 0.813). However, for S-100, those with an isolated
head injury had significantly higher serum concentra
tions of S-100 than those with additional extracranial
injuries - mean 1.91 mcg/I (95% CI 0.75-3.07) v
0.49mcg/1 (95% CI [0.23-0.75]) respectively, p =
0.024. Both serum NSE and S-100 were significantly
higher in those with a diffuse injury than those with a
focal injury (patients classified as "neither" were not
included in the analysis) - mean 13.1 mcg/I (95% CI
[10.1-16.1]) v 9.5mcg/1 (95% CI [8.1-10.9] for NSE,
p = 0.033, and 1.20mcg/1 (95% CI [0.58-1.82]) v
0.26mcg/1 (95% CI [0.14-0.38]) for S-100, p =0.006.
There was no significant difference in outcome be
tween either those with an isolated head injury and
those with additional extracranial injuries (p = 0.670)
or those with a focal injury and those with a diffuse
injury (p = 0.657).
Concentrations of S-100 were highly correlated

with NSE (r = 0.619, P < 0.001), and used together

in a logistic regression model they were both inde
pendently predictive of poor outcome (p = 0.002
and 0.027 respectively), even in this small patient
population.

Discussion

Concentrations of both NSE and S-100 were in
creased in JV and arterial serum after TBI. There
was a small, but significant, increase of S-100 in JV
serum, compared to arterial; surprisingly this was not
the case for NSE. Mean NSE levels were highest
on admission, whereas mean S-100 levels peaked
around 24h after injury.
This study supports previous work which claimed
that serum NSE and protein S-100 concentrations
were indicators of severe brain damage. Figure 1
shows that any patient in whom serum arterial S-100,
an astroglial specific protein, was found to be above
0.9mcg/I had a poor neurological outcome. S-100 was
undetectable in only 2 patients with poor outcome. It
is interesting to note that patients with an isolated
head injury had higher arterial concentrations of S
100 than patients with additional extracranial inju
ries. This may suggest that the brain injury itself was
more severe in the group with isolated head injury.
Serum concentrations of NSE, an enolase restricted
mainly to neurons and neuroectodermal tissue, were
also significantly related to outcome, although not as
strongly as S-100. These proteins can be regarded as
markers of brain damage, and measurement of sys
temic concentrations of both may help in prediction
of outcome.
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Antioxidant, OPC-14117, Attenuates Edema Formation, and Subsequent
Tissue Damage Following Cortical Contusion in Rats
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Summary

Oxygen free radicals contribute to various kinds of tissue injury
processes within the central nervous system. It has been suggested
that inhibition of free radical formation has the potential to attenu
ate secondary neural tissue damage involving ischemia or trauma,
and antioxidant therapy may offer a promising approach. In the
present study, employing a cortical contusion model in the rat,
contusion-induced neural damage, was evaluated by investigating
edema formation, behavioral activities and histological changes.
The effects of the superoxide radical scavenger, OPC-14117. were
also tested to determine how free radicals may contribute to such
neural damage. The results demonstrated that cerebral contusion
induces a progressive decrease in tissue specific gravity represent
ing edema formation, and behavioral deficits in the Morris water
maze test and habituation of exploratory activity. Histological
examinations revealed necrotic cavity formation in the cortex and
selective neuronal death of the hippocampal CA3 region. These
changes were significantly attenuated by OPC-14117. which was
administered as a single dose immediately following trauma induc
tion. The above results indicate that oxygen free radicals are in
volved in contusion-induced edema formation, subsequent tissue
damage and cognitive deficits. The superoxide radical scavenger.
OPC-14117, has a powerful therapeutic potential for preventing
secondary cell damage following traumatic brain injury.

Keywords: Antioxidant; cortical contusion: edema formation: lipid
peroxidation; OPC-14117.

Introduction

Severe head injury is often complicated by complex
secondary or delayed pathophysiological events
leading to catastrophic damage to the central ner
vous system. One of these events is the massive
edema formation seen in tissue surrounding cerebral
contusions. It is important to elucidate the patho
physiology that underlies contusion-induced edema
formation, since one principal goal of treatments for

traumatic brain injury is to prevent such secondary
damage following injury. Oxygen free radicals may
contribute to various kinds of tissue injury processes
in the central nervous system. Recent studies have
suggested that inhibition of free radicals can improve
secondary neural tissue damage in experimental
models of ischemia or trauma, and antioxidant
therapy appears to have promising possibilities [7,8].
In the present study, in an attempt to clarify whether
or not oxygen free radicals contribute to secondary
cellular damage following cerebral contusion, we in
vestigated the edema formation, behavioral and his
tological changes occurring in a rat cortical contusion
model, and the effects of the superoxide radical scav
enger, OPC-14117, were tested [2,5].

Materials and Methods

Surgical Procedure and Injury Induction

Male Wistar rats (200-250 g) were anesthetized with a gas mixture
of 66% nitrous oxide, 33% oxygen and 1% halothane. The head of
each animal was secured in a stereotaxic apparatus and an 8-mm
diameter craniectomy, centered 3 mm caudal to the bregma, 3mm
lateral to the midline, was performed at the left side of the parietal
cranium. The dura was left intact. Cortical contusion was induced
with a controlled cortical impact device, as described in detail
elsewhere [I]. A 5-mm diameter injury tip, 6m/sec impact velocity
and 3mm penetration depth were employed for the injury
induction. These parameters were chosen in order to provide a
moderate level of cortical contusion [1].

Drug Administration

Immediately following the injury induction, the superoxide radical
scavenger. OPC-14117. was administered trans-orally (300mg/kg).
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This dose was chosen based on previous experiments in which
it had been found to be the most effective [2,5]. Vehicle
administered animals and sham-operated animals were employed
as a non-treated control and normal control, respectively.

Behavioral Assessments

Cognitive deficits were assessed by the Morris water maze test
(days 6-12 post-injury) [4,8] and habituation of exploratory activ
ity (days 22 and 23 post-injury) [6].

Histological Examinations

After completion of the behavioral testing, the brain was removed
and coronal sections of 10~m in thickness were processed for
hematoxylin and eosin (HE) staining. The volume of contusion
necrosis and the number of neuronal cells (cells/mm) in the CA3
region were determined with a computerized image analyzing
system.

Evaluation of Brain Edema

In a different group of animals, small amounts of brain tissue were
sampled from the center of the contusion and from peripheral
areas 2.5 mm distant from the center, and the edema formation
was evaluated by a tissue specific gravimetric technique [3].

was significantly attenuated by the OPC-14117 treat
ment (p < 0.05). The changes in specific gravity indi
cated that cerebral contusion induced progressive
edema formation in both the central and peripheral
areas of the contusion. Such edema formation was
significantly attenuated by the examinations OPC
14117 administration especially in the peripheral
areas (Fig. 2). The histological examinations re
vealed contusional necrosis measuring 13.55 ±
5.25 mm3 in the non-treated/injured animals and 1.91
± 0.55 mm3 in the treated/injured animals, implying
that OPC-14117 had significantly reduced the size of
contusion (p < 0.01) (Fig. 3). The cell number of the
CA3 region was 120 ± 12.4cells/mm in the normal
control, 73.6 ± 9.86cells/mm in the non-treated/
injured animals, and 111.2 ± 1O.2cells/mm in the
treated animals, indicating that cerebral contu
sion had induced selective neuronal cell death in the
CA3 region, and such neuronal death was signifi
cantly attenuated by the OPC-14117 administration
(p < 0.01).
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Fig. 2. Changes in specific gravity following contusion demon
strated that cerebral contusion induces progressive edema forma
tion in both the central (left) and peripheral areas (right) of the
contusion. Such edema formation was significantly attenuated by
OPC-14117 administration. The effects of OPC-14117 were more
evident in the peripheral areas than in the center of the contusion,
suggesting that superoxide radicals may contribute to edema for
mation especially in the peripheral areas of the contusion

Fig. 3. Histological examinations revealed that OPC-14117
administration significantly attenuated the contusional necrosis
volume (left) and pyramidal cell death in the CA3 region (right)
following contusion
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Fig. 1. Cortical contusion induced deficits in Morris water maze
performance (left) and habituation of exploratory activity (right),
as compared to sham-operated animals. The OPC-14117 treat
ment, while showing no significant effect. did tend to improve the
water maze performance. The impairment of habituation of ex
ploratory activity was significantly attenuated by the OPC-14117
treatment

Results

The non-treated/injured rats exhibited significant
deficits in their Morris water maze performance and
habituation of exploratory activity, as compared to
the sham-operated rats, indicating that the cortical
contusion had induced cognitive dysfunction (Fig. 1).
Administration of OPC-14117, while showing no sig
nificant effect, did reveal a tendency to improve the
water maze performance. On the other hand, the
impairment of habituation of exploratory activity
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Discussion

The results of the present study demonstrate that
experimental cortical contusion induces significant
impairments of cognitive functions and a progressive
formation of brain edema, and that OPC-14117 ad
ministration immediately after the injury can reduce
each of these injury-related deficits, as well as the size
of contusional necrosis and selective CA3 neuronal
death.

It has been reported that free radicals, such as
superoxide, are produced in large amounts following
brain injury [7,8]. Oxygen free radicals are highly
toxic products of the molecular oxygen of hydrogen
peroxide (HzOz), which can induce cellular injury by
oxidizing lipids, proteins or nucleic acids. Lipid mem
branes, particularly of the microvasculature, are vul
nerable to the action of free radicals because of their
high content of phospholipid-containing polyunsatu
rated fatty acids. This free radical-mediated process
may contribute to breakdown of the blood-brain bar
rier and subsequent edema formation in some patho
logical conditions [7,9].
Administration of OPC-14117 markedly reduced
the size of the cortical necrosis, to approximately one
seventh in volume. Since this drug cannot treat the
primary injury, such findings indicate that OPC
14117 has a powerful potential to attenuate the
secondary cell injury processes following cerebral
contusion. The generation of free radicals in injured
membranes causes extensive cellular damage by elic
iting lipid peroxidation in chain reactions, during
which the lipids produce additional free radicals.
OPC-14117 may act to terminate these chain reac
tions by scavenging free radicals before they are able
to induce secondary and irreversible neuronal dam
age. Inhibition of such oxygen radical-mediated de
structive events at the earliest moment of the injury
process could facilitate lesser formation of brain
edema and greater sparing of neuronal cells, so
resulting in a more complete behavioral recovery.
Histological examinations also revealed selective
neuronal death of the CA3 region, which is remote
from the primary site of injury. The CA1 region just
beneath the cortical contusion did not display any
significant cell loss. The CA3 neuronal death was
therefore not induced by the direct force of the con-

T. Mori et at.: Antioxidant, OPC-14117

trolled cortical impact device. Since the administra
tion ofOPC-14117 attenuated the selective neuronal
death of the CA3 region, as well as the size of cortical
contusion, two explanations for such CA3 neuronal
death can be considered: one is that free radical for
mation directly contributes to the CA3 cell death,
and the other is that the CA3 cell death is attribut
able to the volume of cortical contusion. Further
studies are needed to establish the precise mecha
nisms underlying the selective neuronal death of the
CA3 region.
In conclusion, the present results suggest that oxy
gen free radicals are intimately involved in contusion
induced edema formation and cognitive deficits, and
the superoxide radical scavenger, OPC-14117, has a
powerful therapeutic potential for preventing sec
ondary cell damage following traumatic brain injury.
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Summary

The normal cerebral circulation has the ability to maintain a stable
cerebral blood flow over a wide range of cerebral perfusion pres
sures and this is known as cerebral autoregulation. Autoregulation
may be impaired in the injured brain. Closed head injury was
induced in 28 Sprague-Dawley rats weighing 400-450 g. Four
groups were studied: control and groups, head injured by weight
drop from one meter height using 350g, 400 g and 450 g respec
tively. CBF was monitored using laser-Doppler flowmetry along
with monitoring of ICP and arterial blood pressure. If the correla
tion coefficient between CBF and CPP was >0.85 and CPP was
within normal range, loss of autoregulation was hypothesized.
Loss of autoregulation was seen in all groups of injured rats during
first four hours. A statistically significant difference (p = 0.041) was
seen in the trequency of loss of autoregulation between injured
and control animals. No loss of autoregulation was observed in the
control group. In conclusion CBF and CPP provide information
about loss of autoregulation in diffuse brain injury. Decrease in
CBF and increase of ICP is observed as a result of loss of cerebral
autoregulation. Knowledge of loss of autoregulation could help in
the management of head injured patients.

Keywords: Autoregulation; cerebral perfusion pressure; diffuse
brain injury; intracranial pressure; laser Doppler flowmetry.

Introduction

Around 55% of patients with head injury who are in
coma on admission suffer from diffuse brain injury
[10,22]. Acute and delayed ischemic events have
been reported to be the single most important cause
of secondary brain damage. The ability of the normal
cerebral circulation to maintain a stable cerebral
blood flow over a wide range of cerebral perfusion
pressures or mean arterial pressures is referred to as
"cerebral autoregulation" [20,25]. This mechanism of
cerebral autoregulation may become impaired in the
injured brain [3,16,19,25] and can cause immediate or

delayed cerebral ischemia, an entity considered the
most important cause of secondary brain injury
[12,16,20,25]. Several methods have been employed
to estimate what is an adequate level of cerebral
blood flow. Methods, such as jugular venous oxygen
saturation [28], 133 Xenon CT scanning [21],
SPECT-PET studies [31], magnetic resonance
imaging [20], thermal diffusion f10wmetry [4] and
transcranial cerebral oximetry [6,13,26], provide
either direct or indirect evidence about CBF. We
evaluated the value of laster Doppler flowmeter in
experimentally head injured rats (2). The purpose of
our study was to compare CBF with cerebral perfu
sion pressure (CPP) as an index of autoregulation in
this model.

Material and Methods

Twenty-eight Sprague-Dawley rats weighing 400-450 g were used.
They were anesthetized with 50 mg/kg of pentobarbital sodium by
intraperitoneal injection. Continuous monitoring of arterial blood
pressure was established. The rat was positioned on foam and a
closed head injury was induced using the device designed by
Marmarou et al. [9,21]. The animals were divided into four groups:
one group was considered a control; the other three groups
were injured with weights of 350 g, 400 g and 450 g, respectively,
dropped from aIm height. A laser Doppler probe (650 microns)
was introduced in the right frontal lobe, and a subdural catheter
introduced behind the coronal suture on the right side to measure
intracranial pressure. The cerebral blood flow, volume, and veloc
ity were monitored using laser Doppler flowmeter (model BPM2,
Vasamedics, ST. Paul, MN, USA). Average values of readings
were recorded for each group every five minutes during the first
hour and every 15 minutes after that. The ICP was measured with
a Camino intracranial measuring unit (Camino laboratories, San
Diego, CA, USA), and the arterial pressure was measured using
an arterial pressure sensor (Sorenson Transpack, Abbott Labora
tories, Chicago, IL, USA). All parameters were observed for a
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maximum of eight hours in each rat surviving for the entire experi

ment (n =17); otherwise rats were monitored for at least six hours
(n = 28). Cerebral perfusion pressure was calculated from mean
arterial pressure and intracranial pressure values (CPP = MAP
ICP). We did a correlation study to establish the relationship
between cerebral blood flow. a dependent variable. with the inde
pendent variable, cerebral perfusion pressure. We considered that
periods with a level of correlation greater than 0.85 had a close
relationship between cerebral blood flow and cerebral perfusion
pressure, implying a possible loss of autoregulation. A correlation
coefficient greater than 0.85 was considered the lower limit for
close correlation; a significance level of p < 0.05 was established.

Results

Evaluation of Autoregulation

We found no periods of high correlation during the
first four hours in the control group. Nevertheless,
during first four hours of study five periods of high
correlation were identified in the 350g impact group,
six periods in the group with an 400g impact, and
eight periods in the group injured with 450 g. The
statistical analysis also showed periods with changes
in cerebral perfusion pressure and changes in cere
bral blood flow, however, these changes did not
always indicate a loss of vascular autoregulation. We
considered the range of CPP in the control group
(mean ± 1SD) as the range in which normal cerebral
autoregulation is expected; those periods with high
correlation, but CPP out of this range, were not clas
sified as periods loss of cerebral autoregulation. Ac
cording to these assumptions, three periods of loss of
autoregulation were observed during the first four
hours in the group injured with 350g impact, four in
the 400g impact group, and four in the 450 g impact
group. In the next four hours, two periods of loss of
autoregulation were recorded in both A and B
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groups with 450g impact (Fig. 1). We performed a

Chi-square analysis and found a statistically signifi

cant difference (p = 0.041) between the number of
periods of loss of autoregulation during the first four
hours and loss of autoregulation during the second
four hours (Fig. 2). During periods of loss of
autoregulation, CBF was consistently lower and ICP
higher than the baseline values. Although no signifi
cant differences in CBF and ICP were observed,
these two additional findings may validate our hy
pothesis of the detection of periods of autoregulation
based on study of the correlation between CBF and
CPP.

Discussion

The main aim in the treatment of patients with head
injury is prevention of secondary brain damage due
to post-traumatic ischemia [16,20,24,25]. A direct
relationship between an increase of the ICP and a
decrease of cerebral blood flow (CBF) cannot be
established because an increase of the main arterial
pressure can compensate in these situations. In addi
tion, ischemic levels of CBF may prevail even with
out a significant increase in ICP. Cerebral perfusion
pressure (CPP) can be considered as an indirect pa
rameter of CBF. However, CPP does not always cor
relate with CBF because cerebral blood flow depends
not only on the perfusion pressure but also on
vascular resistance [1,3]. The variability of cerebral
vascular resistance plays an important role in the
maintenance of a constant cerebral blood flow in a
wide range of values of CPP [1,19,20,24]. Neverthe
less, in the injured brain this function may be im
paired transiently for short times and, therefore, a
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o 350-1
400-1

• 450-1
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hours

Fig. 1. Number of periods of time with loss of autoregulation in
the four groups studied

Fig. 2. Number of periods of time with loss of autoregulation in
the head injury group (3 groups) compared to the control group
during the first four hours (Chi-square =0.041)
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direct and continuous measurement of CBF may be

extremely important to detect autoregulation. Under

these conditions, treatment that increases CPP in an
injured brain may destabilize CBF and by increasing
ICP worsen the patient's condition [2,4]. This lead
us to evaluate the use of laser Doppler flowmeter
to monitor the changes of CBF in a model of dif
fuse brain injury in rats. Laser Doppler flow studies
have been used in the past in both experimental
[5,8,14,27,29] and clinical [2,12,16,18] studies. Its
limitation is that measurements are from a localized
region of monitoring [7,8] and artifacts are easily
caused by movement or light [7,8], placement of the
probe [2,12], errors in the calibration [2], and statisti
cal analysis [15]. However, laser Doppler flowmetry
does provide noninvasive real time and continuous
monitoring of CBF.

Evaluation of Autoregulation

The statistical analysis of changes in post-traumatic
autoregulation in our study showed evident differ
ences between the head injury group and the control
group. There were periods of loss of autoregulation
in the head injury group with an increased number of
periods of loss of autoregulation observed in the
group that suffered the most severe impact; that is,
the loss of autoregulation was directly proportional
to the severity of injury. Our study detected loss in
cerebral autoregulation within a period of one hour,
but more frequent acquisition of data could provide
information for shorter periods as well [5,16]. On
line computerized data acquisition and calculation
would be extremely helpful in the detection of these
shorter periods of loss of autoregulation. The maxi
mum disruption of autoregulation was seen in our
study during the first four hours following injury.
However, an important statistical correlation could
be demonstrated between CPP and CBF at different
periods. Although during certain periods, CPP did
not increase or decrease to a level that could induce
autoregulatory response, these periods were not con
sidered to have loss of autoregulation [8,17]. Differ
ent biochemical changes have been reported using
spectroscopy studies that support the possibility of an
altered response to trauma during the first hours.
Experimental studies have also shown a decrease in
pH within 40 minutes after trauma and a reduction in
the ratio of phosphocreatine to inorganic phosphate
about the fourth hour after injury. This decrease
could indicate reduction of CBF or reduced tissue
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oxygenation [23,30]. Therapeutic implications could

be assessed after the detection of periods of loss of
autoregulation. The autoregulation is dependent on
the threshold of CPP during this period and CPP, in
turn, is dependent on MAP and ICP [11]. During loss
of autoregulation, an increase in CPP could increase
CBF; in addition, an increase in CBF could be asso
ciated with an increase in ICP and delayed ischemia.
However, if autoregulation is intent, an increase
in CPP would decrease ICP, and increase cerebral
blood flow [11,20]. Furthermore, careful study of the
volume and velocity of changes in CBF could explain
the nature of the increase in flow eg due to hyperemic
events or vasospasm [2,11].
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Summary

Recent early cerebral blood flow (CBF) studies on severe head
injury have revealed ischemia in a substantial number of pa
tients with a variety of CT diagnoses. However, the underlying
derangements causing this early ischemia are unknown, but
cerebral blood volume (CBV) measurements might offer some
insight into this pathology. Therefore, acute CBF and CBV mea
surements were performed in 51 adult severely head injured pa
tients within 24 hours after injury. For this purpose the stable
Xenon-CT procedure was used for assessment of CBF, and a
dynamic CT imaging technique was used for determining CBV. All
ischemic patients were found among 35 subjects studied within 4
hours after injury (31 %). Based on the occurrence of regional
ischemia seven patients with varying anatomical lesions on CT
were selected for comparison between CBF and CBV in ischemic
and non-ischemic areas. Both CBF (p < 0.02) and CBV (p < 0.02)
exhibited significantly lower values in the ischemic zones. Ten
patients showing a subdural hematoma (SDH) were studied pre
ceding surgery and seven were ischemic in at least one lobe or
brainstem. Ipsilateral CBFwas lower than CBF in the contralateral
side (p < 0.1). CBV at the ipsilateral side was significantly reduced
compared to the contralateral side (p < 0.05). Follow-up studies
were performed in three ischemic patients and in one borderline
ischemic patient immediately after removal of SDH showing a
striking increase in both CBF and CBV. In the remaining 26
subjects follow-up studies were obtained between day 2 and day 8
and all patients showed CBF values within the normal range. These
data evidently support the suggestion that compromise of the
microvasculature is the cause of early ischemia. rather than vasos
pasm of the larger conductance vessels. This has implications for
acute post-traumatic therapeutical strategies and management of
the severely head injured patient and may lead to testing of new
drugs that are effective in interfering with processes causing this
ischemia.

Keywords: Cerebral blood volume; cerebral ischemia: traumatic
brain injury.

Introduction

The critical role of ultra-early cerebral ischemia in
the pathophysiology of severe head injury becomes

increasingly evident [1,12], but its cause remains
controversial. At least 30% of severely head injured
patients sustain an episode of ischemia in the period
immediately following severe head injury [1,12].
Early ischemia, despite adequate perfusion pressure
and oxygenation, lasts in most cases for only a few
hours [1,12]. Even with reversal of this ischemia, the
patients who present with ischemia have a very poor
prognosis, the majority of them dying within 48 hours
after injury [12]. This confirms that the brain is most
vulnerable [4,5] during the early phase. In order to
detect ultra-early ischemic events and elucidate the
cause of this phenomenon we have performed stable
Xenon-CT cerebral blood flow and cerebral blood
volume (CBV) measurements in severely head in
jured patients during the initial and follow-up diag
nostic CT scans. A reason to measure CBV is that in
case of low CBF, knowledge of CBV allows insight
into the cause of low CBF [8]. Previously, we have
hypothesized that early ischemia as a consequence of
the primary insult is largely caused by vasospasm of
the larger conductance vessels [1,8]. However, in this
paper we present data to the contrary.

Materials and Methods

Patient Population

We report a series of 51 patients with severe blunt head injury
(GCS 8 or less), in whom combined CBF/CBV studies were per
formed within 24 hours post-injury. The patients' ages ranged
from 15 to 82 years. Those known to have been hemodynamically
unstable or braindead on their first neurological exam were ex
cluded from this series. The patients were classified according to
the lesion on the diagnostic CT-scan. Three patients had epidural
hematomas (EDH), but measurements were all performed imme-
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diately after removal of this EDH, as was also done in 2 of the 12
patients who had a subdural hematoma (SDH). Twelve patients

had intracerebral lesions, 4 had diffuse swelling, and 7 patients had
no abnormalities on the initial computed tomography scan (CT).
In the NICU all patients were treated according to a standard head
injury protocol which is described elsewhere [16].

Determination of CBF and CBV

Following airway and hemodynamic stabilization, all patients
underwent a standard emergency CT scan of the brain. This was
immediately followed by a stable Xenon-CT CBF and CBV study
[2]. Follow-up studies were performed 2 to 8 days after injury.
Patients with an EDH or SDH were studied prior to evacuation
only if patient's status did not require immediate intervention.

Definition of Ischemia

Ischemia was defined as a CBF lower than 20ml/lOOg/min in at
least one entire lobe, in the basal ganglia or in the brainstem [14].

Results

CBP and CBV Measurements

Fifty-nine combined CBF and CBV studies were
performed emergently in a series of 51 patients.
Ischemia was found in 11 of these 51 studies (22%).
However, all 11 patients with ischemia were found
among the 35 patients studied between 0.7 and 4
hours after injury, for an incidence of ultra-early
ischemia of 31%. Ischemia was more common in
patients with SDH and diffuse swelling. Seven
patients who exhibited both an ischemic and non
ischemic zone were selected for comparison of CBF
and CBV in those areas. These results are presented
in Table 2. There was a significant difference be
tween both CBF (p < 0.02, Wilcoxon matched signed
rank test) and CBV (p < 0.02, Wilcoxon matched
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signed rank test) in the respective areas with the
lowest values in the ischemic zones. Follow-up

studies were performed in 30 subjects between day 2
and 8 after injury. All patients had CBF values above
the ischemic threshold. We then examined CBF and
CBV data of 10 patients with a predominant SDH
in situ with special attention to the existence of
ischemia in one or both hemispheres. Seven of these
patients had ischemia in one hemisphere, 4 of whom
are presented in table 3 while the remaining 3 had
bilateral ischemia excluding them from Table 3.
There were 3 patients without ischemia. In all pa
tients a midline shift was present on the initial CT
scan. The temporal and parietal regions were the
most frequent sites of the hematomas. This was also
the area of the most profound reduction in CBF and
CBV. These results are shown in table 3. All mea
surements in SDH group with ischemia were per
formed prior to evacuation of the clot. Three patients
with ischemia demonstrated marked improvement of
CBF and a large increase in CBV immediately after
surgery (Table 4).

Table 1. The Changes Occurring in CBF, CBV, TCD Velocity,
and Brain Microscopical Anatomy with Changes in the Cerebral
Vasculature

CBF CBV TCD" BMAb

Vasospasm conductance J. i i
Microcirculatory compression l l l 1
Microcirculatory contraction l l l 2
Microcirculatory plugging l l l 3

"Transcranial Doppler; Lindegaard Index, VMCAIVICA [14].
hBrain microscopical anatomy. 1 Small extravascular spaces,
swelling. 2 Normal extravascular spaces, intravascular aggregates.
3 Cell aggregates in microcirculation.

Table 2. Comparison of CBF and CBV in Regions with and without Ischemia

Ischemia No ischemia
Patient Age (yr) Intracranial GCS
number /Sex Lesion Score pcm MABP CBF CBV CBF CBV Location ischemia

1 30/M SDH 4 31 116 19 3.9 31 4.5 ipsil. (front, temp, par.)

2 49/F SDH 4 33 132 9 1.3 21 2.6 ipsil. (front, temp, par.)

3 24/F SDH 5 31 99 14 3.1 21 4.7 ipsil. (front, temp, par.)
4 15/M small SDH 6 36 65 9 1.8 30 5.7 frontal lobes

5 17/F "Normal" 3 24 60 18 1.7 43 3.9 occipital lobes
6 6/M Swelling 6 37 118 17 3.2 54 8.7 unil. (front, temp.)
7 47/M Contusion 3 36 92 18 2.6 38 3.9 ipsil. (temp.)

Mean (SD) 4.4 ± 1.3 33 ±4.5 87 ±24 15 ±4.3 2.5 ± 1.0 35 ± 1.9 4.9 ± 1.9
Normal (SD) 53 ± 13 6.1 ±0.9

Values are expressed as means ± standerd deviations.
PC02 =mmHg, MABP =mm Hg. CBF =mill 00 g/min, CBV =mill 00 g.
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Table 3. Ipsi-and Contralateral CBF and CBV Values in Respectively Ischemic and Non
Ischemic Patients with a Subdural Hematoma (SDH)
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Ischemia (n = 4) No ischemia (n = :1)

ipsilateral contralateral ipsilateral contralateral
CBF CBV CBF CBV CBF CBV CBF CBV
15.9 ±3.7' 3.0 ± 1.1b 20.6 ±4.9 3.9 ± U :19.7 ± 14.5 5.0 ± 1.1 37.0 ± 10.8 4.6 ± 1.0

'p < 0.1 compared to the contralateral side.
b p < 0.05 compared to the contralateral side.
CBF = ml/lOOg/min, CBV = miIlOOg.

Table 4. Pre-, and Post-Operative CBFICBV Data in 3 Ischemic Patients with a SDH

PC02 MABP CBF CBV

pre-op. post-op. pre-op. post-op. pre-op. post-op. pre-op. post-op

Patient A 25 37 91 9:1 "18.0/19.0 "75.0/55.0 '3.7/3.6 "7.517.3
Patient B 32 25 111 79 ' 17.9/16.8 "33.5/37.4 '3.6/3.6 "6.1/5.5
Patient C 33 30 120 79 "U.9/17.6 "42.2/41.0 '1.3/2.6 "4.5/3.5

'Values ipsilateral to SDH.
PC02 = mm Hg, MABP = mm Hg, CBF = ml/l 00 g/min, CBV = ml/l 00 g.
The pre-operative studies were obtained within 4 hours after injury.
Values are expressed as means ± standard deviations.

Discussion

The incidence and time course of decreased CBF and
ischemia is becoming more defined as the first CBF
measurements are obtained closer to the time of
injury [12,13]. However, the cause of ischemia after
severe head injury remains a matter of speculation.
By investigating this question by a variety of tech
niques (Table 1) an answer may be found. In this
paper we focus on CBV, but in limited numbers of
patients we have ultra-early transcranial Doppler
(TCD) data showing that flow velocities are normal
or low in relation to the CBF.
Early ischemia lasts mostly from 0-8 hours post
injury [1,12] and is, in our opinion, part of the ongo
ing, primary insult. Early ischemia, accompanied by
reduced CBV, apparently occurs in patients with a
diversity of CT diagnoses, varying from diffuse swell
ing to intracranial mass lesions to a "normal" CT
scan. In patients with early pericontusional ischemia
we have found marked reduction in CBV which on
histological examination was found to be due to mi
crovascular compromise caused by astrocytic swell
ing and leucocyte plugging [11]. The finding of low
CBV in the present series is compatible with these
same causes for ischemia as in the patients with
contusions. However, it will be much more difficult
to obtain histological confirmation as it will not be

feasible to take biopsies from patients who do not
need intrinsic brain surgery for other reasons.

Therapeutic Implications

Unravelling the mystery of the cause of early
ischemia may dramatically change current therapeu
tic strategies. For instance, if vasospasm of the con
ductance vessels would be the cause, using either a
calcium channel blocker such as Nimodipine or infu
sion of a magnesium solution, both of which are
known to cause relaxation of acutely vasospastic ar
teries, may be indicated. However, Nimodipine ad
ministration to an unselected group of patients with
severe head injury has been shown not to improve
outcome [17] but it should be kept in mind that this
drug was given approximately 8 hours post injury,
when low CBF already has spontaneously reversed.
The effect on outcome of Nimodipine administered
to only those patients with traumatic subarachnoid
hemorrhage, is probably related to the prevention of
vasospasm on days 4 to 6 [3,7]. Secondly, the blood
pressure may need to be raised as the chance of
promoting cerebral edema with such a manoeuvre
during vasospasm is remote. However, if the micro
circulation would be compressed by early cerebral
edema [15] a vicious circle of edema, ischemia, more
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edema etc. might ensue, requmng measures to
"shrink" the brain. It is also possible that the vessels
of the microcirculation are contracted during the
early post-traumatic phase, e.g. by massive sympa
thetic discharge or because of lack of intrinsic
endothelium derived vasodilators, each requiring
administration of specific microvascular vasodilators
[9,10]. Finally, segments of the microcirculatory
vessels may be plugged with leukocyte aggregates
necessitating anti-inflammatory agents (such as
indomethacin [6], colchicine, interleukin 1-4) or oxy
gen radical scavengers (such as PEG-SOD) [9]. Al
though the precise cause of early ischemia occurring
after severe head trauma is unclear, we now can ex
clude vasospasm as the cause of this type of ischemia.
Further investigation is needed, focusing on the clari
fication of the exact origin of the microvascular com
promise which leads to ischemia and decreased CBV.

References

1. Bouma GJ, Muizelaar JP, Stringer WA (1992) Ultra-early
evaluation of regional cerebral blood flow in severely head
injured patients using xenon-enhanced computed tomo
graphy. J Neurosurg 77: 360-368

2. Fatouros PP, Muizelaar JP. SchrOder ML (in press) A new
method for quantitative regional cerebral blood volume mea
surements using computed tomography. Stroke 28(10): 1998
2005

3. Harders A, Kakarieka A, Braakman R (1996) Traumatic sub
arachnoid hemorrhage and its treatment with Nimodipine. J
Neurosurg

4. Jenkins LW, Lyeth BG, Lewelt W (1988) Combined
pretrauma scopolamine and phencyclidine attenuate posttrau
matic increased sensitivity to delayed secondary ischemia. J
Neurotrauma 5: 275-287

5. Jenkins LW, Moszynski K, Lyeth BG (1989) Increased vulner
ability of the mildly traumatized rat brain to cerebral ischemia:
the use of controlled secondary ischemia as a research tool
to ientify common or different mechanisms contributing to
mechanical and ischemic brain injury. Brain Res 477: 211-224

6. Kontos HA, Wei EP, Dietrich WD (1981) Mechanism of cere
bral arteriolar abnormalities after acute hypertension. Am J
Physiol 240: H511-H527

7. Martin NA, Doberstein C, Zane C (1992) Posttraumatic
cerebral arterial spasm: transcranial Doppler ultrasound,
cerebral blood flow, and angiographic findings. J Neurosurg
77: 575-583

8. Muizelaar JP, Marmarou A, DeSalles AAF (1989) Cerebral
blood flow and metabolism in severely head-injured children.
Part I: Relation with GCS. outcome, ICP and PVI. J
Neurosurg 71: 63-71

9. Muizelaar JP. Marmarou A, Young HF (1993) Improving the
outcome of severe head injury with the oxygen radical scaven
ger polyethylene glycol-conjugated superoxide dismutase: a
phase II trial. J Neurosurg 78: 375-382

10. Robertson CS. Clifton GL. Taylor AA (1983) Treatment of
hypertension associated with head injury. J Neurosurg 59:
455-460

11. Schroder ML, Muizelaar JP, Bullock R (1994) Focal ischemia
due to traumatic contusions, documentd by Stable Xenon-CT,
and ultrastructural studies. J Neurosurgery 82: 966-971

12. Schroder ML, Muizelaar JP, Fatouros PP (1994) Regional
ischemia after severe head injury in man. In: Tomonaga M,
Yonas H (eds) Quantitative cerebral blood flow measure
ments using Stable Xenon/CT. NY, Futura, Mount Kisco, pp
275-281

13. Schroder ML, Muizelaar JP, Kuta AJ (1994) Documented
reversal of global ischemia immediately after removal of an
acute subdural hematoma. J Neurosurg 80: 324-327

14. Schroder ML. Muizelaar JP, Kuta AJ (1996) Thresholds for
cerebral ischemia after severe head injury: Relatioship with
late CT findings and outcome. J Neurotrauma 13: 17-23

15. Waga S, Tochio H, Sakakura M (1979) Traumatic cerebral
swelling developing within 30 minutes after injury. Surg
Neurol 11: 191-193

16. Ward JD, Bullock R (1995) Management of head trauma.
In: Shoemaker We. Ayres S, Grenvik A (eds) Textbook of
critical care. Saunders, Philadelphia, pp 449-1457

17. The European Study Group on Nimodipine in severe head
injury (1994) A multicenter trial of the efficacy of Nimodipine
on outcome after severe head injury. J Neurosurg 80: 797
804

Correspondence: Marc L. Schroder, M.D., Ph.D., Department
of Neurosurgery, University Hospital Vrije Universiteit, De
Boelelaan 1117. PO Box 7057. 1007 MB Amsterdam, The
Netherlands.



Acta Neurochir (1998) [Supp!] 71: 131-134
© Springer-Verlag 1998

Moderate Hypothermia and Brain Temperature in Patients with
Severe Middle Cerebral Artery Infarction

S. Schwabl, S. Schwarz', A. Aschofrz, E. Kellerl, and W. Hackel

I Departments of Neurology and 2Neurosurgery, University of Heidelberg, Federal Republic of Germany

Summary

Elevated temperature is known to facilitate neuronal injury after
ischemia. After head injury a gradient between temperature and
body temperature of up to 3°C degrees higher in the brain has
been reported. Hypothermia may limit some of the deleterious
metabolic consequences of such increased temperature.
In 20 patients who had suffered severe ischemic stroke in the
middle cerebral artery (MCA) territory, intracerebral tempera
ture combined with ICP monitoring was recorded using two
different thermocouples, with epidural, and parenchymatous mea
surements. Mild hypothermia was induced using cooling blankets.
Patients were kept at 33°C core temperature for 48 to 72 hours.
In all patients brain temperature exceeded body-core tempera

ture by at least up to 1°C (range 1.0-2.1°C). Systemic cooling was
effective and sustained hypothermic (33-34°C) brain tempera
tures. With mild hypothermia critically elevated ICP values could
be controlled. 12 patients survived the hemispheric stroke with a
mean Barthel index of 70. Severe side effects of hypothermia were
not detected.
After MCA stroke, human intracerebral temperature is higher
than central body-core temperature. Mild hypothermia in the
treatment of severe cerebral ischemia using cooling blankets is
safe and does not lead to severe side effects. Mild hypothermia can
help to control critically elevated ICP values in severe space
occupying stroke and may improve clinical outcome in these
patients.

Keywords: Hypothermia; middle cerebral artery infarction.

Introduction

In the past 10 years there has been much interest in
using modulation of brain temperature to avert the
brain damage caused by ischemic injury experimen
tal stroke and other neuronal injuries [7,18]. In
several animal models of focal cerebral ischemia, hy
pothermia reduced infarct volumes up to 90%
[2,10,20], and an increase in brain temperature has
been shown to have a significantly adverse effect on

histopathological findings and outcome after cere
bral ischemia [4,5].
Body temperature and brain temperature can dif

fer significantly in neurosurgical patients [13]. To
date there are no reports available on brain tempera
ture monitoring in patients with severe ischemic
stroke. Even though hypothermia has a potent
cerebroprotective effect after experimental focal
ischemia, clinical studies modulation of brain tem
perature after middle cerebral artery (MCA)
infarction are lacking. We report our experience of
brain temperature monitoring and mild hypothermia
therapy in patients with acute severe MCA infarction
[8].

Patients and Methods

This study is based on 20 consecutive patients, fourteen men
and six women (35 to 64 years of age, with a mean age of 49 ± 12.3
years), who had suffered acute MCA territory stroke and
were admitted to the neurocritical care unit for treatment of
elevated intracranial pressure (ICP). Inclusion criteria were: clini
cal and computed tomographic (CT) evidence of acute, large
MCA infarction (which consisted of early large parenchymal
hypodensity and signs of local brain swelling such as effacement of
the sulci and compression of the lateral ventricle); follow-up CT
examinations within the first 4 days after stroke showing an in
creased space-occupying effect; further neurological deterioration
after admission to the NCCU; no previous disabling neurological
disease; and no terminal illness.
The ICP was monitored in all patients using one of two different
types of intraparenchymatous sensor or transducer (Spiegelberg™
pneumatic transducer, Spiegelbert AG, Hamburg, Germany, n =
13; CodmanrM microsensor, Johnson & Johnson, Raynham, Mas
sachusetts, USA, n =7). ICP devices were inserted ipsilaterally to
the affected hemisphere in thirteen patients and bilaterally in
seven patients. Clinical data were obtained daily from all patients
and assessed using the Scandinavian Stroke Scale (SSS) and
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Glasgow Coma Scale (GCS) [16,19]. Four weeks after stroke,
clinical outcome was assessed using the SSS and Rankin scale (RS)
and activities of daily living rated using the Barthel index (BI)
[11,14].
Brain temperature was measured with two different tempera

ture sensors. The Spiegelbreg intraparenchymatous ICP probe,
which also can be used as an intraventricular ICP device, has a
thermistor in the tip of the probe. The accuracy of the temperature
measurements is lower than 0.1°C. A Foley temperature catheter
for bladder temperature reading with a resolution of 0.1 °C was
used for monitoring of body core temperature (Mon-a-therm™,
Mallinckrodt, St. Louis, Missouri, USA). During all procedures,
the patients were sedated and received neuromuscular blockade
with atracurium (0.3-0.6mg/kg i.v.). Monitoring in the
neurocritical care unit always consited of continuous monitoring
of ICP, electrocardiograms, and blood pressure. Room tempera
ture in the intensive care unit was between 18 and 2(JOC. In this
study, only cooling blankets (Bair HuggerT'I, Augustine Medical,
Saint Prarie; MN, USA) with cool ventilator air fanning the pa
tients body surface were used for external cooling. After the body
core temperature reached 33°C, it was kept between 33° and 34°C
for 48 to 72 hours. During the next 12 hours the patient was
passively rewarmed to normal temperature values.

Results

Patients

The mean SSS acore on admission was 23.6 ± 6.5
(median 27). Mean GCS on admission was 9 points
(range 4-13). Each patient presented with severe
hemiparesis and forced eye and head deviation and
each had suffered a large middle cerebral artery
(MCA) territory stroke. Eight of 20 patients who
underwent ICP monitoring died. Each of the twelve
survivors was discharged to a rehabilitation pro
grams. The mean SSS score 4 weeks after stroke was
31.3 ± 8.3. The mean Barthel index of the surviving
patients was 65 (range 55-80) and the mean Rankin
scale 3 points (range 2-4).
The mean interval between onset of symptoms of
ischemic stroke and insertion of the monitoring
device was 9 hours (range from 4 hours to 24 hours).
The average monitoring period varied between 3 and
7 days (mean 4.9 ± 2.5 days). The mean initial ICP
was 21.9 ± 10.4mmHg (range 13-36mmHg). In all
patients, ICP values decreased with initiation of
hypothermia to mean values of 14.5 ± 4.2mmHg.
During rewarming ICP values rose continuously to
highest measured mean values of 19.4 ± 8.7mmHg.
Moderate hypothermia was not associated with
significant changes in serum amylase, or lipase.
However, there was a significant decrease in platelet
count over the hypothermia period from a mean
of 160cts/nl to 95 cts/nl. The activated partial
thromboplastin time was slightly higher during hypo-

S. Schwab et al.

thermia than before and after hypothermic treat

ment

Brain Temperature and Bladder Temperature

In each patients intraparenchymatous brain tem
perature exceeded body-core temperature, by a
mean of 1.5 ± 0.3°C (range 1.0° to 2.1°C). The differ
ence between brain temperature and body-core
temperature varied individually and over the mea
surement period. Hence, the difference between
brain and body-core temperature was independent
of the measured ICP or cerebral perfusion pressure
(CPP). In the seven patients in whom bilateral
intraparenchymatous temperature was measured,
a significant temperature gradient between the
infarcted and contralateral hemispheres was ob
served. In three patients, in whom bilateral ICP and
temperature monitoring was started within the first
six hours after the MCA infarction, brain tempera
tures were up to 0.6°C higher in the infarcted hemi
sphere than in the contralateral hemisphere. After
12 hours lower temperatures were found in the
infarcted hemisphere and subsequently a gradient of
0.6°C to O.9°C was noted (Figs. 1,2).
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Fig. 1. Bilateral intraparenchymatous temperature monitoring
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higher temperatures in the infarcted hemisphere within the first
hours after stroke. Monitoring began within 6 hours after onset of
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Discussion

~active cooling with cooling blankets
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Busto addressed the importance of brain tempera
ture in experimental cerebral ischemic injury [3]. He
was able to show a reduction in brain damage de
pending on the level of brain temperatures during
ischemic. In our study, brain temperatures in stroke
patients were consistently higher than body-core
temperatures. These results comfirm the findings of
Mellergard and others, who showed a significant gra
dient between body-core and brain temperatures in
head injured patients [13]. The explanation for this
may lie in the high metabolic activity of cerebral
tissue with a consequent considerable production of
heat [9].
Two recent clinical studies emphasized the impor
tance of body temperature stroke prognosis and
severity [1,15]. Reith et al. demonstrated lower mor
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Summary

Diffuse brain swelling is a common complication in young victims
of a seven head injury but, there is a lack of data on relevant
models of injury. We produced diffuse brain injury in 21 day old
Lewis rat pups (N = 33) by modifying a recently established
weight-drop-model. The trauma threshold, neurological response,
histological changes, intracranial pressure (ICP). and arterial
blood pressure (ABP) were determined. In addition, the pressure
volume-index (PVI) was measured 15 min before, 2min, and I h
after brain injury.
In the 1m/IOO g group 4 of 5 rats died, whereas in the 0.5 m/100 g

only 4 of 28 died. The PVI increased at 2 min after traumatic brain
injury (TBI) but ICP was unchanged, except for a minor increase
immediately after injury. Histological studies revealed diffuse neu
ronal death, predominantly involving the cortex and hippocampus.
The results of the present study indicate that determination of
ICP in the developing rat pup during and after diffuse brain injury
is possible. A 0.5 m/IOO g weight-drop-trauma results in a morpho
logically severe injury but with low mortality. The increase in PVI
can be attributed to a decrease of cerebral perfusion pressure
(CPP) after injury. However, the absence of a further increase of
ICP after injury in the developing rat indicates that this may not be
a primary consequence of injury in paediatric patients.

Keywords: ICP; PVI; rat Pup; traumatic brain injury.

Introduction

Head injury is common in children with an annual
incidence of 200/100.000 in the United States (5). The
majority of injuries are mild or moderate, and lead
to only brief hospital stays. Nevertheless, below 14
years TBI is the most common cause of death. Dif
fuse cerebral swelling. A feature of paediatric brain
injury, and according to the Trauma Coma Data
Bank, incidence is twice as frequent in children as
adults [2].
Although experimental studies, are necessary to
understand the pathophysiological mechanism, only

a few experiments have been performed in very
young animals [1,8,10].
The aims of the present study were to modify a
model of closed diffuse brain injury to produce this
type of injury in 21 day old rats and to measure ICP
continuously before, during, and after the injury. In
addition, intracranial pressure dynamics were deter
mined by measuring the pressure-volume-index be
fore and after the injury and ABP, neurological
response and histological findings examinations were
studied. In studies previously conducted in adult rats
[4,9] no significant changes of ICP were measured
following a single TBI produced by the weight-drop
model. It was expected that a single TBI sustained
early in life would result in diffuse brain swelling.

Material and Methods

As approved by the Animal Research Committee of the Medical
School of Hannover, 21 day old Lewis rat pups were obtained
from the in house breeding colony. The pups were nursed by their
mother and weaned the day before the experiment. A total of 33
male and female rat pups (39 to 52 g) were divided into different
groups. All experiments were performed under general anesthesia
(Ketamine 100mg/kg) without ventilation.
The injury device first described by Marmarou et al. [7] in was
modified as follows. A brass weight fell free onto a brass helmet
glued to the skull of the rat by cyanoacrylate. The weight was
guided by aIm Plexiglass tube. The animal was placed in prone
position on a foam (20 x 20 x 50cm: spring constant 30/50) held
within a wooden frame. The lower end of the tube was placed
directly above the helmet. Immediately following the initial im
pact the box was slid horizontally to prevent a second impact.
In preliminary experiments on cadavers. different height/weight

ratios were used and the skull examined for fractures. Thereafter,
animals were divided into two groups: 0.5 m/l 00 g (N = 28) versus
I m/IOO g (N = 5) and mortality and neurological response were
determined.
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The neurological response was based on two features: duration

of apnea and loss of consciousness. Loss of consciousness was
defined in terms of absence of a toe-pinch-withdrawal reflex. The
reflex was tested every 20 to 30sec following injury.
Measurements of ICP and bolus injections for PVl determina

tion (N =6) were performed using a nylon catheter (1.0. 0.58 mm,
0.0. 1.02 mm) placed subdurally through a lateral-frontal burr
hole into the anterior fossa. The catheter was connected to a
Statham-transducer and ICP was recorded up to one hour after
injury. Bolus injections of 0.025-0.05 ml normal saline were per
formed 15 min before, 2 min. and I hour after injury. Pressure
Volume-Index (PVI) was determined according to the method
described by Marmarou et al.. using the formula PVI = L'.Y/log
(Pm,'/Pm;,) [6].
In a separate group, (N = 5) the femoral artery was cannulated

with a polyethylene tube (1.0. 0.4 mm, 0.0. 0.8 mm) connected to
a Statham-transducer. Continuous blood pressure recordings were
performed until30min after injury.
All brains were processed for hematoxylin-eosin staining using

20 l!m coronal sections. A separate group (N = 5) was subjected
to histological examination only. Animals were perfused
transcardially 3 days after injury and the brains were removed and
postfixed in 4%-formalin. Sections were studied under light
microscopy for cell loss and hemorrhage.
All measurements were stored and analyzed using commercially

available software (Oasy Lab V.3. Oatalog. Monchengladbach.
Germany). Statistical analyis was performed using Wilcoxon
signed rank test for paired data. Data are presented as mean ± SO.

Results

A 1m/100 g injury resulted in death of 4 of 5 animals
compared to 4 of 28 in the 0.5 m/100g group. There
fore, all physiological experiments were performed
using a height of 0.5 m and a weight of 100g. Death
occured usually immediately after injury due to
ventilatory arrest. In two animals space-occupying
subdural hematomas were considered the cause of
death.
Surviving animals exhibited a period of apnea,
lasting from 10 to 120 sec. Seizures were observed in
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65% of all animals involving particularly tail and

hind limbs. The loss of the toe-pinch-withdrawal re

flex was an inconsistent finding occurying in about

20% and lasting from 10 to 150sec.
ICP increased immediately following injury from

4.3 ± 1.7mmHg to 6.9 ± 2.8mmHg (p < 0.05). There
after, ICP returned to normal values within 10min.
The PVI increased 2min after injury from 0.036 ±
0.01 ml to 0.043 ± 0.008 ml with no further increase at
one hour (0.042 ± 0.009ml). However, this increase
did not reach statistical significance (Fig. 1).
Blood pressure decreased immediately after injury

from 85-95mmHg to 65-75mmHg, returning to
baseline values within 2min (Fig. 2). The drop of
blood pressure resulted in a decrease of CPP even
with unchanged ICP.

Gross pathological examination of the surviving
animals did not reveal any skull fractures. Subarach
noid hemorrhage overlying both cortices to various
extents was observed in 90% of all animals. Histo
logical investigation showed diffuse neuronal cell
loss in all cortical areas and in the hippocampus. In
addition small perivascular bleedings were detected
in the brainstem.

Discussion

The present study indicates that the impact accelera
tion model can also be applied to the developing rat,
and results in a neurological response (seizures), in
creased PVI, decreased CPP, and diffuse cell loss.
21 day old rat pups were used to satisfy biome
chanical and physical requirements. The thickness of
the skull had to be sufficient to prevent major skull
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fractures and to enable the implantation of a tube for

ICP mesurements. A O.5m/100g impact leads to a
severe diffuse injury with a moderate mortality in
spontaneously breathing young animals. The injury
produced by a 1m/100 g impact is very severe, with a
high mortality. These findings are in contrast to re
sults published by Adelson et at. [1] using a similar
modification of the same model. The differences may
be explained by the use of different kinds of foam
and anaesthesia.
The slight increase in ICP immediately after in

jury, with no further alteration, can be explained by
transient deformation of the juvenile skull resulting
in reduction of the cranial volume. The lack of a
longer lasting increase in ICP was unexpected. How
ever, previous results in adult animals are inconclu
sive. In our own studies we could not detect any
significant alterations of ICP [9]. Similar observa
tions were also made by Kita and Marmarou [4] fol
lowing a single injury without secondary insult. This
is in contrast to a significant increase of Iep observed
in adult rats within 30min following a single injury
using the same model [3]. The different findings may
be explained by slight variations in the trauma de
vice. Another explanation for the lack of an increase
of ICP may be the anesthetic agent urea. Ketamin is
known to have a neuroprotective effect and there
f<?re it may prevent an increase of ICP. In contrast to
findings in adult animals [9] the PVI did not tend to
increase progressively following an initial rise. Fur
thermore, we have studied only the very early period
following trauma. Thus, we may have missed changes
occuring later, as was shown a delayed outflow resis
tance of CSF in adult rats [9]. This possibly leads to
diffuse brain swelling, if there is no adaequate com-
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pensating mechanism in the juvenile brain as indi

cated by the early cessation of PVI-increase.
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Summary

The Glasgow Outcome Scale (GOS)-Score is the most widely used
instrument for measuring outcome in head injury research. Its
reliability is seen controversial because of its simplicity. The study
analyzes the correlation between the levels 3 to 5 of recovery to
medical data, psychology and quality of life (QOL) 4 to 8 years
after the accident. 34 patients. suffered from a severe brain injury
(BI) 4 to 8 years ago, were reexamined by a psychological test
battery and by evaluating of QOL (using self developed items for
private and social activity). Test results and GOS-Scores addition
ally were correlated to data from the phase of intensive care.
Patients, still alive 4 to 8 years after injury. ranged mainly be
tween the GOS-Scores 3 to 5 of recovery. Consequently. other
scores (like Ranchos los Amigos. Barthel Index. GOAT) failed
in measuring the outcome after such a long time. Different par
ameters from the phase of intensive care correlate significantly
with the patients GOS-Score: coma length, isolated brain injury
versus additional extracranial injury. compression of the basal
cisternes on the initial CCT. Different psychological test results
and the patients quality of life correlate significantly with the
GOS-Scores from 3-5. These correlations could be shown in xy
and yx-direction by different mathematical models.
It is concluded, that GOS-Ievels 3-5 of recovery correlate to the

essential medical data from the initial phase after the accident and
to a detailed psychological evaluation years after injury.

Keywords: Glasgow Outcome Scale (GOS): severe brain injuries.

Introduction

The Glasgow Outcome Scale (GOS)-Score is the
most widely used instrument for outcome measure
ment in head injury research. Its reliability is seen
controversial because of its simplicity. On the other
hand, it can be evaluated in a short time and even
without personal contact to the patient. To evaluate
its efficiency, this study analyses the correlation be
tween the levels 3 to 5 of recovery to psychology and
quality of life (QOL) 4 to 8 years after the accident.

Additionally, a correlation with medical data mate
rial from the phase of intensive care is drawn.

Materials and Methods

Patients, treated for brain injury (BI) between 1986 to 1991 were
consecutively investigated 3 to 8 years after the accident.
All patients had a Glasgow Coma Scale (GCS)-score between 3

and 12 when admitted. Additionally, at least one morphological
sign of an intracranial injury ("brain injury") had to be visible on
the initial computerized tomography (CT). Patients were between
16 and 65 years old at the time of accident. All patients reached the
hospital not later than 3 hours after the accident.
From 69 patients, which fullfilled these criteria, 15 (22%) al
ready died during primary intensive care treatment. One addi
tional patient died of unrelated cause. 53 patients survived. 40 of
these were followed 3 to 8 years later. 6 of them refused reexami
nation. 34 (49%) patients underwent a psychological evaluation.
The mean age of these 34 patients was 34.3 years at the time of
psychological evaluation and 28.4 years at the time of accident. 19
(56%) were male. 15 (44%) female.
The patients were visited at home between August to October
1994. The tests given are listed in Table 1. They are acknowledged
to be sensible for the sequelae of brain injury [11].
In the study, which is presented here, 54% of the patients were

evaluated as level "5", 38% as level "4" (Table 2).
Quality of Life (QOL) was evaluated using self developed items
(Table 3). Firstly. family life, and secondly social activities were
evaluated. To address the first issue, abbreviated as private activity
(PA), 7 questions were asked, which could be answered with 4
alternatives (1: not done because of sanitary reasons, 4: performed
without problems). The linal score for PA therefore ranged be
tween 7 and 28 points. The second scale, abbreviated as social
activity (SA), contained 5 questions, answered with the same alter
natives. Therefore, a total score between 5 and 20 could be
reached.
Statistical evaluations were performed with the help of the sta

tistic programm JMP by SAS Institute Inc. (SAS Campus Drive,
Cary, NC 27513, USA, 1989-1994). For one way variance analysis,
significance was tested by the WILCOXON-test. Logistic regres
sion analysis was performed in order to correlate data of a nominal
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Table 1. Test Battery for Evaluation 4 to 8 Years after Injllry. Tests were chosen because of their sensitivity for Distllrbances after Brain
Injuries

Type

Instruction

Testing
functions of:

LURIA-test

word learning
test (free recall)

recall 10 unrelated
words in high
frequency

attention, memory,
organisation of
recalling memory
contents

Controlled oral word
association-test

association-test

name words of a
given starting
letter

fluency of word and
speech. detecting
subclinical forms of
aphasias

Number connection
test. part A and B

complex attention and
concentration test

draw lines to connect
consecutively
numbered (A) or
numbered and
lettered (B) circles on
a work sheet

visual and motoric
components of
learning

REY complex
figure-test, copy trial

constructive test

copy a complex
standardized
figure

organisation of
visual learning

REY complex figure
test, memory trial

constructive test

reproduct the REY
figure 20min after
Copy trial

visual memory

Table 2. Self Developed Items for Evaillaring Qllality of Life Table 3. Glasgow Outcome Scale (GOS-)Score: Resulrs 4 fO 8
Years after Brain Injury

Private activity (PA)
7 questions, which could be answered with 4 alternatives final
score for PA: 7 and 28 points.

Social activity (SA)
5 questions with 4 alternatives (see PAl final score for SA: 5 and
20 points

Alternatives: 1: not done because of sanitary reasons. 4: performed
without problems.

or ordinal character from the clinical phase to continuously dis
tributed results from psychological testing. Significance was as
sumed, when the whole model test as well as tests for estimated
parameters showed p values below 0.005.

Results

1. Late GOS-score and early medical data: Patients,
still alive 4 to 8 years after injury, ranged mainly
between the GOS-Scores 3 to 5 of recovery (Table
3). Consequently, other scores (like Ranchos los
Amigos, Barthel Index, GOAT), which describe
states of a more severe disability, failed in measuring
the outcome after such a long time.
2. Different parameters from the phase of inten
sive care correlate significantly with the patients
GOS-score. This is exemplarily shown for the coma
length by logistic regression analysis (Fig. I).
Other medical data (Table 4), which are able to
differentiate between the GOS-levels 3-5: isolated
brain injury versus additional extracranial injury,
compression of the basal cisternae on the initial CCT
and presence of a cerebral contusion. It is noticed
that some of these parameters correlate with the
GOS-Score in both mathematical directions.

Definition Frequency 4-8,
GOS-Ievel (Jennett, Bond 1975) years after BI

5 good recovery (resumption 58
of normal life)

4 moderate disability (disabled 34
but independent)

3 severe disability (conscious 8
but disabled)

2 persistent vegetative state 0
(absence of cortical function)

death (due to brain damage)

2. Late GOS-Score and late psychological data
(Table 4): Different psychological test results corre
late significantly with the levels from 3-5. Exemplar
ily, this is shown for the brief word learning test due
to LURIA (Fig. 2). These correlations between
neuropsychology and GOS-Score could be often
shown in xy and yx-direction by different mathemati
cal models.
3. Late GOS-Score and late Quality of Life: Pa
rameters, describing the Quality of Life showed
significant correlation to the different GOS-levels
(Table 4). This was more pronounced for scores on
social activities (including his job) than for those
concerning the patients condition in the familiar
surrounding.

Discussion

Although a GOS-level [10] of 3, 4 or 5 may contain
different psychological disturbances, not described
by a simple scale, the correlation of the GOS-score to
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Fig. 1. Correlation between coma length and GOS-Score, evalu
ated 4 to 8 years after the injury (logistic regression analysis):
significant differentiation between th levels 3, 4 and 5 of recovery
by coma length
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Fig. 2. Correlation of the GOS-Score to the results of a brief word
learning test (LURIA): significant differences for all three levels
of recovery 4 to 8 years after the accident
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Table 4. Corelation of the GOS-Score 4 to 8 Years after Injury to Medical and Psychologcal
Data and to Quality of Life

Parameter GOS-Ievel on X-axis GOS-level on Y-axis

Early medical data

Cerebral contusion (yes/no)
Compression of basal cisterns
(yes/no)
Additional extracranial
injury (yes/no)
Coma length (days)

0.028 (cross table)
0.Q28 (cross table)

not significant (cross
table)

0.0004 (ANOVA)

not significant (cross table)
0.02 (cross table)

0.038 (cross table)

0.00032 (logistic regression
analysis)

Late psychology

Controlled Oral Word
Association-Test
LURIA brief learning-test
Number Connection-Test,
Part A
Number Connection-Test,
Part B
REY Complex Figure-Test,
Copy Trial

not significant 0.001

0.004 0.003
not significant 0.0004

0.02 0.0001

not significant 0.03

Late Quality of Life

Private activity
Social activity

0.00018
0.00002

0.0001
0.00002
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a complex evaluation of the long term result after a
severe BI is evident (Table 4). We conclude, that
these 3 levels of recovery correlate to the essential
medical data from the initial phase after the accident
and to a detailed psychological evaluation years after
injury.
The early medical data, found to be in correlation
with the GOS-Score, are known as predictors of the
squelae of BI: coma length [3,7], compression of
the basal cisternae [1,5] and cerbral contusions (13).
The importance of the additional extracranial injury
(Table 4) cannot be confirmed by literature. In fu
ture, correlation of pschological data to parameters
from magnetic resonance imaging [8] might lead to
other predictors.
The correlation of the GOS-Score to psychological
data (Fig. 2, Table 4) is the essential result of his
study: it allows to differentiate patients by dividing
their complex physical and mental condition into
three levels. The test battery, applied in his test, is
known to be sensible for BI, comparable to the
methos, used in other studies [2,6,9,13].
Measuring Quality of Life in different fields of
neurosurgery [4] is still controversial: this study
redraws on self developed items, not standardized
on a control group. The significant correlation to
the GOS-Score, especially to complex social activi
ties (Table 4), therefore, has to be regarded with
caution, although it is congruent with the psychologi
cal findings.
The study underlines the dominant improtance of
the GOS-score for neurorehabilitation and its effi
ciency for scientific evaluations. Further work has to
be done on its correlation to Quality of Life.
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Summary

To analyze the effect of lecithinized superoxide dismutase (SOD)
on superoxide accumulation after traumatic brain injury (TBI) in
rats, we studied the SOD activity by NBT-reducing method and
the expression of CU,Zn-SOD mRNA by orthern blot analysis.
As determined by the specific gravity method. the administration
of lecithinized SOD decreased brain edema in the periphery of the
lesion at 6 hr after contusion. SOD activity. without lecithinized
SOD administration, increased at the peripheral portion at 30min
after contusion, but decreased to the normal level at 6 hr after TBI.
By administration of lecithinized SOD. the increase of SOD activ
ity was preserved until 6 hr after TBI. The expression of CuZn
SOD mRNA increased in the core lesion, peripheral portion, and
contralateral hemisphere until 6 hr after TBL then was suppressed
in all three areas by lecithinized SOD. These results support the
hypothesis that superoxide anions may play an important role in
the development of brain edema after TBI. and that leciyhinized
SOD appears to prevent brain edema through a protective effect
against superoxide anions.

Keywords: Brain edema: cerebral contusion: SOD.

Introduction

The generation of superoxide anions have been pro
posed to explain the pathogenesis of brain edema
after traumatic brain injury (TEl). However, the
therapeutic trial of exogenous superoxide dismutase
(SOD) has been limited because of its low cell mem
brane affinity and rapid metabolism (2). To over
come these disadvantages, the effects of several
chemically modified preparations of SOD, including
polyethylene glycol-conjugated SOD and pyran
SOD, have been investigated, but have not been ap-

proved for clinical use due to their insufficient phar
macological potency. Lecithinized SOD, containing a
lecithin derivative covalently bound to recombinant
human SOD, has recently been shown to have a rela
tively higher pharmacological potency [2]. In the
present study, we examined the effects of lecithinized
SOD on water content, SOD activity and CU,Zn
SOD mRNA expression in rats with TBI.

Materials and Methods

Male Sprague-Dawley rats (250-300 g) were anesthetized with
intraperitoneal injection of pentobarbital sodium (50 mg/kg). A
burr hole 5 mm in diameter was made in the right parietal bone.
The animals were divided into four experimental groups. In the
first group. the rats were administered 1ml of saline intravenously
(sham group: n = 5). The second group underwent the same sham
operation, followed by intravenous administration of lecithinized
SOD (3000 units/kg: Seikagaku Co.. Tokyo, Japan) (sham+SOD
group: n = 5) dissolved in I ml of saline. In the third group, J ml of
saline was administered 1min before traumatic insult. Contusion
was made by dropping a 20 g-weight from the height of 30 em onto
the exposed dura (contusion group: n = 5). In the fourth group,
lecithinized SOD (3000 units/kg) was injected 1min before the
same traumatic insult (contusion+SOD group: n = 5). Rats were
decapitated 30 min and 6 hr after the treatment and the contusion.
The brain was dissected into three cortical portions, the injured
portion (core). 4 mm anterior to the injured portion (peripheral),
and contralateral hemisphere (distal).
At 30 min and 6 hr after TBL the water content and the SOD

activities of each portion were measured using the specific gravity
method and NBT-reducind method respectively.
At 6 hr after TBI. the expression of CU,Zn-SOD mRNA was

analyzed using Northern blot analysis. The total RNA was pre
pared from each portion according to the single-step method of
Chomczynski and Sacchi. The probe used for hybridization was a
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synthetic 48-mer oligonucleotide with a sequence complementary
to bases 372-419 of rat CU,Zn SOD mRNA. The optical density
(0.0.) of detected signals in autoradiograms was analyzed with a
computerized image analysis software (Image 1.56, NIH). For
quantitative analysis, the ratio for CU,Zn-SOD mRNA and 18S
rRNA was calculated. Data were expressed as the mean ±
satandard error of the mean (S.E.M.). Statistical analysis of the
data was performed using one-way ANOVA followed by post hoc
Duncan's multiple comparison tests. Differences among groups
were considered significant if the p value was <0.05.

Results

Water Content

The specific gravity of all cortical regions of sham or
sham+SOD group was high and remained at the
same level at both time intervals. In the contusion
group, the specific gravity of the core lesion dimin
ished at 30min after TEl, and markedly decreased at
6hr after TBI. The specific gravity in the peripheral
region was also diminished at 6hr post-TBI, but the
decrement was smaller than that in the core lesion.
There was no significant change in the water content
in the distal portion at both time intervals. Injection
of lecithinized SOD (contusion+SOD group) had no
effect on contusion-induced rise in water content at
both time intervals in the core region, but it signifi
cantly reduced the increased water content in the
periphery at 6hr post-TEl (Fig. lA).

SOD Activity

SOD activity in three examined portions of the
sham+SOD group was significantly higher than that
of the sham group at 30min and 6hr after the
operation.
In the core region, contusion resulted in a signifi

cant reduction of SOD activity compared with that of
the sham group at 30min after TBI. In contrast. in
creased SOD activity was observed in the peripheral
region of the contusion group at 30min after TBI.
However, this effect was of short duration, it de
creased to a level equivalent to that of the sham group
at 6hr. Treatment with lecithinized SOD before con
tusion (contusion+SO0 group) significantly in
creased SOD activity in the peripheral region not
only at 30min but also at 6hr after TEl (Fig. lB).

Cu;Zn-SOD mRNA Expression

Contusion increased CU,Zn-SOD mRNA expression
in the core, peripheral and distal regions at 6 h post
TBI, compared with its levels in sham group. Treat-
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ment with lecithinized SOD before contusion sup
pressed the level of CU,Zn-SOD mRNA expression
at 6hr to levels equivalent to those observed in the
sham group. This was in contrast to pretreatment of
sham-operated rats with lecithinized SOD where no
change was noted in the expression of CU,Zn-SOD
mRNA (Fig. Ie).

Discussion

In the present study, SOD actIvIty markedly de
creased in the core region at 30min after TEl (Fig.
lB), while CU,Zn-SOD mRNA expression increased
6 hr after contusion (Fig. Ie). The consequent en
largement of the extracellular space due to blood
brain-barrier (BBB) breakdown may decrease the
SOD concentration. Some authors have also re
ported this subsequent decrease of SOD activity
after ischemic brain injury [5], purporting that the
damage to mitochondrial function might disturb
SOD synthesis, and the accumulation of hydrogen
peroxide inactivate SOD irreversibly. Acute inacti
vation and consumption of SOD occurs due to the
severe brain damage, and then its mRNA might com
pensatory increase to make SOD activity normal.
In contrast to reduced SOD activity in the core
region, SOD activity increased in the peripheral re
gion 30min after contusion injury (Fig. lB). Further
more, increases in water content in the peripheral
portion were lesser than that in the core portion and
gradually progressed (Fig. lA). The superoxide
induced damage may be moderate enough to allow
acute higher intrinsic SOD activity in this region.
Our results also showed the increased CU,Zn-SOD
mRNA expression at the contralateral hemisphere of
contusion in spite of lack of change in SOD activity
(Fig. Ie). To this effect, bilateral increases in total
tissue calcium and calcium flux in both cortical hemi
sphere has been reported after contusion injury [1].
Cellular calcium influx is also associated with cortical
spreading depression [6]. Furthermore, Raghupathi
et al. have reported the induction of an immediate
early gene at the contralateral hemisphere of contu
sion injury [7]. Therefore, cortical spreading depres
sion may be involved in the increased SODmRNA
expression at the contralateral hemisphere.
We also investigated the effects of lecithinized
SOD on TBI. The administration of lecithinized
SOD suppressed brain edema 6hr after TBI in the
peripheral portion (Fig. lA). This finding suggests
that lecithinized SOD may be serve as an pharmaco-
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Fig. 1. (A) Specific gravity of each cortical portion in the contusion and
contusion+SOD groups, measured at 30 min and 6 hr after TBl. The mean of
specific gravity in each time interval of the sham control group is shown as a broken
line. (B) SOD activity of the examined cortical portion in the four experimental
groups, measured at 30 min and 6 hr after TBI. Values are expressed as percentage
of the sham control group in each portion. (C) CU,Zn-SOD mRNA level (Cu,Zn
SOD mRNA/18S rRNA ratio) of the sample from each portion in the four experi
mental groups, measured at 6 hr after TBI. Values are the mean ± S.E.M. of 5
samples. *p < 0.05. **p < 0.01 compared with the sham control group in each
portion. 'p < 0.05 between the indicated two groups

logical treatment for TBI. But in the core portion,
lecithinized SOD showed no significant effects on
increases in water content after TBI (Fig. lA).
Mikawa et al. showed a CU,Zn-SOD dose-dependent
protection against increases in water content after
TBI in transgenic mice overexpressmg SOD

transgenes [4]. Therefore, the dose of injected
lecithinized SOD in the present study may be insuffi
cient to protect the increase in water content after
TBI in the core portion. Lecithinized SOD adminis
tration of more than 3000 units/kg may improve the
brain edema in the core.
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Summary

The value of prophylactic antibiotics for patients with ventricular
catheter for monitoring and CSF drainage is uncertain. 228 pa
tients were randomised to receive perioperative antibiotics only
(Unasyn. Group I) or prolonged antibiotics for the presence of the
ventricular catheter (Unasyn and Aztreonam. Group II). The inci
dence of intracranial and extracranial infection was documented
prospectively. Group II patients had a significantly reduced inci
dence of CSF infection [31115 (3%) vs 12/113 (11 %). P = 0.01] and
extracranial infections [23/115 (20%) vs 48/113 (42%). P =0.002].
CSF pathogens in Group II patients were MRSA and Candida,
whereas in Group I, Staphylococci. E coli and Klebsiella. Although
prolonged antibiotic prophylaxis significantly reduced the inci
dence of serious CSF infection as well as extracranial infections,
this policy did select resistant or opportunistic pathogens such as
Candida and MRSA.

Keywords: Antibiotic prophylaxis: ventriculostomy.

Introduction

The role of prophylactic antibiotics in patients with
ventricular catheter for monitoring and CSF drainage
is uncertain [2-5], although per-operative antibiotics
have been shown in ten randomised trials to
significantly reduce infection in clean neurosurgical
operations [1]. Bacteria isolated from CSF with
ventriculostomy-related infection have been docu
mented as Gram positive cocci in half of the cases, and
Gram negative bacilli in the other half [2]. The pur
pose of this randomised trial is to prove the efficacy of
a high dose combination antibiotics regimen against
Gram positive cocci and Gram negative bacilli.

Patients and Methods

228 patients who required the insertion of a ventricular catheter
for intracranial pressure monitoring or CSF drainage in a 2-year

period (October 1993-September 1995) were randomised to re
ceive perioperative antibiotics only (Group I) or prolonged antibi
otic prophylaxis covering the period the ventricular catheter was
in-situ Group II (intravenous Unasyn 3G and Aztreonam 2G
eight-hourly, Group II). The ventricular catheter was inserted into
the frontal horn and was subcutaneously tunnelled. The external
pressure transducer and a closed drainage system were connected
as shown in figure 1 using a commercially available system (EDS
II, Codman, USA). The policy of changing the ventricular catheter
after 5 days was enforced if prolonged monitoring and CSF drain
age were required. The incidence of CSF and extracranial infec
tion was documented prospectively.

Results

The demographic and clinical data of these 228 pa
tients are tabulated in Table 1. Group II patients had
a significantly reduced incidence of CSF infection as
defined by CSF culture and/or CSF white cell count
>50/cumm [3/115 (3%) vs 12/113 (11%), P = 0.01]
and extracranial infections [13/115 (20%) vs 48/113
(42%), P = 0.002], whereas cranial wound infection
in both groups was uncommon (Table 2). CSF patho
gens in Group II patients were MRSA and Candida,
whereas in Group I, Staphylococcus aureus and
albus, E coli, Klebsiella (Table 3). Ventriculostomy
related infection was associated with the duration of
CSF drainage (11 ± 3 vs 4 ± 3, p < 0.001). Mortality in
both groups was also associated with CSF infection
(Table 4).

Discussion and Conclusion

The controversy on the efficacy of CSF antibiotic
prophylaxis for ventriculostomy-related sepsis can be
summarised as follows:
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Table 1. Demographic and Clinical Data of the Two Groups of Patients
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Total number
Mean age (range)
Male (%)
Head injury (%)
Brain tumour (%)
Vascular (%)
Req' CSF drainage (%)
Mean duration of catheter
Req' multiple catheter
CSF infection

Group I

113
44 ± 19
69(61%)
10 (9%)
51 (45%)
33 (29%)
28 (25%)
5 ±4 days
20 (18%)
12 (11%)

Group II (unasyn+astreonam)

115
46 ± 17
70(61%)
12 (10%)
53(46%)
35 (30%)
30 (26%)
4 ± 3 days
18(16%)
3 (3%)

Table 2. Incidence of Infection in the Two Groups of Patients

Total number of patients
CSF infection (%)
Wound Infection (%)
Extracranial infection (%)

Group I

113
12 (11%)
4 (4%)
48(42%)

Group II (unasyn+aztreonam)

115
3 (3%)
3 (3%)
23 (20%)

p

0.01
0.7
0.002

Table 3. Bacteriology, Duration of CSF Drainage and Clinical Outcome of Patients with
Ventriculostomy-Related Infection

Patient Duration of
sex/age CSF Pathogen drainage (days) Clinical outcome

Group I F/41 coag-ve staph 11 severe disability
M/49 coag-ve staph 9 moderate disability
M/53 staph aureus 7 severe disability
F/51 staph aureus 10 moderate disability
F/41 Bacillus sp II severe disability
F/l E coli 21 good recovery
M/54 E coli 7 death
M/38 Klebsiella 10 death
M/40 Klebsiella 12 death
M/37 Acinectobacter 14 death
M/66 Aeromonas hydrophila 10 death
F/59 Xanthomonas malto. 11 severe disability

Group II M/37 Candida albican 11 death
M/42 MRSA 13 severe disability
M/87 MRSA 14 death

Table 4. Ventriculostomy-Related Infection was Strongly Associated with a High Mortality

Number of patients
Mortality in patients
without CSF infection
Mortality in patients
with CSF infection
p value

Group I

113
71101 (7%)

5/12 (41 %)

0.002

Group II (unasyn+aztreonam)

115
6/112 (5%)

2/3(66%)

0.0001
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Antibiotic Prophylaxis: Retrospective studies
(Wyler 1972, Smith 1976, Winfield 1993) have shown
that antibiotics such as cloxacillin could keep CSF
infection rate at a low level (4.5%-9%).
Aginist Antibiotic Prophylaxis: The classic prospec
tive epidemiological study on ventriculostomy
related infections (Mayhall 1984) contains data
against the use of prophylactic antibiotic: the group
of patients on nafcillin had an increased infection
rate (13% vs 6%, P = 0.08).
Equivical: Another prospective study (Stenager
1986) generated equivocal results: patients on antibi
otic prophylaxis had a modest reduction in infection
rate, but the difference did not achieve statistical
significance (1110 (10%) vs 14/77 (18%), P =0.5).
The present study has two features:

(1) It was a randomised trial comparing Group I,
without, and Group II, with prolonged CSF
antibiotic prophylaxis.
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(2) The choice of antibiotics and their dosage was
controlled: we chose high dose Unasyn 3G
every eight hours (ampicillin 2G and sulbactam
1G) with good Gram positive cover, and
Aztreonam 2G every eight hours, specifically
working against Gram negative bacilli such as
E coli and Klebsiella. The choice of antibiotics
was based on the probability of bacteria isolates
causing ventriculostomy-related infection as re
corded in the literature [2] and in our hospital
laboratory.

This study demonstrated a significant reduction in
ventriculostomy-related infection when this high
does combination antibiotics regimen was employed
(3% vs 11%, P =0.01). CSF infection Gram negative
sepsis in particular, was associated with a high mor
tality (Table 4). This antibiotic regimen against
both Gram positive and Gram negative bacteria
was effective in preventing ventriculostomy-related
sepsis caused by common pathogens such as Staphy
lococci, E coli and Klebsilla (Table 3). However,
prolonged antibiotic prophylaxis was associated with
resistant or opportunistic pathogens such as MRSA
and Candida when ventriculostomy-related infection
did occur.
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Summary

Controlled cortical impact is a well validated model of cortical
contusion which is known to produce cerebral edema.
Corticotrophin Releasing Factor (CRF) is a hypothalamic
neuropeptide, which is known to inhibit transendothelial leakage
of plasma derived fluid and tissue edema in response to injury. The
aim of this study was to determine cerebral edema after controlled
cortical impact and then compare the effect of high and low doses
of CRF. We evaluated the effect of CRF in rats divided into
groups of sham, trauma alone, and trauma treated with CRF at 50
micrograms/kg and 100 micrograms/kg. Animals were sacrificed at
24 hours and water content was determined. We found that CRF
was effective in reducing cerebral edema associated with cortical
contusion and propose that the action of CRF obviated barrier
leakage.

Keywords: Cerebral edema; corticotrophin releasing factor;
traumatic brain injury.

Introduction

Formation of cerebral edema following traumatic
brain injury is a primary cause of morbidity and mor
tality. Edema formation may lead to a critical rise in
intracranial pressure with concomitant fall in cere
bral perfusion pressure, which in turn propagates
further cerebral injury. The high mortality in those
patients with sustained elevations of ICP and the
poor prognosis of those patients who survive is well
documented [1]. For this reason it is important clini
cally to limit edema formation, which can be seen
both with diffuse and focal injuries.
Corticotrophin Releasing Factor (CRF) is a 41
amino acid hypothalamic neuropeptide, with a prin
ciple role in the hypothalamic-pituitary-adrenal axis.
Recently this oligopeptide has been observed to
limit edema formation in various models of tissue
injury characterised by transendothelial leakage of

plasma constituents [2-6], including surgical incision
of muscle, cold injury to the cerebral cortex [2],
thermal or neurogenic inflammation of the rat
pawskin [3], and epinephrine or formaldehyde in
duced pulmonary edema [4].
Controlled cortical impact is a well-validated
model of cortical contusion, which is known to pro
duce cerebral edema. The aim of this study was
therefore to assess the ability of human CRF (hCRF)
to reduce edema formation following craniocerebral
trauma utilising the controlled cortical impact model
of cortical contusion.

Methods

A dose escalation study of the effects of hCRF was employed,
using doses of 50!!g/kg and 100!!g/kg hCRF. Human CRF was
provided by Neurobiological Technologies Ltd, Richmond, Ca. A
pH 4.0, 20mM acetate buffer with 5% mannitol was used as a
vehicle for dilution. Drug dilutions were prepared on the morning
of use, and stored refrigerated. All diluted drug was discarded
after 24 hours. All animals used received human care in compli
ance with the Guide for the Care & Use of Laboratory Animals"
(NIH Publication No. 86-23, 1985).
Adult male Sprague Dawley rats weighing 340-400g were

randomised into one of 4 experimental groups. Group I, Sham
trauma (n =6); Group II, Trauma alone (n =6); Group III, Trauma
with 100!!g/kg Corticotrophin Releasing Factor (CRF) adminis
tered post-injury (n =7) and Group IV, Trauma with 50!!g/kg CRF
post-injury (n = 6).
The method of controlled cortical impact has been described in
detail elsewhere [7]. Animals were ventilated with a mixture of
N20 (66%), 0 1 (33%) and halothane (1.5%). The rats' heads
were secured in a stereotactic frame and a 10mm craniotomy
prepared to the right of midline overlying the parietal cortex.
Cortical contusion was obtained using a constrained stroke pneu
matic impactor which delivered a controlled cortical impact. The
impactor was set to deliver a blow at 6m/s impact velocity to a
depth of 3mm. Immediately after injury the craniotomy site was
sealed with the bone flap, gel foam and rapid drying cyanoacrylic
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glue. Drug was administered in four divided doses (25 flg/kg and
12.5 flg/kg each dose, respectively). The first dose was given 30
minutes post-injury, the second at 2 hours post-injury. and the
third and fourth doses at two hour intervals after this. The total
administered dose of hCRF was 50flg/kg and lOOflg/kg. Drug
was injected subcutaneously into the nuchal region of the animal.
Hydration of the animals was maintained using IOml of intra
peritoneal 0.9% saline.
Edema formation was determined using the method of wet and

dry weights. Animals were sacrificed at 24 hours post-injury. As
sessment was made of three 3mm slices centred under the site of
injury and divided by hemisphere. The wet weight of these pieces
was determined and the tissue incubated to a constant weight in an
oven at 95°C, whereupon the dry weight was measured. The mean
time for this process was 5 days. From the wet and dry weights of
the tissue the cerebral water content was calculated.

Results

The overall mortality rate for animals exposed to
cortical contusion was 21.9%, of which only 3.1%
(n = 1 animal) died later than the time of the first
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drug dose. Drug administration could not therefore

be observed to significantly affect mortality.
In the right (traumatised) hemisphere, trauma in
duced increases of 0.97, 1.25 and 0.87% in slices 3, 4
and 5 respectively compared with sham (p < 0.005)
(Fig. 1a). This effect was attenuated in both CRF
treated groups, with a maximal effect seen using
5011g/kg hCRF, where the water increase over sham
was 0.1, 0.25 and 0.18% respectively (p < 0.01 ct.
trauma). The effect in the 100llg/kg group was much
less marked and not significant. In the left (non
traumatised) hemisphere the effect although present,
was less obvious (Fig. 1b). This was in part due to
the much smaller increases in cerebral water in this
uninjured hemisphere (0-0.4%). Overall it is clear
that the 50 llg/kg dose is most effective at reducing
edema.
Combining the water contents of these slices for
the injured hemisphere, the overall water content in
the sham group was 77.59 ± 0.14%. Trauma resulted
in a rise in water content to 78.20 ± 0.48% (p < 0.05
ct. sham), and administration of 5011g/kg of hCRF
resulted in a reduced water content of 77.62 ± 0.27%
(p < 0.01 ct. trauma). 100llg/kg hCRF however did
not attenuate the edema formation resulting in a
water content of 78.08 ± 0.38% (Fig. 2).
ICP in the untreated injured animals rose from a
baseline of 7.9 ± 2.9mmHg (mean ± sd), to a peak
value of 41.4 ± 15.7mmHg in 3.6 ± 1.8mmHg min
utes after trauma and then declined to a new steady
state baseline of 23 ± 6.9mmHg, in 24.0 ± 17.4 min
utes. ICP in the groups treated with hCRF did not
show any significant difference to the untreated
group.
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Fig. 1. (a) Graph showing cerebral water content in each slice of
brain sampled from the injured hemisphere, in each group of
animals. Error bars correspond to standard deviations and signifi
cance levels compared to the sham group are as marked. (b)
Graph showing cerebral water content in each slice of brain
sampled from the non-injured hemisphere. in each group of
animals. Error bars correspond to standard deviations and
significance levels compared to the sham group are as marked
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Fig. 2. Graph showing the combined water contents from brain
slices taken from the injured hemisphere. Error bars correspond
to standard deviations and significance levels compared with the
trauma group are as marked
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Discussion

Formation of cerebral edema after traumatic brain
injury is recognized as a critically important anteced
ent of morbidity and mortality. For this reason, a
large component of current therapeutic practice
is aimed at finding ways to limit edema formation.
Edema arises following focal cerebral injuries by
what is thought to be contusion and blood brain bar
rier damage.
CRF is a 41 amino acid hypothalamic neuropep
tide discovered in 1981 for its principle role in
the hypothalamic-pituitary-adrenal axis. In the
healthy individual, CRF is produced by the
hypothalamus, and in conjunction with arginine va
sopressin, it stimulates the production of adrenocor
ticotrophic hormone (ACTH) in the pituitary gland.
ACTH then acts to stimulate production of corticos
teroids in the adrenal gland. Recently hCRF has
been observed to limit edema formation in various
models of tissue injury [2-6], including systemic and
cerebral injuries and edema associated with cerebral
tumours [8].
CRF has been demonstrated to limit areas of vas
cular leakage associated with surgical incision of
muscle and freezing lesions to the cerebral cortex [2].
Edema formation per se was not measured. The
EDso for hCRF in this study was 30llg/kg, however
drug administration was completed prior to injury.
Other studies have confirmed that CRF is effective in
reducing vascular leakage due to thermal and neuro
genic injury in the rat pawskin [3-6]. A more recent
study has demonstrated that CRF could reduce pul
monary edema caused by intravenous administration
of epinephrine [4]. In this particular study the EDso
was 3.2llg/kg; considerably lower than see in previ
ous studies. The common feature of these various
injuries is vascular leakage, which is known to lead to
an increase in extracellular fluid and tissue edema.
Although none of these studies considered the tissue
water content, one study in particular has examined
the water content of brains taken from rats with im
planted gliomas using wet weight/dry weight meth
ods and magnetic resonance imaging [8], and found
CRF to be effective at reducing the associated
vasogenic edema.
Previous studies [9] have demonstrated the forma
tion of edema following cortical contusion which is
suggested to be in part due to vascular leakage. Our
data clearly shows that hCRF does indeed reduce
edema formation following cortical contusion. The
optimal dose for this effect appears to be 50llg/kg.
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The precise mechanisms by which hCRF limits
vascular leakage and edema formation are not yet
clear. It is unlikely that the effects are related to a
secondary increase of corticosteroid output from the
adrenal glands. One study has suggested that the
anti-inflammatory action if hCRF is independent
of any action on the adrenocortical output of the
adrenal glands. This was inferred because hCRF ad
ministration systemically does not seem to result in
increases in plasma corticosterone and furthermore
adrenalectomy with zero levels of corticosterone in
the body, do not abolish the antiedematous effect of
hCRF, at least as observed with peritumoural edema
[8]. It could of course be argued that the effects of
hCRF are simply due to its hypotensive effects. This
is unlikely since Tjuajev et al. in their study took steps
to prevent this hypotension, and yet hCRF was still
effective [8].
In the absence of a role of corticosterone, the

question remains as to the mechanisms of action
of hCRF. Two types of receptors for hCRF have
been described. CRF-l is expressed mainly in the
brain and pituitary [10] and CRF-2 is expressed in
cardiac and skeletal muscle [11]. The nine amino
terminal residues of hCRF activates these receptors,
resulting in an increase in cytosolic cAMP and Ca2+
levels [12]. hCRF receptors have not yet been
characterised on endothelial cells, but their presence
has been inferred from binding of iodinated hCRF
which is seen to be near to sites of vascular leakage
[2,13].
It is possible that hCRF promotes the repair of
intercellular junctions in vascular endothelium by
elevating levels of cytosolic secondary messengers.
This could occur by either a direct effect on structural
repair pathways, or by upregulation of transcription
of structural proteins. Alternatively the carboxy
terminus of hCRF has very close homology to por
tions of intermediate filaments [4]. CRF may modu
late the activity of such filaments thus changing
cell-cell and cell-matrix adhesions directly. Alterna
tively, CRF also stimulates other pathways outside
the CRF-ACTH-cortisol axis, which include melano
cyte stimulating hormone, and endorphins, and its
anti-edematous effect may relate, in part, to one of
these effects.
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Summary

This study investigates the effect of hypoxic brain tissue PO, on
outcome, and examines the incidence of possible causes for cere
bral hypoxia.
We studied 35 patients with severe head injury (GCS ::; 8). Age

was 33.2 (±11.3) years. Total time of monitoring of PtiO,. intra
cranial pressure (ICP), cerebral perfusion pressure (CPP). and
endtidal PCO, (ETCO,) was 119.3 (±65.7) hours. Data were con
tinuously recorded by a computer system. Outcome was assessed
at discharge and after 6 months post injury. 56% of the patients
with more than 300 minutes of PtiO, < 10 mm Hg died, 22% had an
unfavourable outcome, 22% had a favourable outcome. Cerebral
hypoxia was associated with intracranial hypertension (ICP >
20mmHg) in 11.5 (±15.l)%. CPP was compromised below
60mm Hg in 16.8 (±23.4)%. Hypocarbia (ETCO, < 28 mm Hg) was
present in 48.0% of the time of PtiO, < lOmm Hg. No obvious
cause for cerebral hypoxia was found in 45% of the data.
These result underscore the association of cerebral hypoxia with
poor neurological outcome and stress the meaning of monitoring
of PtiO, as an independent parameter in patients following TBI.

Keywords: Brain tissue PO,; hypoxia: traumatic brain injury.

Introduction

Continuous monitoring of local brain tissue POz is a
promising new methodology that is recently evalu
ated for the early detection of impending cerebral
hypoxia/ischemia [3,5]. Recent studies have sug
gested that cerebral hypoxia is frequently associated
with high compromised cerebral perfusion pressure,
and hypocarbia. Purpose of the present study was to
examine the association of the possible causes to
cerebral hypoxia, and to investigate its effect on
outcome in patients following severe head injury.

Materials and Methods

Patient Population and Management

We prospectively studied 35 patients with severe head injury
(GCS ::; 8). Age was 15-55 (33.2 ± 11.3) years. The patients
reported in this study were predominantly male (80%). Intracra
nial diagnosis according to the TCDB classification 6 was a
Diffuse Injury II in 28.6%, a Diffuse Injury III in 5.7%, and
Evacuated Mass Lesions in 65.7% of the patients. Abnormal pupil
reaction was present in 15 (42.9%) patients after admission to the
NICU.
Patients were treated to a standardized protocol according to

the AANS-guidelines for the management of severe head injury.
Space occupying lesions >25cm' were surgically evacuated imme
diately. Intracranial hypertension, defined as an ICP of >20 mm Hg
for over 10 minutes, was treated by head elevation, moderate
hyperventilation (arterial PCO, 30-35 mm Hg) and infusion of
boluses of mannitol up to a maximum of 3.5 gm/kg body weight
per 24 hours. Barbiturate coma was induced in otherwise un
controllable intracranial hypertension and guided by a "burst
suppression"-EEG pattern. If this treatment failed, a
decompressive craniotomy was performed. Cerebral perfusion
pressure was kept over 70mmHg by reducing elevated ICP and
pharmacologically raising mean arterial blood pressure (MABP)
with dopamine and noradrenalin.

Brain Tisilie PO! Monitoring

Patients underwent continuous brain tissue PO, (PtiO,) monitor
ing using the UCOXO (GMS mbH, Kiel, Germany) microcatheter
device after informed consent of the patient's relatives. The cath
eter was placed into the non-lesioned frontal white matter within
8-125 h (mean 52.0 ± 45.3) post-injury. Total time of monitoring
was 119.3 (±65.7) hours. Correct position of the catheter's tip in
the frontal cerebral white matter was verified by a CCT scan. After
monitoring, the PtiO, catheters were checked for correct PO,
measurements in room air.
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Data Collection and Analysis

Analog signals of MABP. ICP, ETCOl (Modul M1020A, Hewlett
Packard, Waltham, MA). and Pti01 were continuously digitized at
once per minute, displayed and stored on a Windows"-platform
running a LabVIEW" (National Instruments. Austin. TX) based
software for multimodal data acquisition. Artifact detection was
performed off line using a second LabVlEW') program developed
for this purpose. Additionally. all data were reviewed off line.

Assessment of Outcome

Neurological outcome was assessed using the Glasgow outcome
scale 9 (GOS) at discharge and after six months post trauma. A
GOS score of 4-5 (good recovery or moderate disability) was
defined as favourable outcome. A GOS score of 2-3 (severe dis
ability or vegetative state) was defined as unfavourable outcome, a
GOS score of 1 indicated patient's death.

Results

Brain Tissue Hypoxia

Mean PtiOz was 22.7 (±9.1) mmHg in all patients.
Incidence of cerebral hypoxia indicated by a PtiOz<
10mmHg was 15.0 (±23.2) hours. 12 patients had no
or less than 30 minutes of Pti02 < lOmmHg. In 23
patients more than 30 minutes of reduced cerebral
oxygenation were monitored. In patients with no or
less than 30 minutes of Pti02 < 10mmHg, Pti02 was
<15mmHg in 7.8 (±2.6) hours.

Neurological Outcome

In the acute phase, 31.5% of all patients included into
the study died. At discharge, 62.8% were severely
disabled or vegetative, and 5.7% had a favourable
outcome. After six months post injury, mortality was
37.2%,17.1% of the patients remained severely dis
abled or vegetative, and 45.7% had a moderate dis
ability or a good recovery.

Outcome and Cerebral Hypoxia

The incidence of frequent episodes of hypoxic Pti02
«10mmHg) was associated with a poor neurological
outcome. Patients with less than 30 minutes of Pti02
< 10mmHg were predominantly severely disabled or
vegetative at discharge (80%),20% had a favourable
outcome, and no patient died in the acute phase.
After six months, more than 72.8% of these patients
had a favourable outcome, 18.2% had an unfavour
able outcome, and 9% died (Fig. 1).
48% of the patients with more than 30 minutes of
Pti02 < 10mmHg died in the acute phase, and the
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Fig. I. Outcome at discharge: Patients with less than 30 minutes of
cerebral hypoxia were predominantly severely disabled, only few
had a favourable outcome. 50% of the patients with more than 30
minutes of PtiOl < 10mmHg died in the acute phase. The other
half of these patients was severely disabled
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Fig. 2. Outcome six months post trauma; More than 70% of
the patients with less than 30 minutes hypoxic brain tissue POl
«10mm Hg) had a good recovery or a moderate disability. Few
remained severely disabled or vegetative. In patients with more
than hald an hour of Pti01 < 10mm Hg. mortality was 55.6%. More
than 20% of this subset of patients achieved a favourable outcome

other half of these patients had an unfavourable
outcome at discharge. After six months, 55.6% of this
group were dead, 22.2% remained severely disabled
or vegetative and 22.2% achieved a favourable
outcome (Fig. 2).

Relationship of ICP, CPP, and Hypocarbia to

Cerebral Hypoxia

Cerebral hypoxia, defined as a PtiOz < lOmmHg
was associated with intracranial hypertension (ICP >
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20mmHg) in 11.5 (±15.1)%. CPP was compromised

below 60mmHg in 16.8 (±23.4)%. Hypocarbia

(ETC02 < 28mmHg) was present in 48.0% of the
time of Pti02 < 10mmHg. No obvious cause for cere
bral hypoxia was found in 45% of the data.

Discussion

In the early 90's, Robertson and coworkers described
the contribution of insufficient oxygen saturation
for neurological outcome after TBI [2,8]. The inci
dence of episodes of jugular venous desaturation
(Sjv02 < 50% for more than 10 minutes) was
significantly associated with a poor outcome. Limita
tions of this method are that it is unable to detect
regional changes in tissue perfusion, and the
frequent occurrence of artifacts due to movement of
the catheter in the jugular bulb. Sheinberg found
up to 50% of critical desaturations of Sjv02 to be
incorrect.
As a promising new method, continuous monitor
ing of local Pti02 is presently evaluated. The avail
able microcatheters can be placed in those areas of
the vulnerable brain, where hypoxia has strictly to be
avoided. The probes have a rather quick response
time and provide stable measurements even after
one week of monitoring.
Therefore, it is not surprising that the incidence of
cerebral hypoxia (Pti02 < 10mmHg) found in our
patients was relatively high. In 27 (83%) of our pa
tients an average of 15.1 (±23.2) hours of Pti02 <
10mmHg was recorded, while in only eight patients
(23%) no diminished Pti02 was detected. In contrast,
Gopinath et at. [2] reported an incidence of 77
desaturation episodes in 45 of 116 patients with TBI
with a mean duration of 1.2 hours, while in about
60% of their patients no desaturation episode was
recorded. Total time of cerebral hypoxia in our pa
tients was about 10 times higher. This leads to the
assumption, that possibly a major part of cerebral
hypoxia might not be reflected by Sjv02 but is well
documented by monitoring of Pti02• The incidence
of diminished Pti02 < lOmmHg was strongly associ
ated with a poor neurological outcome. Our data
suggest that even a remarkable short episode of
cerebral hypoxia is negatively affecting outcome.
Another important result is that about half of the
survivors of the subset of patients with more than
30 minutes of cerebral hypoxia finally achieved a
favourable outcome. This demonstratess that even
after frequent episodes of cerebral hypoxia a good
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recovery is possible. Comparison of these data with

other studies performed with Sjv02 show a remark

able similarity.
A study of Gopinath describes a significantly bet
ter outcome in patients without any jugular venous
desaturation episode. The mortality rate and the per
centage of unfavourable outcome among these pa
tients were much higher than in the patients with less
than 30 minutes of Pti02 below lOmmHg in our
study. Again, as a possible cause the technicallimita
tions of monitoring of Sjv02 have to be considered.
Monitoring of local brain tissue P02 appears to be
the more sensitive methodology and is, therefore the
method of choice in monitoring of cerebral oxygen
ation after traumatic brain injury. However, the criti
cal ischemic level for Pti02 has not been established
definitively, though the significant correlation to
Sjv02 strongly suggests a Pti02 below 10mmHg as
ischemic threshold. Hypoxia, hypotension, and in
tracranial hypertension are known to be the leading
causes for cerebral ischemia [1,4]. Sheinberg et at. [9]
identified the probable cause for desaturation epi
sodes in 20 patients with TBI as intracranial hyper
tension and hypocarbia. In the 35 patients of the
present study, cerebral hypoxia (Pti02 < lOmmHg)
was associated with hypocarbia with a fourfold fre
quency than with an elevated ICP or a compromised
CPP. It remains unclear whether these data demon
strate the harmful effect of hyperventilation on
cerebral oxygenation or simply demonstrate the suf
ficiency of the ICP/CPP therapy. Meanwhile, it is
evident that hyperventilation carries a certain risk to
deteriorate cerebral oxygenation even when it is
administered moderately [5]. Further prospectively
performed studies will be necessary to further eluci
date this topic.
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Bilateral Monitoring of CBF and Tissue Oxygen Pressure in the Penumbra
of a Focal Mass Lesion in Rats

R. Burger, G. H. Vince, J. Meixensberger, and K. Roosen

Department of Neurosurgery, University of Wiirzburg, Wiirzburg, Germany

Summary

The continuous monitoring of cerebral microcirculation is aimed
at preventing secondary ischemic brain damage subsequent to
severe head injury. Interrelations between bilateral changes of
cortical Laser Doppler Flowmetry (LDF) and intraparenchymal,
subcortical p(ti)02 values were continuously monitored in the
forebrain of rodents. A trauma group of 8 animals received an
unilateral, focal parietal mass lesion by an expanding epidural
balloon. 10 animals served as a sham group. In the sham-operated
group the drift of median LDF values was 10.8% in the left and
9.6% in the right hemisphere. The absolute median p(ti)02
showed values of 31.2mm Hg (27.9-34.9) in the left and
30.1 mmHg (27.5-31.7) in the right hemisphere. During maximum
brain compression median LDF values decreased ipsilateral to
18.6% (13.3-24.4%) and contralateral to 23.4% (17.1-56.6%) of
the baseline values. P(ti)02 decreased ipsilateral to absolute
values of 4.6 mm Hg (3.2-6.7 mm Hg) and contralateral to values
of 7.1mmHg (6.1-8.5mmHg). After balloon deflation cortical
LDF was restored much faster but did not reach baseline values
[ipsilateral 55.2% (42.6-67.8%); contralateral 67% (53.4-82%)
of baseline values]. The p(ti)02 values reached ipsilateral 77.4%
(72.0-93.3%) and contralateral 88.8% (86.0-97.4%) of baseline
values. Both parameters showed a significant correlation (r = 0.57;
P < 0.02). P(ti)02 measurements supplement on-line cortical
CBF monitoring and by far outscore discontinuous alternative
measurement techniques in detecting hemodynamically relevant
events. The small spatial resolution of the p(ti)02 probes, how
ever, which in the small animal model may be of negligible influ
ence, does raise the question whether the values gained offer a
general overview of the microcirculatory situation.

Keywords: Brain compression; CBF monitoring; tissue oxygen;
vasoparalysis.

Introduction

Neurovascular multimodal monitoring is aimed at
recognizing and preventing secondary brain damage
caused by ischemia, edema and hemorrhage in the
wake of a head injury [1]. Several techniques have so
far been introduced to measure ICP, CBF and oxy-

gen tension in different anatomical regions of the
brain with a different spatial resolution. Laser Dop
pler Flowmetry (LDF) has received particular atten
tion as it can be employed to continuously monitor
cortical microcirculation under both experimental [3]
and clinical [7] conditions. Recently, a new sensor
has been introduced in clinical trials allowing the
direct invasive measurement of tissure oxygen partial
pressure in the subcortical white matter of trauma
patients [2,6,17]. The method has already yielded
remarkable results for trauma related disturbance
of brain homeostasis, but has raised the question of
whether alterations of the locally recorded, subcorti
cal, intraparenchymal oxygen tension are reflected in
the CBF of the cortical compartment.
We present a rodent balloon expansion model
to correlate bilaterally recorded intraparenchymal
p(ti)Oz and LDF. The study focuses on whether
invasive p(ti)Oz measurements are reliable enough
to replace conventional continuous and discontinu
ous methods of cortical CBF measurement in clinical
routine. To the best of our knowledge, this is the
first critical examination of the servicability of this
type of polarographic microsensor in small animal
experiments.

Material and Methods

The experimental protocol included 18 Sprague - Dawley rats
(598 ± 129 g), randomized in a sham - operated (n = 10) and a
group with balloon induced mass lesion (n = 8). The animals were
artificially ventilated with a gas mixture of 1.0-2.0% Isoflurane,
33% oxygen and 66% nitrous oxide throughout the experiment.
The left femoral artery was cannulated for measuring systemic
arterial blood pressure (SAP) and gaining samples for blood gas
analyses; rectal body temperature was maintained constant. Pa02
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at the end. In the left hemisphere the drift was
32mmHg [29-33mmHg] versus 32mmHg [30
34.2 mmHg] for the left hemisphere. In time course,
left-side p(ti)02 values after 139 ± 60min were
31.2mmHg [27.9-35.0mmHg] and 30.1mmHg on
the right-side [27.5-31.7mmHg] in the frontal sub
cortical area of the sham - operated animals. P(ti)02
measurements were surprisingly stable in the control
group, LDF values showed a higher drift, but re
mained below 10% of the median values on average.
There was no significant interhemispheric difference
for LDF and p(ti)02 measurements (p < 0.05) in the
sham - operated animals. In the group with balloon
expansion SAP varied between 81.3 ± 11.5mmHg
and 92.4 ± 11.3mmHg, whereby the lowest values
were reached during sustained inflation and at the
end of reperfusion. Pa02 varied between 150 ±
36.1mmHg and 116.9 ± 26.5mmHg and paC02 be
tween 39.9 ± 6.6 and 32.5 ± 5.3mmHg during the
experiment, but stayed within physiological range.
Figure 1 illustrates the time course of LDF and
p(ti)02 before and after balloon expansion. LDF
baseline values (B1) ipsilateral to the lesion in-

was regulated to a value of 129.5 ±23.4mmHg and paCO, to 36.7
± 7.4mmHg. After positioning the animal in a stereotactic frame
the cranium was exposed. The following burrholes were placed: A
left parietal 5mm burrhole for the balloon trauma device [8] and
directly at the coronal suture bilateral 2.3 mm burrholes for the
large area integrating laser doppler probes [type P7b (0 3mm).
Moor Corp., UK]. We recorded the flux as a percentage of the drift
from initial baseline values in a sample volume of 3.14mm'- The
technique and principles of LDF have already been described
[3,7]. The pO, microcatheters [Clark-type (0 0,47 mm). Licox
System, GMS Corp.. Kiel, Germany) were placed in two bilateral
1.5 mm burrholes before the coronal suture directly rostral of the
laser doppler probes. The length of the probe had to be slightly
shortened to ensure it would not puncture the ventricular system
of the rat brain but still remain safely within the slender white
matter. The catheter specific calibration values were adjusted on
the pO, device. Premeasurement zero (left 0.97% ± 0.79. right
0.33% ± 0.27) and sensitivity (left 5.1 % ± 2.17/right 5.6% ± 3.5)
drift was evaluated. The pO, values were corrected according to
the rectal temperature. Followingly, a 3 point EEG monitor was
connected.
After positioning the balloon expansion device and inserting all

of the probes, baseline values of LDF and pO, were monitored in
the sham - operated group over 58 ± 8min followed by an obser
vation time of 139 ± 60min. In the group with balloon expansion.
baseline values were measured for 61 ±9min followed by balloon
inflation with 0.5 ml/h NaCi until the pupils dilated bilaterally as a
clinical sign of brain stem compression. Balloon inflation required
61 ± 9min, and was sustained for 10min before rapid deflation
within lOs. After decompression all parameters were recorded
for a further 178 ± 29 minutes and pupillary reaction was checked.
At the end of the observation time. the brains of the animals
were removed and immersion fixed in 3.7% paraformaldehyde.
Histopathological work up was aimed at evaluating the consis
tency and degree of damage caused by the balloon induced focal
mass lesion and the amount of injury to be expected from the
sensors employed. At the end of the experiment the pO,
microcatheters were checked for postmeasurement zero (left 1.6%
±0.9, right 1.5% ±0.6) and sensitivity drift (left 7.7% ±2.8%/right
10.2% ± 2.1).

Results
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The sham - operated animals retained stable mean
SAP values between 81.5 ± 9.4mmHg and 87 ±
11.4mmHg throughout the whole experiment. Pa02
varied between 139 ± 22.1 mmHg and 119.5 ±
24.6mmHg and paC02between 36.4 ± 13 and 38.8 ±
lOmmHg. The percentage of drift of LDF during
baseline measurement of the sham - operated ani
mals during the first 58 ± 8min was 5.3% [-4.8% to
17.1 %] in the left and 0.4% [-0.5% to 38.6%] in the
right hemisphere. During the whole experiment 139
± 60min later, left-side LDF drifted 9.2% [-20.9%
to 17.6%] and 8.6% on the right-side [-13.6% to
42.7%]. A minor drift of the p(ti)02 probes was
registered in the first hour after insertion. In the
right hemisphere absolute p(ti)02 was 34.6mmHg
[32-35.7mmHg] at the beginning of the baseline
measurement versus 32.6mmHg [31-33.3%mmHg]
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Fig. 1. Bi-fronto - parietal cortical laser doppler flowmetry and
subcortical absolute tissue oxygen pressure p(ti)O, of both hemi
spheres before, during and after induction of a right parietal,
epidural focal mass lesion. BI start of baseline; B2 end of baseline;
BE max maximum balloon expansion; 1-120 minutes after
reperfusion: E endpoint of investigation; relative values; LDF
median and range as percentage of baseline; absolute values:
p(ti)O" median and range in mm Hg
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Fig. 2. Regression analysis between LDF and p(ti)O, of each
hemisphere; each point illustrates the cumulated data of all
animals at a defined timepoint before. during and after induction
of a left parietal focal mass lesion; LDF (Bl) and p(ti)O, (82):
relative values: values as percentage of the baseline

creased to 114% (96-140.6%) and contralateral to
121.6% (95-145%) during baseline measurements
(B2). Balloon inflation until pupillary dilation was
followed by a marked decrease ipsilateral to 18.6%
(13.3-24.4%) and contralateral to 23.5% (17.1
56.7%) of the baseline (BEmax.). After balloon
deflation incomplete cortical reperfusion occured.
LDF ipsilateral showed median values of 74.8%
(58.4-112%) and contralateral 89.1 % (66-110.6%)
in the first minute after reperfusion. Short reactive
hyperemia was only seen in 3 of 8 animals. In time
course values again declined ipsilateral until the end
of the monitoring period (E) to 55.2% (42.6-67.8%)
and contralateral to 67.1 % (53.4-82.1 %) of the
baseline (B1). Absolute p(ti)O" values after 61 ±
9min at the end of baseline measurement showed
ipsilateral 21.8mmHg (23.3-20.2 mmHg) and con
tralateral18.5mmHg (19.7-17.2mmHg) During the
maximum of balloon expansion p(ti)O" decreased
ipsilateral to 4.5mmHg (3.2-6.6mmHg) and con
tralateral to 7.1 mmHg (6.2-8.5% mmHg). During
and after decompression bilateral p(ti)02 values re
covered markedly slower than LD-flowmetry. After
one minute of reperfusion ipsilateral p(ti)02 in
creased to 42% [9.1mmHg (6.1-18.1mmHg)] and
contralateral to 51% [9.63mmHg (7.8-11 mmHg)] of
baseline values. At the end of the monitoring period
(E) P(ti)02 reached 77.5% ipsilateral [16.6mm Hg
(15.7-20.3mmHg)] and 88.8% [16.5mmHg (16
18.1 mmHg)] contralateral. Percentage of changes in
LD Flowmetry (p < 0.01) and absolute p(ti)02 (p <
0.02) values between the hemispheres were signifi
cant with higher values of LDF at the contralateral
side to the lesion and slightly higher p02 values ipsi-

% LOF of baseline

Discussion

Several multimodal neurovascular monitoring tech
niques are presently available for clinical practice.
The purpose of the present study was to compare
these methods taking advantage of an experimental
setting. We employed an unilateral focal lesion
trauma model with an epidural expanding balloon. A
typical clinical protocol was followed for measuring
both cortical hemodynamics and subcortical p(ti)O".
Cortical microcirculation was recorded bilaterally by
laser doppler flowmetry and subcortical p(ti)02 using
routine clinical equipment. The epidural trauma
model [8] was chosen and adapted to closely imitate
the typical clinical dynamics of the pathological con
dition. Therefore the presented approach respects
the timepoint of pupil dilation as' a standardized
degree of brain compression and provoked the end
of balloon inflation. Nearly always this meant a
balloon volume of 0.48m!. Balloon disruption,
microsurgical and technical difficulties during burr
hole trephination were rare occurences. These cases
were excluded from the study. The LDF values were
expressed as a percentage of the baseline, because
calibration to absolute flow values is, as yet, not pos
sible. Due to the heterogeneity of cortical blood flow,
scanning procedures of LDF and frequency histo
grams of cerebral blood flow are necessary to reach a
small variability and a high spatial resolution of red
cell flux [5]. Since time-resolution is inferior with
scanning technique and a crucial point in our model
we decided to compromise on a stationary "large
area integrating" probe. P(ti)02 measurements with
polarographic microsensors, originally designed for
humans, were feasible in the frontopolar region of
the rat brain. They in no case punctured the ven
tricles. Dura opening with a sharp pointed trocar
caused only minor injury to the brain surface. P(ti)02
values of sham-operated animals between baseline
and the end of the experiment were stable with a
minimal drift of 2% in the left and 4,6% in the right
hemisphere. The absolute subcortical brain p(ti)02
ranged between 18.5-34.5% mmHg and compares to
results both in the white matter of other animal spe-

lateral to the lesion. Correlation of LD flowmetry
and p(ti)02 of each hemisphere showed a reduced
correlation (r = 0.57; p < 0.02; Fig. 2) due to the small
spatial resolution of of the LDF and p(ti)02measure
ments despite a LDF-p02 probe distance of less than
3-4mm.
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cies [4,11,13] and in humans measured during tumor
surgery [12] or after severe head injury [2,6,17]. The
values stated in literature for grey matter range be
tween 20-50mmHg in animals, but were on average
higher than measurements at greater depth [9,14,16].
The timespan of brain compression required for pu
pillary dilation and flat EEG remained remarkably
stable at 61 ± 9 minutes. Baseline values after one
hour observation time showed lower values than in
the sham - operated group, but again remained
within the normal range found in literature [4,11,13].
At the time-point of maximum ischemia with brain
stem compression and widening of pupils p( ti)02 val
ues decreased below 10mmHg, a value which, in
clinical and laboratory research, has been proposed s
a "critical threshold" of hypoxia [2,6,10,17]. After
10min sustained inflation decompression was fol
lowed by a rapid, but incomplete cortical reperfusion
in LDF over time. Histopathological finding in other
balloon expansion studies showed that this phenom
enon is due to the reduced number of microvessels
resulting from compressed and thrombosed pial and
cortical vessels [15,18]. Thus, reflow also correlates
with the neurological and neurophysiological status
at the endpoint of compression. Studies have shown
that in the majority of small vessels and capillaries no
reflow occurs when EEG was flat and pupils dilated.
Reflow was regularly seen in capillaries when this
endpoint was not reached [15]. Consequently, the
severity of the trauma is responsible for the course of
LDF during reperfusion. P(ti)02 after decompres
sion rises slower. This is explained by a slower
reperfusion in subcortical areas with larger diffusion
distances from cortical to subcortical areas. but could
also be influenced by the p02 probe response-time
which according to the manufacturer requires 70-90s
[27]. Compared to LD flowmetry pOl nearly re
turned to baseline values, possibly due to the larger
distance of the p(ti)02 probes from the lesion. The
correlation of percentage of alteration from baseline
values in LD flowmetry between both hemispheres
showed significantly lower values ipsilateral to the
lesion due to the reduced number of perfused corti
cal microvessels and intense brain swelling ipsilateral
to the lesion [15,18]. In contrast the p(ti)02 probes
showed lower values during maximum compression
ipsilateral to the lesion. However, they increased
again during the first two hours after reperfusion
speculatingly caused by a short, focal, intraparen
chymal hyperperfusion following vasoparalysis. This
phenomenon remains independent of the low flow
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state in the ipsilateral cortical penumbra. The per
centage of change between the two modalities LDF
and p(ti)02 in each hemisphere was statistically
significant, but the correlation remained lower than
the correlation between the two modalities in each
hemisphere. The impression was gained that each
modality measures with a low spatial resolution
despite the fact that p(ti)02 and LDF probes were
positioned at a maximum distance of 3-4mm to
each other. Consequently, clincally relevant hypoxic
events can be traced with both methods measuring in
the cortical or subcortical compartment during major
regional or global alterations of CPP, provided that
no local pathology interferes with the measurement
itself. Hence p(ti)02 or LDF values should be,
as yet, carefully incorporated in clinical therapeutic
considerations.
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High Cerebral Perfusion Pressure Improves
Low Values of Local Brain Tissue O2 Tension (Pti02) in Focal Lesions
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Summary

Arterial hypertension is widely applied to improve regional
cerebral blood flow (rCBF). We measured local brain tissue
0, pressure (PliO,) in low density lesions at computerized
tomography (CT) of the head before and after manipulation of
mean arterial pressure (MAP) in order to increase cerebral perfu
sion pressure (CPP). Nine patients. 7 subarachnoid hemorrhage
(SAH), 1 severe head injury. 1 meningeoma, were included in our
study. A flexible polarographic microcatheter for P'iO~ measure
ment was placed at the border of the low density area found at CT.
PtiO, was continuously measured for 615 hours. Hypoperfusion in
low density areas was detected by perfusional single photon emis
sion computed tomography (SPECT). We recorded 22 episodes of
induced or spontaneous increase of MAP. Initial PtiO~ regularly
improved after the CPP increase (r' 0.74 in induced episodes). Low
PtiO, showed a greater percent increase for unitary changes of CPP
than normal-high Pti02• Baseline Pti02 below 20 mm Hg was asso
ciated with normal CPPs: 5 readings of PtiO~ below 20 mm Hg
normalized when a higher CPP was obtained. Our results show that
in ischemic areas Pti02 is dependent on CPP suggesting both a
derangement of pressure autoregulation and high regional cere
brovascular resistences (CVRs). Low PtiO, was associated with
normal CPP, thus indicating that CPP could be an inadequate
estimate of rCBF in focal ischemic areas. Arterial hypertension,
capable of increasing CPP above normal values. appeared useful in
normalizing tissue oxygenation in ischemic areas.

Keywords: Arterial hypertension: brain tissue O~: cerebral perfu
sion pressure; tissue oxygenation.

Introduction

Arterial hypertension is widely applied to improve
CPP in severe head injury, SAH and stroke. New
microsensors measuring PtiOz in small volumes of
the brain have recently been developed. This moni
toring appears to be reliable for clinical use and free
of complications [8]. Although few experimental

studies are available, PtiOz appears to be mainly a
function of rCBF [9]. The objective of our study was
the investigation of the changes of regional oxygen
ation in focal ischemic areas in response to an acute
improvement of CPP caused by increased MAP.
Focal ischemic areas have been identified by SPECT.
We tried to place our sensors at the border of such
areas, in order to explore penumbra portions of the
lesioned brain. These areas are probably the most
appropriate target of a therapy aimed at recrui
ting collateral flow by means of induced arterial
hypertension.

Materials and Methods

Nine patients with acute focal lesions, 7 SAH, 1 severe head injury,
1 menigeoma, were included in the study. Age was 55.8 ± 7 years;
8 of those patients were female. Patients data are described in
table I. PtiO, was continuously measured for a total of 615 hours
(mean duration 68 ± 38 hours) with a flexible polarographic
(Clark-type) probe (Microcatheter PO, probe, Licox GMS mbH,
Kiel, Germany) connected to a computer (Licox PO" GMS mbH,
Kiel, Germany). The external body temperature was used to cor
rect the P02 measurement. Both Licox signals and other data such
as arterial pressure, intracranial pressure (ICP), and expiratory
CO, were sent, through an analog-digital converter, to a computer
for storage and analysis. PtiO, measured during the first 2 hours of
monitoring were not used for analysis.
For PtiO, monitoring. we selected patients with acutely devel
oped low density areas at CT. According to the clinical history, to
CT findings and to instrumental (angiographic and trans-cranial
doppler) information. the probable cause of the hypodense area
was identified (Table I). We performed a perfusional SPECT in
order to demonstrate that hypoperfusion occurs in the low density
areas. SPECT was obtained 60-120 minutes after the intravenous
administration of Tecnetium-99 m (800 MBq) labelled Ethyl
Cysteinate-Dimer (ECD) (Neurolite-DuPont Pharma, USA). Ra-
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Table 1. Patient Data. mGCS (Motor Glasgow Coma Scale Score) and Hunt & Hess Post Resuscitation, Neurological Level at Discharge
from Intensive Care Unit. MCA (Middle Cerebral Artery), ACA (Anterior Cerebral Artery). PICA (Posterior Inferior Cerebellar Artery),
ICH (Intracranial Haematoma)

Satisfactory
Hunt and Volume of low placement

mGCS Hess density lesion Etiology of low density of catheter Neurological
Pts Disease (score) (grade) (mm' ) lesion (yes/no) level

severe head injury-multiple 6 45 contusion yes obeying
contusion

2 left sphenoidal small wing 5 140 surgical arterial stenosis no not obeying
meningeoma

3 SAH-clipped left MCA 4 4 43 ICH yes not obeying
aneurysm

4 SAH-clipped left MCA 5 5 81 ICH yes not obeying
aneurysm

5 SAH-clipped left MCA 5 2 103 vasospasm yes not obeying
aneurysm

6 SAH-clipped giant ACA 2 4 70 vasospasm yes dead
aneurysm

7 SAH-clipped left PICA 6 3 24 and 61 angiographic embolism no (lst, 2nd), dead
aneurysm (1st and 2nd) and yes (3rd)

vasospasm (3rd)
8 SAH-clipped right ACA 5 4 21 vasospasm and ICH yes not obeying

aneurysm
9 SAH-clipped right ACA 5 3 16 and 56 ICH and surgical stenosis no (1st) and dead

aneurysm (lst) and vasospasm yes (2nd)
(2nd)

dioactive and radiopaque markers were used to fit the information
obtained from SPECT and CT in order to guide the placement of
the PtiO, probe into the perifocal areas. The Licox microcatheter
was placed through a burr hole made over the selected area of the
brain and manually inserted in the brain parenchyma, having pre
viously opened the dura mater. The volume of the low density
lesion, in which the microcatheter was placed, was measured ac
cording to a method reported by Pasqualin [6] and described in
table 1. If the lesion was not completely hypodense, the volume of
high-mixed lesion was subtracted from the overall lesion. After
inserting the microcatheter, a CT scan was performed to evaluate
the final position of the microcatheter in relation to the aimed
placement at the border of the low density area (Table 1).
In patients with unstable ICP, spontaneous fluctuactions of

PtiO, have been recorded but, in order to avoid ICP disturbances,
MAP was not manipulated. We studied the response of PtiO, to a
10-20% improvement of MAP obtained with continuous infusion
of noradrenaline. We also recorded the changes in PtiO, following
a spontaneous change in MAP, greater than 10% from the
baseline, lasting more than 5 minutes but not longer than 30
minutes.
Means were compared with T test, using paired or indepen

dent tests when appropriate. A level of p < 0.05 was considered
significant.

Results

According to the SPECT studies performed,
hypoperfusion in the same spatial distribution of
hypodense area at CT was detected (Table 1). The
location of 8 out of 12 microcatheters was classified

as satisfactory because they were placed at the inter
nal border of the hypodense area (Table 1). We re
corded 22 episodes of increased MAP, 6 of them
induced with noradrenaline (test group) and 16 spon
taneous (spontaneous group). Final MAP (111 ±
13mmHg) and CPP (96 ± 11mmHg) were higher
than the baseline MAP (91 ± 12mmHg) and CPP (77
± 9mmHg) (n 9, p < 0.001). Final ICP (15.9 ±
4.5 mmHg) was slightly higher than initial ICP (14.7
± 4.8mmHg) (n 9, p < 0.05). Final PtiOz (31 ±
13mmHg) was higher than initial PtiOz (24 ±
13mmHg) (n 9, p < 0.001). We found a positive linear
correlation (rz 0.74) between the change of PtiOz
(delta PtiOz) and the change of CPP (delta CPP) in
the test group (Fig. 1). In the spontaneous group the
rZ was 0.99 (Fig. 1). The changes of PtiOz were ex
pressed as percent change over an increase of
1mmHg of CPP (%/mmHg) and were described by
an exponential curve (rz0,83) (Fig. 2). Patients with
low PtiOz values had a greater response to CPP im
provement. The determinations were divided in two
groups according to an initial PtiOz lower (n 11, 5
patients) or higher (n 11,6 patients) than 20mmHg
(Table 2). In the group with PtiOz below 20mmHg,
the low PtiOz values were associated with average
CPPs that were normal (Table 2). In both groups,
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Fig. 2. Percent changes of PtiO, in response to an increase of CPP
of 1mmHg as a function of the baseline PtiO,. This plot suggests
that improvement of PtiO, after CPP increase is greater when
tissue oxygenation is lower. A non linear fit is shown. Since PtiO,
appears in both axes some degrees of mathematical coupling is
suspected, but the relationship still appears meaningful

in nonlesioned areas. The relationship that we found
between CPP and PtiOz is very similar to that which
occurs experimentally between CPP and rCBF in the
presence of a defective autoregulation [3]. We sug
gest that this relationship shows a passive depen
dence of regional perfusion on CPP.
A second result of our study is that low PtiOz can
be detected even when CPP is normal. A normal
CPP does not guarantee an adequate rCBF even
when mesured with laser doppler flowmetry in pa
tients with SAH [4]. In acute cerebral diseases,
ischemia occurs not only as a result of low CPP, but
also from a change of CVR which takes place mainly
in the large vessels (vasospasm, surgical stenosis,
embolism) but is also caused by a damage of the
microcirculation [7]. Therefore CPP alone cannot be
considered an appropriate monitoring for treatment
of focal ischemic areas.
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Fig. 1. Change in PtiO, as a function of CPP variations after
induced arterial hypertension. Linear regression is shown

Discussion

PtiOzappears to be mainly related to rCBF and CPP
[5,9] at stable PaCOz [2,8] and PaOz [8]. Accordingly,
our results suggest that PtiOz, measured in low
density areas, is highly dependent upon CPP. Acute
changes of MAP and CPP were associated with an
improvement of PtiOz, even if the baseline CPP was
normal. This result is in apparent disagreement with
that found by Kiening et al. [5] who described stable
PtiOz when CPP was higher than 60mmHg and
suggested that autoregulation is preserved in
nonlesioned areas. In our patients the microcatheter
was intentionally placed into the ischemic area,
where a defective autoregulation probably occurs,
while Kiening [5] recorded PtiOz from probes placed

only 2 readings out of 11 had CPP below 60mmHg.
In both groups, Pti0z improved in response to a
"supra-normal" CPP, but in the group with low
PtiOz, the values were more responsive to CPP
changes, and PtiOz normalized in 5 readings out of
11.

Table 2. Patients According to Pti02 Below or higher than 20mm Hg

Baseline PtiO, < 20mm Hg Baseline PtiO, > 20mm Hg
Independent
samples-T test

Patients (n)
% change Pti02/mm Hg CPP
PtiO, initial (mm Hg)
PtiO, final (mmHg)
CPP initial (mmHg)
CPP final (mmHg)
rcp initial (mm Hg)
ICP final (mmHg)

5
4.2 (3.1)
13 (4)*
19 (4)*

76 (IS)'
94 (16)'
16.7 (6.9)
17.7 (6.5)

6
0.9 (0.5)
36 (S)*
42 (S)*
7S (17)'
96 (16)'
13.6 (4.5)
14.9 (4.2)

p < 0.05
P < 0.001
P < 0.001
NS
NS
NS
NS

~(p < 0.01) and *(p < 0.05) indicates a significant difference at paired samples T test.
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Arterial hypertension improved low Pti02, up to
normal values. We considered abnormal a Pti02
below 20mmHg abnormal [5]. The CPP-linked im
provement of Pti02 was more relevant when the
baseline Pti02 was low. The sensitivity of low Pti02
to CPP improvement is similar to that described in
SAH by Darby [1] who found a more significant im
provement of rCBF, after the induction of arterial
hypertension, when baseline rCBF was low. We
suggest that in an ischemic tissue the vessels are
maximally vasodilated, and metabolic autoregulation
predominates over pressure autoregulation. Follow
ing an improvement of CPP, the vessels do not "ad
equately" constrict. Another explanation is that, in
a situation of low Pti02, abnormally high regional
CVRs highly reduce rCBF and make it exquisitely
dependent upon CPP [4].
Our preliminary results suggests that: a) Pti02 in
low density-hypoperfused area shows hypoperfusion
even if CPP is normal, and b) arterial hypertension
and "supra-normal" CPP invariably improve Pti02,
much more when Pti02 is low. An important limita
tion of the current treatment with arterial hyperten
sion in neuroscience is the lack of both controlled
randomized studies evaluating the final outcome and
clinical studies measuring its effectiveness on rCBF.
By contrast, arterial hypertension could be con
traindicated and could induce collateral side effects.
This further suggests that a) therapy of focal brain
ischemia may benefit from rCBF measurement be
cause CPP is not an adequate index of regional per
fusion probably because of its global nature and
because of an unknown CVR b) continuous evalua-
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tion of regional oxygenation may be used for validat
ing the efficacy of induced arterial hypertension in
focal ischemia.
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Summary

Measuring brain tissue oxygenation is now possible due to major
advances in the technical development of Clark-electrodes and
fiberoptic systems. However, to make this technique clinically
useful for both nurses and medical staff, the ischemic threshold
for brain tissue oxygen tension (brain paz) must be determined.
Three end points were used for determination of the critical brain
paz value. 1) Infarct determination after permanent middle cere
bral artery occlusion in a feline model. 2) Threshold analysis using
the schemic threshold for cerebral blood flow (CBF) as a "gold
standard" in severely head injury patients. 3) Outcome analysis in
severely head injured patients. Brain paz dropped to 19 ±6mm Hg
and 23 ± 6, 4 to 5 hours after MCA occlusion in the cat (n = 12).
In severely head injured patients, a brain paz :5 19mm Hg was
correlated with poor outcome (n = 24). The ischemic threshold for
(r)CBF of 18ml/l00glmin corresponded to a brain paz of
22 mmHg, in the same patients. By using the above mentioned end
points as a reference, we found the critical value for brain paz to
be in between 19 and 23 mmHg. Clearly. the difference between
our threshold value and the lower critical brain paz level found by
other groups using the Licox system, needs to be clarified in a
comparison study before a uniform threshold for brain paz can be
determined.

Keywords: Brain oxygen tension; Clark-electrodes; middle cere
bral artery occlusion; ischemic threshold.

Introduction

Measuring brain tissue oxygenation is now possible
due to major advances in the technical development
of Clark-electrodes and fiberoptic systems. However,
to make this technique clinically useful for both
nurses and medical staff, the ischemic threshold for
brain tissue oxygen tension (brain pOz) must be
determined.
To determine these values, true end points are
needed to refer to as a "gold standard". In animal

studies this is the determination of an induced
infarct. In humans however, the only end points that
are currently available and reliable, both quantita
tively and qualitatively, are regional cerebral blood
flow (rCBF) measurements and outcome. We there
fore, used data obtained in our cat studies and data
from our human studies in an attempt to determine
"danger levels" for brain pOz'

Materials and Methods

In all studies a multiparameter sensor was used. It combines
a Clark electrode for measuring oxygen tension with fiberoptic
sensors for carbon dioxide tension and pH measurements and a
thermocouple for temperature (Paratrend 7, Diametrics Medical
Inc., Saint Paul, MN, USA). (Carbon dioxide, pH and temperature
data will be presented elsewhere.)
To determine the critical value for brain paz, 3 objective end
points were used:

1. Permanent occlusion of the middle cerebral artery in the cat,
from two different studies. Verification of sensor placement
was done by both macroscopic and microscopic histological
examination of the infarcted area of the brain (Fig. 1).

11. RCBF studies in severely head injured humans using the
stable Xenon CT technique.

III. Outcome analysis in 25 severely head injured humans using
the Glasgow Outcome Score (GaS) after 6 months.

Results

Animals

Two studies were done in which brain pOz was mea
sured prior and after occlusion of the MCA in the
cat. Zauner et al. showed a mean brain pOz decrease
to 19 ± 6mmHg after occlusion (n = 6) [13].
In a subsequent study, Watson et al. found a mean
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decrease to 23 ± 6mmHg, 5 hours after occlusion (n
=6) (Table 1) [1,12].

Humans

Previously, we reported the tight correlation
between brain p02 and cerebral blood flow in 25
severely head injured patients (r = 0.78, P < 0.0001)
[3]. Taking the ischemic threshold for cortex of 18ml/
lOOg/min for CBF, the regression curve (2nd order)
fits 22mmHg for brain p02 (Fig. 2) [4,5,7,10]. Fur
thermore, Zauner et at. showed in 24 severely head
injured patients that patients with a brain p02 below
19 ± 8mmHg all had a poor outcome (GOS 4-5)
(Table 2) [14].

Discussion

It is clear from our brain p02 data obtained during
temporary vessel occlusion in humans during aneu
rysm surgery, that there is a marked variety in both

Fig. 1. Cross section of a feline brain showing the sensor tract
(arrow) in the infarct. (TIC-stain) (Note: second tract is caused by
a microdialysis probe)
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normal brain p02 as well as in brain temporarily
deprived of substrate, by vessel occlusion (Table 3)
[2]. This wide variation is probably the result of
several factors such as duration of occlusion, arterial
p02, the capacity of collateral flow, pre-occlusion
state of the cerebral metabolism, vasculature and
blood flow, age etc.
However, the need for determination of an

ischemic threshold for brain oxygen tension is
obvious, in view of the increased interest in the use of
brain oxygen pressure monitoring in different fields
of neurosurgery (see other papers in this volume).
Our data from 4 different studies suggest that this
"ischemic danger threshold" lies between 19 and
23 mmHg for this Paratrend system. We arbitrarily
use 20mmHg as the critical value for brain p02' as
measured by the Paratrend 7. If brain p02 falls below
this value we propose that measures should be taken
to improve brain p02 status by such measures as
increasing arterial p02' and/or increasing cerebral
perfusion pressure, depending on the underlying

70
Brain p02
(mmHg) 60 •

so •
40

30

20

10

CBF (ml/lOOg/min)

Fig. 2. Regression plot between cerebral blood flow and brain p02
(r =0.78, P < 0.0001). Taking the ischemic threshold for cortex of
18 ml/lOOg/min for CBF, the regression curve (2nd order) fits
22 mm Hg for brain p02

Table 1. Changes in Brain pO] in 2 Separate Swdies after Occlusion of the Middle Cerebral
Artery in the Cat (Mean ± SD)

Zauner e/ al. [13J Brain pO, (mmHg) FiO, (%) Arterial pea, (mmHg)

Pre-occlusion 43 ± 11* 30 33 ± 4.0
4 hours post-occl. 19 ± 6* 30 34.2 ± 6.1

Watson et al. [12l Brain p02 (mmHg) Arterial p02 (mmHg) Arterial pC02(mmHg)

Pre-occlusin 40 ± 15 182 ± 29 27 ± 5
5 hours post-occl. 23 ± 6 167 ± 26 28 ± 3

*P < 0.001.
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Table 2. Correlation Between Glasgow Outcome Score and Brain pOl in 24 Severely Head Injured Patients (Mean ± SD). See Zauner
et al. [14]

Outcome Brain p02 (mm Hg) CPP (mmHg) CBF (ml/lOOg/min) Fi02 (%) Arterial pOz (mmHg)

GOSI 39 ± 4* 87 ± 7 34.5 ± 14 36 ± 6 150 ± 29
GOS 2-3 31 ± 5* 80 ± 4 22 ± 4 40 ± 10 163 ± 40
GOS 4-5 19 ± 8* 70 ± 18 16 ± 8 48 ± 13 159 ± 32

*p < 0.01.

Table 3. Changes in Brain pOl after Temporary Occlusion of a Parent Vessel During Aneurysm Surgery (Mean ± SD). See Doppenberg
et al. [2]

Unruptured

Ruptured

*p < 0.05.

Pre-occ.
During Occ.
Pre-oce.
During Oce.

Brain pOz (mmHg)

60±31*
27 ± l7*
106 ± 74
87 ± 73

Arterial pOz (mmHg)

202 ± 44
202 ± 44
262 ± 82
262 ± 82

Arterial pCOz (mmHg)

31 ± 5
31 ± 5
30 ± 6
30 ± 6

cause of the reduction in brain p02' It is also impor
tant to consider arterial blood gas changes during
brain p02 measurements in order to account for the
influence of ventilator settings or pulmonary status of
the patient on brain p02' In this way a "differential
oxygen flux" or "delta p02" between arterial and
brain values can be created. Our critical brain p02
value is higher than data from other groups, using a
different system (Licox System, GMS mbH, Kiel,
Germany). Van Santbrink et at. found that a brain
p02:S; 5mmHg within 24 hours after outcome corre
lates negatively with outcome [9]. Kiening et at. found
a critical value of 8.5 mmHg, using the ischemic
threshold of 50% jugular vein hemoglobin saturation
as determined by Robertson and Sheinberg et at.
[6,8,11] The use of different end points cannot fully
explain this difference between the 2 systems, espe
cially since both systems use the same principle for
measuring p02, namely a Clark type electrode. How
ever, both of these studies aim to measure brain p02
in the white matter, while all our studies attempted to
measure brain p02 in cortical tissue, which maybe an
explanation for this difference in thresholds.
We have therefore performed an in vitro compari

son of these 2 systems. Both systems were remark
ably linear, in comparison with conventional blood
gas analysis measurements, but the Licox sensor
appeared to consistently read 5-10mmHg below the
Paratrend 7 system (unpublished data). However,
oxygen tensions below 25mmHg were difficult to

achieve due to room air contamination. Robertson et
at. found a 7-10mmHg difference when placing both
sensors simultaneously in a "zero oxygen" solution
(personal communication). Clearly, this difference
needs to be clarified in a comparison study during
brain ischemic injury, in which both sensors are
placed immediately adjacent to each other. Never
theless, we are confident that 19-23mmHg repre
sents a "danger level" for ischemic/hypoxic brain
damage using the Paratrend system.
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Summary

The aim of the study was to find out whether there is a correlation
between the tissue-pOl (ti-pO~) measurement and the lactate
oxygen index (mLO!). Both methods are to be considered as
methods to detect brain ischemia. We studied 7 patients after
severe head injury (GCS < 8) with a jugular bulb catheter and a
tissue pOl probe. Possible ischemia was defined with ti-pO~ below
lOmmHg and mLO! above 0.08. 67 pairs of ti-pO~ and corre
sponding mLOI were found. In 5 cases out of the 7 cases with a
ti-p02 below 10 we found a pathological mLOI above 0.08. In 11
cases with pathological mLO] values. however, we found only 6
cases of decreased ti-p02' The absolute values did not correlate.
The sensitivity to predict normal values is above 85% with both
methods. The specifity to predict ischemia is low «72%). The
reason is the fact. that ti-p02 is a local method in contrast to the
mLOI values. In cases of diffuse brain injury without major contu
sions there should be a correlation between ti-pO~ and the mLOI.

Keywords: Jugular bulb catheters; lactate-oxygen index; second
ary brain ischemia; tissue-PO~.

Introduction

It is generally accepted that the initial clinical status
of the patient after trauma, the age and the type of
structural brain damage are important factors of out
come prediction after severe head injury [4]. Addi
tionally, to these primary factors there is increasing
evidence that secondary brain ischemia after severe
head injury is one of the major causes of poor

outcome after brain trauma [1,5,6]. The modified
lactate-oxygen index (mLOI)(2) and the brain tissue
pOz (ti-pOz) [3,7] have been proposed as indicators
of ischemic brain tissue. The aim of the study was to
find out whether there is a correlation between these
two methods of brain ischemia detection.

Material and Methods

We studied 7 patients after severe head injury with an initial
Glasgow-Coma-Scale below 8. All patients were treated in the
intensive care unit. They were treated with sedation, mechanically
ventilated and they received routinely two jugular bulb catheters
and a clark-type electrode (L1COX, GMS, Germany). The
L1COX probe was placed in the frontal white matter. Every six
hours blood was drawn from both jugular bulb catheters and the
mLOI (mLOI = AVOL/CEO) was calculated. Ti-p02 data were
stored every 15 seconds on hard disc. We calculated the average of
the ti-p02 data that were sampled 30 minutes before the time of
the blood drawing for the calculation of the mLOI. For compari
son of the data we used the mlOI value of the hemisphere where
the ti-p02 probe was inserted. According to the literature possible
ischemia was defined with ti-pO~ below 10 mmHg and mlO!
above 0.08.

Results

We found 67 pairs of ti-pOz and corresponding
mLOI of the appropriate hemisphere. In 7 cases we
found a ti-pOz below 10mmHg. In 5 cases the mLOI
was above 0.08 indicating ischemia. In 53 cases out of
60 cases with normal ti-pOz values the mLOI values
were also in the normal range. In 11 cases with patho
logical mLOI values we found only 6 cases of de
creased ti-pOz. In 56 cases with normal mLOI the
corresponding ti-pOz was also normal in 54 cases.
Using the ti-pOz data, we calculated a sensitivity to
predict normal mLOI values of 88.3% and a specific
ity to predict ischemic mLOI values of 71.4%. Using
the mLOI data to predict pathological ti-pOz values
we calculated a specificity of only 54.5%. The sensi
tivity to predict normal ti-pOz values was 96.4%
(Table 1).
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placed in an area of the brain with rather undisturbed
oxygen supply. Cases of low ti-p02 but normal mLOI
values may be explained by a very low cerebral blood
flow near circulatory arrest where the lactate is not
washed out of the tissue. In cases of diffuse brain
injury without major contusions, there should be a
good correlation between ti-p02 and the mLOI. The
interpretation of the data obtained by these methods
only makes sense with the knowledge of the struc
tural brain damage seen in an actual CT-scan.
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Conclusion

The absolute values of all patients, however, do
not correlate (Fig. 1). In individual patients there
might be a better correlation of the absolute values
(Fig. 2).

We found a rather high sensitivity to predict normal
values with both methods. The specificity to predict
ischemic values, however, is markedly lower.
The low specifity to predict pathological values
and the rather poor correlation of the absolute values
between ti-p02 and mLOI may be explained by the
fact that ti-p02 measurement is a regional method, in
contrast to the mLOI values. In cases of brain contu
sions a lactate production can be detected despite
normal ti-p02 values because the LICOX probe is

Table 1.

n =67 Normal mLOI Ischemic mLOI

predicted normal with 53 7
ti-pO,
predicted ischemia with 2 5
ti-pO,
total misclassified 9/67 13.4%
sensitivity 53/60 88.3%
specificity 5/7 71.4%

n =67 normal ti-pO, ischemic ti-pO,

predicted normal with 54 2
mLOI
predicted ischemia with 5 6
mLOI
total misclassified 7/67 10.4%
sensitivity 54/56 96.4%
specificity 6/II 54.5%
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Summary

The purpose of this study was to compare brain tissue-PO, (PtiO,)
in lesioned vs. non-Iesioned brain tissue.
PtiO, was monitored bifrontally with a "Clark"-type micro
catheter in patients following severe head injury (n = 6) and
subarachnoid hemorrhage (SAH) (n = I) from day 2 to day 12
posttrauma/post SAH. Mean arterial blood pressure. intracranial
pressure (ICP), cerebral perfusion pressure and end-tidal CO,
were monitored. Data were stored and analyzed by a multimodal
cerebral monitoring system. The CT of five patients was classified
as "diffuse injury" and of one patients as "evacuated mass lesion".
The patient with SAH (Hunt and Hess DIV) had a concomitant
intracerebral hematoma which was removed. In all cases, one
catheter was placed close to the lesion, while the other was situ
ated in an area with no visible pathology. For analysis, bifrontal
PtiO, data were taken from both on-line monitoring and 0, reac
tivity tests (FiO,1.0 for lOmin). Two different patterns were iden
tified: periods of concordance (22% of recordings) and periods in
which PtiO, was lower in lesioned cerebral white matter (78%) but
always running parallel. In the latter case, O,-reactivity response
was markedly reduced on the lesioned side.
Our findings demonstrate a decreased PtiO, and a reduced 0,
reactivity in contused or infarcted brain tissue. Future studies have
to clarify which PtiO, is more important to be used as a guide for
therapy.

Keywords: Brain tissue-PO,: cerebral perfusion: Clark-type
micro-catheter.

Introduction

Measurement of brain tissue oxygen tension (PtiOz)
has been shown to reliably monitor cerebral oxygen
ation and to be closely correlated to cerebral perfu
sion [2,5]. Because this method picks up POz from a
small tissue area (-17mmz) only, it must be ques
tioned whether this rather local PtiOzmirrors global
cerebral oxygenation. Hence, the objective of this
study was to compare Pti02 in lesioned vs. non
lesioned brain tissue.

Material and Methods

PtiO, was monitored bifrontally with a Clark-type micro-catheter
(LICOX@-system) in patients following severe head injury (n =6)
and aneurysmatic subarachnoid hemorrhage (SAH) (n = 1) from
day 2 to day 12 posttrauma/post SAH.
PtiO" mean arterial blood pressure, ICP, cerebral perfusion

pressure and end-tidal CO, were monitored. Data were digitized
at 0.016 Hz, displayed, stored, and analyzed by a multimodal cere
bral monitoring system designed by one of the authors (T.F.B.).
Prior to and after PtiO, catheter insertion, a CT was done. The
CT scans were classified as "diffuse injury" (n = 5) and as "evacu
ated mass lesion" (n = I) according to Marshall et af. [3]. The
patient with aneurysmatic SAH (Hunt and Hess grade IV,
right middle cerebral artery aneurysm) had a concomitant intrac
erebral hematoma which was removed immediately post aneu
rysm clipping.
In all cases, one catheter was placed close to the lesion (e.g.

contusion, hematoma), while the other was situated in an area with
no visible pathology on CT scan. For analysis, bifrontal PtiO, data
were taken from both on-line monitoring and 0, reactivity tests
(FiO, 1.0 for lOmin). O,-reactivity tests were carried out 16 times
(1-3 per patient). After termination of monitoring, PtiO, catheters
were removed and side to side differences determined. Results are
given as means ±SEM.

Results

Side to side difference of PtiOz catheters (~Ieft vs.
right hemispheres) after removal of catheters was
1.1 mmHg [to.!]. Two different patterns were identi
fied: an "identical" course - defined as ~PtiOzleft vs.
right < 4mmHg - was observed in 289 hours (34% of
recordings) (Fig. 1) and a "parallel" course - defined
as ~PtiOz left vs. right 2 4mmHg - was seen in
561 hours (66% of recordings) (Figs. 1 and 2). Iden
tical and parallel courses could be observed in
the same patient (Fig. 1). Lower PtiOz values in
"parallel" courses were always found on the lesioned
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In the remaining monitoring time a "parallel" course was seen.
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Fig. 2. Bilateral PtiO, in a 35-year old female patient presenting
subarachnoid hemorrhage and concomitant right intracerebral
hematoma (Hunt and Hess grade IV; right middle cerebral artery
aneursm). A postoperative CT scan revealed right infarction in the
area of the removed intracerebral hematoma. The right PtiO,
catheter situated in the "penumbra" of the infarction showed
markedly reduced PtiO, values below the hypoxic threshold of
10mm Hg. The O,-reactivity was also considerably diminished

side (Figs. 1 and 2). 02-reactivity response in "par
allel" courses (Figs. 1 and 2) was reduced in the
lesioned area.

Discussion

Brain tissue-P02 monitoring as a new monitoring
method to follow cerebral oxygenation has gained
increasing interest in neurosurgical intensive care.
This is due primarily to the fact that monitoring of
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jugular venous oxygen saturation (Sjv02) is limited

in its appliance because of a high rate of artifacts and

subsequent low "time of good data quality" [1,2]. On
the other hand, brain tissue-P02 has been shown to
be a reliable device, even for long-term monitoring,
but does not reflect global cerebral oxygenation as
Sjv02does [2,5]. Hence, there has been discussion as
to cohether Pti02measurements can lead to misin
terpretation of patients" global situation if the cath
eter is placed in injured regions with potentially high
metabolism or low cerebral blood flow (CBF). At
this time, there is no information available on Pti02
values in lesioned vs. non-Iesioned areas. Our find
ings demonstrate - at least for a limited time period
- a decreased Pti02 and a reduced O2 reactivity in
contused or infarcted brain tissue, presumably due to
reduced cerebral blood flow. This result is in agree
ment with Schroder et al. [4] who describe in patients
with traumatic brain contusions a pronounced reduc
tion of CBF in the pericontusional area, up to 50%
accompanied by a zone of edema. In conclusion, one
has to keep in mind that the location of the Pti02
catheter is extremely important for Pti02interpreta
tion and subsequent treatment. On the other hand,
Pti02offers the opportunity to get direct and on-line
information of oxygenation in severely injured areas.
Future studies will have to clarify which Pti02 is
more important to be used as a guide for therapy.
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Summary

Laboratory studies suggest the pulsatile component of the
transcranial doppler (TCD) waveform may be useful in determin
ing lower autoregulatory threshold. This study aimed to assess the
effect of increasing CPP on jugular bulb oximetry (SjO,) and
middle cerebral artery (MCA) TCD flow velocities in the early
management of severe head injury.
16 severely head injured patients (GCS :0; 8), had intracranial
pressure (ICP), mean arterial pressure, Sj02 and MCA Doppler
velocity monitored continuously. CPP was increased by intra
venous fluids (right atrial pressure =' 10) and supplemented with
adrenaline infusion until TCD pulsatility (Gosling pulsatility index
[PI]) reached a plateau.
The mean CPP at which Sj02 surpassed 55% was 62 ±
6.2 mm Hg. TCD PI did not plateau until a significantly higher
mean CPP of 74 ± 5.1 mm Hg was achieved (p < 0.01). In 8 cases,
increased CPP was associated with a fall in ICP, ranging from 1 to
8mmHg.
We conclude that a critically low level of SjO, is a late indicator
of failed autoregulation. CPP values associated with intact
autoregulation identified by TCD assessment of MCA flow are
significantly higher than those indicated by SjO, monitoring. MCA
Doppler flow assessment may be useful in determining the level of
CPP at which therapy should be aimed in the early resuscitation
of head trauma.

Keywords: Cerebral perfusion pressure; Gosling pulsatility index;
jugular bulb oximetry; transcranial Doppler.

Introduction

Current head injury management guidelines recom
mend elevation of cerebral perfusion pressure (CPP)
above 70mmHg; however, this end point is unclear.
Clinical and laboratory studies suggest that the pulsa
tile component of the TCD waveform may be useful
in determining the lower autoregulatory threshold
[1,2,6]. Laboratory studies [4,6] investigating MCA
Doppler flow velocities have shown a relationship
with arterial hypotension, cerebrovascular resistance
and cerebral blood flow (CBF). MCA Doppler

pulsatility increases as CPP falls and cerebral vessels
dilate. This compensatory manoeuvre is associated
with maintenance of CBF. When this mechanism is
exhausted Doppler flow velocities and CBF fall as the
lower limit of autoregulation is surpassed (Fig. 1).
Following severe head injury, the CPP values at

which these changes occur may be significantly in
creased [1].
The aim of this study was to assess the effect of
increasing CPP on Sj02 and MCA Doppler flow
velocities in the early intensive care management of
patients with severe head injury.

Method

16 patients admitted to the intensive care unit with severe closed
head injury (GCS :0; 8) had intracranial pressure (Codman
microsensor), mean arterial pressure, Sj02 (Abbott, oximetrix
3), MCA transcranial Doppler flow velocity (2MHz probe,
EME 64B) monitored continuously. The side of jugular bulb
catheterization was determined according to protocol [5] and the
ipsilateral MCA was insonated.
Management aimed to maintain mild hypo or normocarbia (35
to 40 mm Hg), and normothermia. After placement of monitoring
lines, CPP was increased by a combination of intravenous fluids
(right atrial pressure =' 10) and supplemented by adrenaline infu
sion. CPP was increased until the trend display for transcranial
Doppler pulsatility (Gosling pulsatility index) [3] stabilised. All
data was recorded continuously by a computer data acquisition
system and trend plateaus were determined from visual display at
the bedside. The breakpoint thresholds for Doppler flow data
were calculated using a ratio of variance technique which calcu
lates significant change in multiple regression coefficients. The
CPP value at which Sj02 surpassed 55% was recorded.

Results

16 patients (13 males: 3 females) with a mean age of
29 years (range 15 to 70) and a median GCS 4, were
included.
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This study examined the effect of increasing CPP on
middle cerebral artery Doppler flow velocity and
global cerebral oxygen utilization as determined by
jugular bulb oximetry during the early phase of head
injury management. In all cases, the relationship be
tween systolic and diastolic flow velocity as described
by the Gosling pulsatility index reached a plateau at
a significantly higher CPP than that associated with
an Sj02 of 55%.
Analysis of the component Doppler flow velocity

values indicated that the flow velocity components
primarily altered by a change in CPP were the dias
tolic and mean flow velocities. This finding is consis
tent with laboratory studies and supports the concept
of compensatory pulsatile flow phase described in
Fig. 1. It may also indicate that global perfusion as
measured by jugular bulb oximetry may be a late
indicator of failed autoregulation.
A fall in ICP following augmentation of CPP
was observed in 8 cases. An increase in perfusion
pressure in these cases may have been associated
with reflex cerebral vasoconstriction indicative of
intact autoregulation. Other factors which may affect
pulsatility indices, particularly elevated ICP and car
bon dioxide variation were not significant during this
period of observation. It is important to note the
effect of these variables when interpreting Doppler
flow velocity changes. This emphasizes the impor
tance of multimodality monitoring in managing pa
tients with severe head injury and suggests that
transcranial Doppler flow velocity analysis may have
a role in the early phase of management.
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Fig. 1. TCD and CBF breakpoint thresholds

As CPP increased the mean CPP threshold at
which Sj02 surpassed the critical value of 55% was 62
± 6.2mmHg. In contrast transcranial Doppler PI
did not plateau until a mean CPP of 74 ± 5.1 mmHg
was achieved. For 12 patients, this CPP was greater
than 70mmHg. 5 of the 16 cases were found to
have Sj02 values <55% on admission to ICU. These
cases were associated with an initial CPP of 58 ±
4.4mmHg.
A significant fall in transcranial Doppler pulsatility

from 1.45 to 0.92 (p < 0.01) was observed following
CPP augmentation.
Figure 2 illustrates the effect of increased CPP on

each component of the transcranial Doppler flow
velocity profile.
Systolic flow velocity did not significantly change.

Mean and diastolic Doppler flow velocities signifi
cantly increased following a rise in CPP. In 8 cases
the increased CPP was associated with a fall in ICP.
This fall ranged from 1 to 8mmHg. Although ICP
increased in 4 cases, the final ICP value did not sur
pass 20mmHg.
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Summary

Simultaneous monitoring of brain parenchyma pO" pCO" and pH
(PbO" PbCO, and pHb) has been tested in ICU environments using
fiber optic sensors incorporated in probes 0.5 mm in diameter. An
Institutionally approved protocol was used to test the concept and
technology for monitoring PbO" PbCO, and pHb, and to observe
the effects of injury and therapy interventions on each of the
variables monitored, including ICP, the clinical standard. ICP and
fiber optic pO" pCO, and pH probes were placed in 10 SCHI
patients at bedside in the ICU using sterile technique. The probes
remained in place for the duration of ICP monitoring, and were
functional in the ICU environment for up to 10 days. Trend pat
terns recurred in this series of SCHI patients: Extreme PhCO,
(high) and pHb (low) are associated with poor perfusion; increas
ing PbCO, and decreasing pHb may be early indicators of lCP
crisis, i.e. ICP > 20 mm Hg that tends to be unresponsive to
therapy, and; pentobarbital "loading" and maintenance is associ
ated with increased PbO,. These preliminary results from monitor
ing PbO" PbCO, and pHbin SCHI patients indicate that fiber optic
sensor technology functions and is able to be used in this applica
tion. Trend patterns from this data may further indicate practical
utility as a more direct monitor of the delicate balance between
tissue perfusion and cell metabolism than lCP alone.

Keywords: Brain parenchyma; extreme PhCO,: pH sensors.

Introduction

Simultaneous monitoring of brain parenchyma paz,
pCOz and pH (PbOZ' PbCOZ and pHh) has been dem
onstrated recently by several investigators [2,8,14].
PbOZ is monitored clinically in Europe [4]. Probes
with fiber optic paz, pCOz and pH sensors were
commercially available briefly for continuous
intraarterial blood gas monitoring, and have been
used to monitor these variables (i.e., intracranial
chemistry, ICC) in the interstitium of the brain paren-

chyma [6]. (Note: The ICC sensor technology used in
these studies was developed by Optex Biomedical,
The Woodlands TX, and is now owned by Camino
NeuroCare Inc, San Diego CA.) The intent of these
studies was to test the concept and the technology for

monitoring PhOZ' PbCOZ and pHbby using technology
and methods demonstrated previously in animal
studies, and to observe effects of injury and therapy
interventions on each of the variables monitored
simultaneously, especially ICP, the clinical standard.

Material and Methods

Following an Institutionally approved protocol and written in
formed consent from next of kin, precalibrated ICC probes with
fiber optic pO,. pCO, and pH and thermocouple temperature
sensors were inserted through a standard transcranial (ICP) bolt
and arterial cannula used as an introducer. The ICC probe was
placed -1 em into the brain parenchyma of patients with severe
closed head (brain) injury (SCHI). Placement of the experimental
ICC probe was undertaken after placement of the standard ICP
probe. The placement technique for the ICC probe was similar
to placement of an intraparenchymal ICP probe in the intensive
care unit (lCU). All components were sterile and sterile ICU
bedside technique was used. The placement site was guided by
neurosurgeons' interpretation of the most recent CT scan. The
time of placement ranged from 0-4 days post injury. The ICC
prohes remained in place for the dur~tion of ICP monitoring. ICC
monitoring was discontinued and the probe assembly was re
moved if an increased risk due to long term monitoring appeared,
e.g. bacteremia. Data files from brain parenchymal pO" pCO" pH
and temperature sensors accumulated in the bedside monitor
instrument were transferred to a spread sheet program (Excel,
Microsoft Corp, Kent WA) for addition of other clinical data
and graphical analysis. Management of intracranial hypertension
in the institution in which the studies have been conducted
(Hermann Hospital, Houston TX) follows an established protocol
[1 ].
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Results

10 SCHI patients were monitored (see Table 1). The
fiber optic p02, pC02 and pH sensors functioned
to monitor these variables within the ranges found
for brain parenchyma with severe metabolic insults
(ischemia and hypoxia) in animals [6]. Each sensor
was stable and reflecting intraparenchymal p02,
pC02and pH within 5-10min following placement.

Case 1

This patient sustained multiple trauma (flail chest,
hemopneumothorax) and severely brain injured
patient, and arrived in the ICU with very poor
prognosis (GCS 3 on hospital admission). ICC probe
placement was in the right hemisphere at the time of
ICP probe placement in the opposite hemisphere.
Pb02 declined asymptotically from precalibration to
3mmHg during the 1st hour of monitoring and to
2mmHg over the next 16hr. PbC02 increased with
similar asymptotic behavior to >600mmHg. pHbde
creased to <7.0 during the 1st hour of monitoring,
transiently recovered to >7.1, then decreased mono
tonically to <6.9 at the end of monitoring. ICP was
initially >50mmHg, transiently decreased with man
nitol, but became uncontrollable. CPP decreased to
OmmHg within 10hr of the start of monitoring. A

B. A. McKinley et al.

radionucleotide cerebral blood flow study at 15:00 on
ICU day 2 indicated no intracerebral blood flow, and
the patient was declared brain dead.

Case 2

This patient sustained a moderate severity brain in
jury due to fall from a moving platform. Injury to the
brain involved diffuse shearing and thalamic micro
hemorrhages. ICC and ICP probes were placed at the
same time with ICC probe in the left hemisphere and
ICP probe in the right. Sedation using propofol was
the only therapy for ICP management that was used,
and ICP generally remained <20mmHg with one
exception on the 2nd day of monitoring when ICP
increased transiently to 22mmHg. PbC02 increased
steadily from 63 to 83 mmHg and pHb decreased
from 7.26 to 7.13 in the 8hr preceding this transient
increase in ICP. Paralysis and sedation were ad
ministered for nasal to oral ET replacement, after
which ICP decreased to 9mmHg. Pb02 decreased to
4mmHg in the 2 hours following probe placement,
recovered to 11 mmHg, transiently decreased to
4mmHg, and then increased steadily to >30mmHg.
ICP monitoring was discontinued after 21 hr. The
patient remained comatose in the ICU for -3 weeks.
The patient recovered with resolving left side motor
deficits.

Table 1. Summary Description of Patients and ICC Monitoring

Clinical Probe Duration of
Case presentation Brain injury placement monitoring Outcome

I: 45yoLAM MYA: mult tr; SOH.ICH R temp; dyl I dy died ICU dy2
SCHI (GCS 3)

2: 18yoWM Fall: SCHI ICH, shear, L temp; dyl 2dy survived;
(GCS 7) thalamic hem motor def

3: 35yoWF MYA: mult tr; SAH. shear 'L temp; dy2 8dy survived;
SCHI (GCS 7) no def

4: 22yoWM MYA: mult tr; IYH, SAH 'R temp; dyl 8dy survived ICU;
SCHI (GCS 7) died in hosp

5: 32yoWF MYA: mull tr; SOH R temp; dy4 IOdy survived;
SCHI (GCS 7) (craniotomy) motor. speech def

6: 24yoWM MYA: mult tr; SOH R temp; dy2 5dy survived ICU;
SCHI (GCS 3) (craniotomy) died -I yr

7: 39yoLAM MYA: SCHI SOH 'L temp; dyl 5dy died ICU dy 18
(GCS 7) (craniotomy)

8: 32yoBF MYA: mult tr: SOH (craniot; 'L temp; dy2 8dy died ICU dy 10
SCHI (GCS 7) lobectomy)

9: 42yoWM MYA: SCHI SOH,ICH L temp; dy2 1dy died ICU dy 2
(GCS 3)

10: 19yo WM MYA: SCHI lCH L temp; dy5 3dy survived; motor
(GCS 6) def

'Probe placement during mild systemic hypothermia (32-33°C for 48 hr), rewarm over 16-20 hr; rewarm monitored.
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Case 3

Figure 1 shows data from extended monitoring of
an MVA victim who sustained pelvic fractures and
SCHI (GCS 7 on hospital admission). Injury to the
brain involved subarachnoid hemorrhage and diffuse
shearing. This patient was being treated with mild
hypothermia in addition to other standard therapies
at the time of ICC probe placement. Rewarming
from hypothermia was coincident with a steady in
crease of PbCOZ to -63 mmHg and decrease of pHbto
-7.12, and ICP increase that responded to successive
doses of mannitol. Following emergency CT scan and
maximized serum osmolality due to repeated man
nitol doses, pentobarbital coma therapy was started.
PbOZ increased gradually to 51 mmHg, PbCOZ re
mained stable at -70mmHg and pHb at -7.12. At
-18:30 on ICU day 5, PhCOZ began to increase
steadily from -75 to 123 mm Hg and pHb began to
decrease from -7.11 to 6.96 over -5 hr. ICP began to
increase uncontrollably without immediate therapy
options -2hr prior to emergency CT scan. This trend
repeated -4hr later as PbCOZ began to increase from
92 to 108mmHg and pHb began to decrease from
7.06 to 7.02 -3.5hr prior to ICP increase to 49mmHg.
With discontinuance of pentobarbital administra
tion, PbOZ decreased from 30 to 16mmHg over 9hr,
and ranged from 15 to 27 mm Hg over the next 3 days
as other ICP management therapies were discontin
ued. ICP gradually decreased to 20mmHg at which
time ICP monitoring was discontinued. The patient
regained consciousness in the ICU following termi
nation of ICP monitoring, and recovered without
deficit.

Case 4

Figure 2 shows similar data from a patient who sus
tained multiple injuries due to MYA, including SCHI

Table 2. Change in PbD] with Pentobarbital Coma Induction and
Maintenance

B. A. McKinley et ai.

(GCS 6 on hospital admission). Injury to the brain
involved mild ventricular and subarachnoid hemor
rhages and subdural hygromas. The patient was
treated with mild hypothermia in addition to other
standard therapies for ICP management. Acute pul
monary edema and hypotension in the 1st 24 hr post
injury complicated the clinical course. After probe

placement, PbOZ decreased to 4mmHg, PbCOZ in
creased to 230mmHg and pHb decreased to 6.48
in the 1st 7hr of monitoring. Over -12hr, PbOZ in
creased to 20mm Hg, PbCOZ decreased to 60mmHg
and pHb increased to 7.08. These changes coincided
with increase of CPP from 58 to 98mmHg, increase
of pH. from 7.08 to 7.36 and decrease of PaCOZ from
58 to 28mmHg, increase of PEEP from 15 to 20cm
H20, and infusion and weaning of norepinephrine.
Because hemodynamic instability and need for
pentobarbital coma therapy were anticipated, pen
tobarbital infusion was begun -12:30 on ICU day 4
although mannitol therapy was not maximized.
Pentobarbital coma therapy was started early in ICU
day 5. Pb02 increased from 37 to 75mmHg over 28hr
coincident with pentobarbital coma induction. From
10:30 to 17:15 on ICU day 5, PbC02 increased from 37
to 56mmHg and pHb decreased steadily from 7.33
to. 7.21. ICP increased steadily from 31 to 50mmHg
WIthout response to mannitol or pentobarbital
therapy from 13:30 to 17:15, when an emergency
CT scan was performed. Following CT scan, a
ventriculostomy catheter was placed, CSF was
drained, and ICP decreased to 20mmHg and was
able to be controlled with CSF drainage as the pri
mary therapy. This patient survived the ICU stay, but
died weeks later from complications related to infec
tion and protracted recovery from laparotomy.
Pb02 increase with pentobarbital was monitored

in 4 patients during induction and maintenance
of pentobarbital coma. Pb02 at the time of start
of pentobarbital administration and at the time

T~ble 3. Time Interval from PbCD] Increase and pHbDecrease to
Tune of Clinical Action for Rapidly Increasing ICP

pbo! (mm Hg) <It Case ICP crisis Time interval Emergency CT
.. therapeutic"

Pb02 at start of concentration or 3 50mmHg 9hr 6min Yes
pentobarbital confirmation of Difference 49 3hr 24min

Case "loading"
No

coma (mmHg) 4 50 lOhr 29min Yes

3
5 60 3hr 10min No

28 41 13
4 19

40 5hr 12min No
75 56 7 34 12 hr 2min

5 45 91
No

46 8 32 16hr 15min
8 22 59

Yes
37 10 30 5hr 14min Yes



Brain Parenchyma P02' pC02, pH and rcp

pentobarbital coma was confirmed are indicated in
Table 3. The trend pattern of PbCOZ increase and pHb
decrease precedent to ICP crisis was apparent in
other patients. The time interval from the time PbCOZ
increase and pHbdecrease began to the time that a
clinical decision was made and executed for refrac
tory ICP is indicated in Table 2.

Discussion

Feasibility of PbOZ' PbCOZ and pHbmonitoring using
fiber optic sensors in ICU environments is demon
strated with these results. Patterns associated with
ICP monitoring and with standard ICP management
therapies are apparent and reproducible. Data from
Cases 1 and 2 present examples of extremes of SCHI

and outcome expectation. PbOZ' PbCOZ and pHodata
from these patients may present meaningful patterns.
PbOZ data and trends in Case 1 indicated lack of Oz
supply to the tissue in which the sensor was placed.
PbCOZ data indicates accumulation of COz, which is
consistent with lack of perfusion (CPP decreased to
OmmHg within lOhr of start of monitoring). Ex
treme pCOz (relative to typical P.COz) in tissues has
been reported previously by us and other investiga
tors [2,7,14], and probably reflects accumulation of
COz produced through aerobic metabolism in poorly
perfused tissues and shift of the bicarbonate buffer
system to COz as ATP and ADP hydrolysis and lac
tate dissociation produce H+(3). Similar progressive

increase of PbCOZ to >400mmHg was monitored in
another patient with similar severe injury over the
12 hr period prior to declaration of brain death (Case
9). Data from Case 2 indicates perhaps surprising
changes in PbOZ' PbCOZ and pHo in a patient who
required no ICP management therapy. PoOz recovery
from -5 mmHg in the 1st hour of monitoring to
-30mmHg 12hr later (-30hr post injury) is consis
tent with results reported by other investigators [10].
Data from Cases 3, 4 and 5 illustrate capability for

prolonged monitoring using this fiber optic sensor
technology. The capability for monitoring for periods
>10 days is consistent with ICU stay times for SCHI
patients. Although post calibration could not be
done in these cases, sensitivity of each sensor is
retained throughout the monitoring periods, as can
be gauged by the similar magnitude of responses to
Pb020 PbCOZ and pHbperturbations. Data from these
cases which involved prolonged ICC monitoring also
provide indications of apparently repeated trend
patterns:
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1. PbCOZ increases and pHbdecreases several hours
prior to ICP crisis, with the sequence: a) ongoing,
controllable intracranial hypertension, b) onset of
PbCOZ increase and pHb decrease trend pattern,
and c) accelerating ICP increase to >40mmHg.

2. PoOz increases coincident with pentobarbital
coma induction: In Cases 3, 4, and 5, pentobarbital
was administered according to standard protocol
for management of ICP as a "2nd tier" therapy.
With the start of pentobarbital administration,
typically in "loading" doses of 10-15mg/kg body
weight over 15 minutes followed by 3 hourly bolus
doses of 5mg/kg, PbOZ began to increase steadily.
This trend continued or stabilized with the start
of maintenance infusions to maintain therapeutic
blood concentration. No coincident effect on
PbCOZ or pHb is apparent. This trend pattern is
conceptually consistent with the desired effect of
pentobarbital, which is to decrease metabolism,
and Oz demand, of the injured brain tissue. Simul
taneous EEG and PbOZ monitoring with serial
serum pentobarbital analyses is needed to deter
mine correlation of EEG burst suppression inter
vals, PbOZ and serum pentobarbital concentrations
with time.

PbOZ' PbCOZ and pHb dynamics and control: That
PbOZ' PbCOZ and pHbvary in apparent response to
therapeutic interventions to manage intracranial
hypertension suggests that they are also control
lable. Whether other useful therapies can be de

veloped using PbOZ' PhCOZ and pHh as control
variables is to be determined [5,9,11-13]' Abso

lute PbOZ' PbCOZ and pHbmeasurements compa
rable to their physiologic norms may indicate
SCHI recovery (See Fig. 2).

Single point assessment of global injury-therapy pro
cess: In our studies, we have attempted to assure
ICC probe placement in a region of the brain
parenchyma that is actively perfused, and that
presents low risk to the patient. The similarity of
patterns that we have observed among a variety of
patients and brain injuries suggests that PoOz,
PbCOZ and pHhmeasurements and trends are glo
bal within the parenchymal interstitium, with the
probable exception of focal lesions.

Conclusion

These preliminary results from monitoring PbOZ,
PbCOZ and pHb in SCHI patients in ICU environ
ments indicate that fiber optic sensor technology
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functions and is able to be used in this application.
Trend patterns from this data may further indicate
practical utility as a more direct monitor of the deli
cate balance between tissue perfusion and cell me
tabolism than ICP alone. Early detection of an injury
process, i.e. intracranial hypertension, may lead to a
preemptory therapy. The potential use of PbOZ to
monitor onset of pentobarbital coma could improve
efficacy of this therapy. Pending further develop
ment, test and assessment of this sensor technology,
PbOZ, PbCOZ and pHbmay permit more refined con
trol of the injury-therapy process.
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Simultaneous Continuous Measurement of P02' pC02, pH and Temperature
in Brain Tissue and Sagittal Sinus in a Porcine Model

M. Menzel\ A. RiegerZ, S. Roth l, J. Soukupi, C. Peuse l , C. Hennig\ P. Molnar\ I. Furka3, and J. Radke I
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Halle-Wittenberg, Federal Republic of Germany and JDepartment of Experimental Surgery, University of Debrecen, Hungary

Summary

Introduction: The clinical use of brain tissue oxygen measurement
in patients with severe head injury is increasing. It is important to
compare the findings in brain tissue with cerebrovenous blood
oximetry, to obtain normal values and to find out limitations of the
method. We evaluated a newly available multisensor probe simul
taneously in the brain tissue and in the sagittal sinus in a porcine
animal model.

Methods: We placed the Paratrend 7®-probe (BSL, High
Wycombe, UK) in the left frontoparietal white matter and mea
sured p02 (Pt;02), pC02 (Pt;C02), pH and temperature while si
multaneously measuring these parameters (P,,02' p".C02) in the
sagittal sinus in 7 pigs under general anaesthesia during oxygen
enhancement.

Results: The relation between oxygen increase in brain tissue
and in the sagittal sinus showed a coefficient of correlation
(CCm",) rm", =0.96. The quantitative response in brain tissue was
much more sensitive than in the sinus. A close correlation between
pC02 in brain tissue and sagittal sinus and the increase of the
inspired oxygen was seen: CC Pt;C02 to arterial oxygen pressure
(P,02) - rmea, =0.67, CC P"C02to P,02 - rmeao =0.88.

Conclusions: Measuring partial oxygen pressure in brain tissue
is more responsive to physiological variations, and the absolute
values are more sensitive than oxygen measurement in the
cerebrovenous compartment. This is important for interpreting
measured values and introducing new coefficients for patient
monitoring.

Keywords: Brain tissue oxygen measurement; Clark type elec
trode; Fi02increase; jugular bulb; sagittal sinus.

Introduction

Patients with severe head injury are at high risk for
developing neuronal damage caused by secondary
ischemia [2]. The continuous monitoring of intracra
nial pressure (ICP) and calculation of cerebral perfu
sion pressure (CPP) in patients supposed to develop
cerebral ischemic events is not sufficient to detect
these events [1]. The continuous pOz measurement in
brain tissue (PtPz) with Clark type electrodes or

multisensor probes, combining fiberoptical sensors
to measure pCOz and pH, a thermocouple for mea
suring temperature and a Clark type electrode for
measuring paz, is increasingly used in neurosurgical
patients to monitor the oxygen supply to the brain
and to find out prognostic meanings of the measured
values [2,5,6].
The continuous measurement of oxygen haemo
globin saturation with fiberoptics in the jugular bulb
in neurosurgical patients (Spz) is another rather
recent technical development. It is, however, already
established as a clinical routine in patients with
severe head injury and elevated ICP [1]. But this
continuous spectrophotometric monitoring method
has its limitation in clinical use due to technical
artefacts caused by low light intensity, motion
artefacts or changes in catheter position during the
measurement period [4,5].
The aim of this study was to use a new available
multiparameter probe, measuring paz, pCOz, pH
and temperature, simultaneously in brain tissue and
in the cerebrovenous outflow in a porcine model. So
the course of oxygen tension in both measurement
compartments, related to physiological variations of
ventilator settings, was evaluated and compared.
Additionally it was the purpose to gain more insight
and experience in the values of oxygen tension in
normal brain tissue and cerebrovenous blood and of
the new available continuous parameter pCOz.

Methods

Anesthesia and Monitoring of Experim.ental Anim.als

Seven 8-week-old domestic pigs weighing 18-22 kg were used in
the present study. All experiments were performed in accordance
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Oxygen Challenge

Fig. 1. Coefficient of reactivity (percentage increase of cerebral
oxygen measurement results divided by the absolute increase of
arterial oxygen increase) related to a period of 5 minutes lasting
FiO, 100% challenge

In all animals a steady state of basic values in tissue measurement
and in cerebrovenous measurement was reached approximately
90min after catheter insertion. During this period, the inspired
oxygen ratio (Fi02) was kept constant at 30%. In a one step
maneuver, FiO, was increased up to 100% over a period of 5min
and afterwards reduced again to 30%. To make the results of the
FiO, settings comparable with the results of other working groups
we calculated the oxygen reactivity coefficient of Van Santbrink
(increase in oxygen tension [%] of the cerebral compartment di
vided by the absolute increase of arterial oxygen tension [mmHg]
[5]. The mean values are expressed as the median ± standard
deviation if not indicated in an other way.

Oxygen A1easure~ent

Brain tissue oximetry is a local measurement
approach. Although the global cerebral oxygen
consumption (CMR02) under constant metabolic
conditions, such as under general anesthesia is an

Results

Findings During Fi02 Increase

In both cerebral compartments an increased oxygen
tension related to the Fi02 increase was seen. The
mean coefficient of correlation (CCmean) between
arterial p02 increase and Pti02 was rmean = 0.67.
The relation between Pcv02 and Pa02 showed a
CCmean: rmean = 0.91. Corresponding to this, the corre
lation between oxygen increase in brain tissue and in
the sagittal sinus showed a coefficient of correlation
rmean =0.96. The mean coefficient of oxygen reactivity
(02rea) was calculated for the tissue values as 0.21
(0.12) and for the cerebrovenous values as 0.06
(0.02).
A close correlation between pC02 in brain tissue

and sagittal sinus and the increase of the inspired
oxygen was seen: CCmean PtiC02 to arterial oxygen
(Pa0 2) - rmean = 0.67, CC: PcvC02 to Pa02 - rmean = 0.88.

Discussion

Physiological Findings Prior to FiG2 Increase

The mean ICP was 8.24 (5.5) mmHg. CPP was 86.07
(10.75) mmHg. All animals showed a 100% oxygen
saturation for the peripheral pulse oximetry. The
mean arterial oxygen tension showed to be 136
(22.01) mmHg. The mean PaC02 was 54.02 (5.55)
mmHg and the mean pHawas 7.33 (0.05).
Pti0 2 showed to be 25.71 (8.9) and Pcv02 was 39.14
[4]. Two of the animals showed initial Pti02 values
below 20mmHg. There was no significant correla
tion between the oxygen levels in both cerebral
compartments (r = 0.4). Because of the sensitivity
of the PC02 measurement in tissue as well as in
cerebrovenous blood to changes in arterial PC02it is
difficult to compare values between different ani
mals. That's why all values for PC02measurement in
cerebral compartments are given as the calculated
difference (8values =PaC02- compartment CO2),
The oPtiC02 was 22.9 (7.3) and showed to be dis
tinctly higher than 8PcvC02 11.22 (7.23) with similar
standard deviation in both compartments.
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with the guidelines issued by the Debrecen University Committee
on Animal Care based upon: "Principles of laboratory animal
care" (NIH publication No. 86-23, revised 1985). Anesthesia was
introduced by i.v. drug medication, tracheotomy was carried out
and the animals were ventilated volume controlled with a mix of
oxygen and room air.
A parenchymal multisensor probe (P7) (Paratrend 7,
Biomedical Sensors Ltd., Highwycombe, UK) was inserted into
the white matter of the left frontoparietal lobe over a length of
about 4 em. In all animals, the superior sagittal sinus was exposed
in the bregma region. A second P7 probe was introduced into the
superior sagittal sinus via direct puncture of the sinus. ASP and
ICP were continuously monitored, and CPP was calculated. All
values of brain tissue measurement by the P7 probe (PIP" PliC02'
pHti and tti) as well as the values of the cerebrovenous measure
ment in the sagittal sinus by the P7 probe (p"O), p"CO), pH"
and tev) were digitally downloaded onto a terminal program and
stored in a 10 second interval on hard disk.
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almost stable value it is well known that oxygen is
heterogeneously distributed to brain areas [3],

The Pti02 results in our experiment prior to Fi02
manipulations show a mean of 25,71mmHg (8,9)
mmHg, Two of the 7 animals had a tissue oxygen
tension less than 20mmHg and one of these animals
started with a Pti02 of only 9mm Hg at the beginning
of the Fi02increase. These normal values are lower
compared to other animal and human studies [5,6].
Our experimental data were obtained between 2 and
4 hours after catheter insertion, We suggest, that dur
ing the first period of 1 and 12 hours after catheter
insertion probably additional heterogeneity of the
measurement performance exists, This heterogeneity
might be due to the micro compression of the tissue
surrounding the catheter site after insertion, and
results in patients using this monitoring are to be
interpreted cautiously during the early period of
measurement
Cerebrovenous partial oxygen pressure measure
ment is a global measurement approach. The normal
values in our study showed much less heterogeneity,
when compared to the simultaneous tissue measure
ment and are in accordance with the findings in
jugular bulb oximetry [1],
Both measurement compartments have proven
to be sensitive to global changes in cerebral oxygen
supply in our experimental study. All manipulations
of Fi02 were performed when hemoglobin was
saturated to 100% with oxygen in the arterial blood.
We conclude, that the increase of arterial oxygen
pressure to values higher than necessary to saturate
arterial hemoglobin to 100% improves the cerebral
oxygen supply and might be beneficial in patients
who suffer cerebral ischemic events, The oxygen par
tial pressure in brain tissue responded quantitatively
more sensitive to the Fi02manipulations and showed
a 50% heterogeneity, We conclude, that the Pti02
measurement is influenced by the different adjacent
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position to the arterial capillaries of the brain tissue.

That indicates that Pti02 measurement is giving in
sight in substrate delivery to the brain but is difficult
to interpret regarding the metabolic status of the
neurons.

Findings in CO2: In both measurement compart
ments pC02 was highly positive correlated to the
Fi02increase. We suggest that the increase in pC02
during Fi02 increase reflects compromised cerebral
perfusion due to oxygen induced cerebral vasocon
striction. The reduced "wash out" thus leads to an
accumulation of metabolic products. PC02should be
further explored in relation to other physiological
and pathological data to find out the importance of
this newly available continuous parameter.
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Cerebral Oxygenation in Contusioned vs. Nonlesioned Brain Tissue:
Moniting of Pti02 with Licox and Paratrend

A. s. Sarrafzadeh, K. L. Kiening, T. F. Bardt, G.-H. Schneider, A. W. Unterberg, and W. R. Lanksch
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Summary

Brain tissue PO, in severely head injured patients was monitored
in parallel with two different PO,-microsensors (Licox and
Paratrend). Three different locations of sensor placement were
chosen: (1) both catheters into non lesioned tissue (n = 3),
(2) both catheters into contusioned tissue (n = 2), and (3)
one catheter (Licox) into pericontusional versus one catheter
(Paratrend) into non lesioned brain tissue (n =2). Mean duration
of PtiO,-monitoring with both microsensors in parallel was 68.1
hours. Brain tissue PO, varied when measured in lesioned and
nonlesioned tissue.
In non lesioned tissue both catheters closely correlated (Il
LicoxiParatrend: mean PtiO, < 5 mm Hg) after 20 hours post in
sertion. In pericontusional tissue PtiO, was reduced relative
to non lesioned tissue (Il lesioned/non lesioned: mean PtiO,:
10.3 mm Hg). In contusioned brain tissue PtiO, was always
below the "hypoxic threshold" of 10 mm Hg, independent of
the type of micorsensor used. During a critical reduction in cere
bral perfusion pressure «60mm Hg). PtiO, decreased measured
with both microsensors. Elevation of inspired oxygen fraction,
normally followed by a rapid increase in tissue PO,. only increased
PtiO, when measured in pericontusional and nonlesioned brain.
To recognize critical episodes of hypoxia or ischemia, PtiO,
monitoring of cerebral oxygenation is recommended in
nonlesioned brain tissue.

Keywords: Brain tissue PO,; cerebral oxygenation; O,-reactivity.

Introduction

Monitoring of cerebral oxygenation in patients
with severe head injury is of high clinical value to
recognize critical phases of hypoxia [3,8]. Little is
known about differences of cerebral oxygenation in
contusioned and non contusioned brain tissue. As
cerebral blood flow, a major determinant of cerebral
oxygenation, varies in lesioned and nonlesioned
tissue [7], PtiOz might differs in these areas. Today
two Clark-type microsensors are available to mea-

sure PtiOz in brain parenchyma. The location of the
PtiOz-microsensor in respect to the lesion and the
catheter used (Licox or Paratrend) might influence
the PtiOz-values, important for future interpretation
and comparisons of PtiOz-data.
In this study the cerebral oxygenation in con
tusioned, pericontusional and nonlesioned tissue was
investigated in patients with severe head injury. Two
different PtiOz-catheters to monitor cerebral oxygen
ation (Licox and Paratrend) were compared.

Materials and Methods

Patients Characteristics and Multimodal Monitoring

7 severely head injured patients (Glasgow Coma Score < 8) were
investigated. Permission was granted by the Local Institutional
Ethics committee and informed consent. Median age was 32 years
(range 22-54 years). After resuscitation, cranial computerized
tomography (CCT) was performed and a diffuse injury III (n =4)
and IV (n = 3) was diagnosed. The following physiological param
eters were continuously monitored for as long as ICP monitoring
was required: mean arterial blood pressure (MABP), intracranial
pressure (ICP, Camino Laboratories, San Diego, CAl, cerebral
perfusion pressure (CPP), end-tidal CO, (ETCO,), arterial oxygen
saturation, jugular bulb oxymetry (SjvO" Abbott Laboratories)
and PtiO, were monitored between day 1 and 11 after trauma.

MvnilUring vI Brain Tissue PO,

Two different Clark-type microcatheters to measure continuous
brain PtiO, (Licox System, GMS, Germany and Paratrend,
Diametrics Medical, U.K.) and to measure additionally brain
tissue CO, and pH (Paratrend, Diametrics Medical, U.K.) were
used. The PtiO,-micorsensors were inserted both into nonlesioned
tissue (n = 3), into nonlesioned (Paratrend) versus pericontusional
(Licox) tissue (n = 2) or both directly into contusioned brain tissue
(n = 2). Proper location of the catheters in the cerebral white
matter and exclusion of catheter-induced hemorrhage was ascer-
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tained by cr. Special attention was paid for a deep insertion of
the Paratrend sensor. Pericontusional tissue was defined as 1-2 em
rim adjacent to contusioned tissue. Immediately after removal
from the brain, the microcatheters were checked for sensitivity
drifts.
Mean monitoring time was 3,3 days (range 2,5 to 11,2 days),

duration of Pti02-measurements with the 2 microcatheters in par
allel was 2,8 days (range 2,1 to 10,4 days).

Results

There was no complication associated with the inser
tion of the Pti02-catheters; in particular no infection
or bleeding was observed. The measured values after
catheter removal corresponded to the calculated
Pti02-values in room air.

Pericontusional Brain Tissue

Pti02 was reduced in pericontusional brain tissue
relative to surrounding nonlesioned tissue (Fig. 2).
Mean difference of Pti02 during 3 days of monitor
ing was 10.5mmHg with the Licox-sensor in the
pericontusional and the Paratrend-sensor in non
lesioned tissue. This is similar to previous results ob
tained from bilateral Pti02-monitoring in 7 patients
with severe head injury [4]. In their study Pti02
was measured with Licox sensors only and was lower
in pericontusional tissue compared to nonlesioned
tissue.

Contusioned Brain Tissue
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After insertion, PtiO2 decreased below 10mmHg,
defined as the hypoxic threshold for Pti02-monitor
ing measured with Licox [3]. When inspired oxygen
fraction was increased to 100%, no change in Pti02
was observed.
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During the first 24 hours after insertion, Pti02 was
reduced compared to the following days, indepen
dent of type of microsensor used. Mean Pti02 mea
sured with the Licox- and Paratrend-sensor closely
correlated with a mean difference <5 mmHg after the
first 20 hours of monitoring (Fig. 1). During a marked
reduction of MABP and CPP, all oxygenation pa
rameters decreased in parallel (Fig. 2).

Nonlesioned Tissue

Fig. 1. Three individual examples of Pti02 monitored in different
locations for 3 days. Top: In nonlesioned brain, tissue P02 mea
sured with Paratrend and Licox is highly comparable. Middle:
In pericontusional tissue, P02 (Licox) is always lower than in
nonlesioned tissue (Paratrend). Lower: In contusioned brain,
Pti02 is in the hypoxic range. P02 on air before and after insertion
is shown

o 20 40 60 80 100 120 140
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Fig. 2. Cerebral oxygenation during 10 minutes of critically re
duced cerebral perfusion pressure. In this patient Pti02 measured
with Licox and Paratrend decreased in parallel. The reduction in
cerebral oxygenation is alos reflected by a decrease of Sjv02
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Discussion

Monitoring of local brain tissue POz is an appropriate
method to detect cerebral hypoxia and ischemia
in patients with severe head injury [1,3,8]. For con
tinuous monitoring of cerebral oxygenation, PtiOz
monitoring was shown to be superior concerning
artefacts and long-term measurements compared
to other available methods like SjvOz- or rSOz
monitoring [2,5]. So far no on-line comparison be
tween the two microsensors available, Paratrend and
Licox, was done. Earlier reports on PtiOz-values ob
tained with the Paratrend or Licox-sensor describe
similar results for both sensors [1]. When monitored
with the Paratrend-sensor, mean PtiOz was 37 ±
12mmHg in non-compromized tissue in 6 patients
and 9 ± 6mmHg in compromized tissue in 8 patients
[1]. With Licox, PtiOz varied in the range of 16.6 ±
9.1 mmHg to 35.8 ±14.7mmHg, depending on moni
toring duration after insertion [8]. The exact location
of the sensor in respect to lesions remained unclear
though and might explain the wide range of PtiOz
during monitoring. Our results suggest that PtiOz
data obtained with the Paratrend-and Licox-sensor is
closely comparable, if both sensors were inserted in
nonlesioned white cerebral matter and provided that
the POz-sensible area of the sensors was inserted
sufficiently deep.
There is an increasing discussion as to where to
place the PtiOz-probe - in lesioned or nonlesioned
brain tissue- for an adequate monitoring of cerebral
oxygenation. In brain tissue within and around
contusions, a relative hypoperfusion was observed,
which may indicate that these tissues are particularly
vulnerable to secondary injury [7]. PtiOz in con
tusioned tissue was very low «5mmHg) which may
be explained by the critically low CBF (<18m1l100 g/
minute) measured in contusioned tissue [6,7]. A low
PtiOz in contusioned tissue had already been ob
served in one patient Jy Van Santbrink [8]. A further
reduction in cerebral oygenation due to a fall in CPP
could not be observed, probably because of the al
ready very low PtiOz' The suppressed 0z-reactivity
seen in contusioned tissue may reflect cellular dam
age unable to metabolize oxygen. Both aspects dem
onstrate that contusioned tissue is obviously not
appropriate to indicate PtiOz-changes.
In pericontusional tissue PtiOz was reduced com
pared to nonlesioned tissue. This corresponds to
the described hypoperfusion in these areas. Never
theless, normal CBF and a variable vasoresponsivity

A. S. Sarrafzadeh et al.

have also been measured around contusions [7].
Therefore PtiOz may vary in tissue around contu
sions and during time. This has already been ob
served by Kiening [4], who described considerable
PtiOz-variations in pericontusional tissue.
In nonlesioned tissue, PtiOz-values were in a
normal range (2Q-35mmHg) but decreased when
CPP fell below 60mmHg. To follow changes in cere
bral oxygenation for detecting cerebral hypoxia and
ischemia, nonlesioned tissue seems to be most appro
priate. Further studies with an increased number of
patients may help to understand oxygenation param
eters in brain tissue.

Conclusion

Brain tissue POz varies when measured in lesioned
and nonlesioned brain tissue. There are no significant
differences in PtiOzin nonlesioned brain tissue mea
sured with Paratrend and Licox, provided there is a
proper location of both sensors in white matter.
Following a marked decrease of MABP and CPP,
all oxygenation parameters decreased in parallel.
In pericontusional tissue, POz is reduced compared
to normal. In contusioned brain tissue, PtiOz was
always below the hypoxic threshold. To recognize
critical phases of hypoxia and ischemia, PtiOz
monitoring of cerebral oxygenation is recommended
in nonlesioned brain tissue.
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Summary

Cerebral ischemia is considered the central mechanism leading to
secondary brain damage in patients with severe head injury. We
investigated the technique of continuous monitoring of local brain
tissue oxygen tension as parameter for cerebral oxygenation.
Eighty-two patients with non penetrating severe head injury were
studied. No complications of the monitoring technique were seen.
Postmeasurement calibration of the catheters showed a very low
zero drift and acceptable sensitivity drift. Low PbrO, values were
seen within the first 12 to 24 hours of injury. Early occurrence of
values below 10mm Hg indicated a poor prognosis. Comparative
measurements between two catheters performed in six patients
showed differences in absolute values measured. but a good corre
lation of relative changes was observed.
We conclude that continuous monitoring of Pbr02 is reliable.
clinically applicable and provides the clinician with a better insight
in cerebral oxygenation and hopefully should help in targeting
therapy towards improved cerebral oxygenation.

Keywords: Brain oxygen tension: cerebral hypoxia: cerebral
ischemia; cerebral oxygenation.

Introduction

Cerebral ischemia is common after severe head
injury. Cerebral ischemia results from intrinsic
pathophysiologic pathways and from systemic in
sults. Such systemic insults are frequent in the early
posttraumatic period [18] as well as in the intensive
care setting [8]. The adverse influence of systemic
insults on outcome has been well documented [3,4].
Our group has previously reported on the feasibil
ity, safety, and experience of continuous monitoring
of partial pressure of oxygen in brain tissue (PbrOz)
[20]. In 22 patients with severe head injury, we dem
onstrated the presence of early ischemia at the tissue

level. We have now extended our series to 82 pa
tients; in this report we describe the results obtained
in these patients.

Materials and Methods

Patients and Treatment Protocols

From September 1992 until February 1997, 82 patients with severe
head injury were admitted to the neurosurgical intensive care unit
of the Academic Hospital Rotterdam for multimodality monitor
ing. All patients received standard intensive care treatment and
monitoring, conforming to the EBIC-guidelines [10]. Outcome
was evaluated at three and six months after trauma, according to
the Glasgow Outcome Scale [7]. GOS scores of 1, 2 and 3 were
interpreted as unfavourable. GOS scores of 4 and 5 as favourable.

Monitoring, Data Acquisition and Analysis

Intracranial sensors were introduced through a modified three
channel subarachnoid screw with an outer diameter of 6mm, posi
tioned at an undamaged frontal region. ICP was monitored using
the Camino® fiberoptic device. Pbr02 was monitored using a
Clark type microcatheter and a Licox p02 measuring computer
(Licox, GMS, Kiel Mielkendorf. Germany). In six patients a sec
ond catheter was introduced through the third channel in the bolt.
After ending the measurements the catheters were tested for zero
and sensitivity drift. Statistical analysis was performed by means of
the chi-square statistic when testing for associations of nominal
data.

Results

Duration and Reliability of Pbr02 Monitoring

PbrOz monitoring was started as soon as possible
after injury (mean 7.6 +/- 5 hours), intending to last
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five days; monitoring was terminated earlier because
of early death, or if ICP monitoring was no longer
considered indicated. Eighty-eight percent of the pa
tients were monitored more than 24 hours. In three
of the 82 monitored patients analysis of measure
ments was not possible because of computer related
errors. The average duration of monitoring was 84
+/- 40 hours (range 3-156 hours).
Adverse events and complications related to

catheter introduction and monitoring were not seen.
Postmeasurement calibration of the catheters was
performed in 67 cases. Average zero drift was 0.54
+/- 0.95mmHg and sensitivity drift (at room air):
0.06 +/- 10.46mmHg.

Time Course and Pattern of Pbr02

The mean Pbr02 and standard deviation averaged
over all patients for a 120 hour period are shown in
Fig. 1. Low initial values were observed in 58 pa
tients. Mean Pbr02increased during the first 12 to 30
hours after injury. In 24 of these patients an over
shoot phenomenon was observed after initial low
values. Initial low values (Pbr02 ~ 10mmHg), not
related to low arterial p02, were seen to be related to
poorer outcome (Table 1).
Eleven out of 20 (55%) patients with initial low
episodes, sustaining longer than one hour, die. Six
teen out of 59 (27%) without these initial low values
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Fig. 1. Average Pbr02 measurements of 82 patients during the
first 120 hours. Mean and standard deviations of values measured
in hours after injury are displayed. Note the initial low values with
a rapid increase during the first hours and a slower increase over
the first day. Stabilization occurs at 25 to 30 mm Hg
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do not survive. The association was statistically
significant.
Lower values of Pbr02 were seen on average in
patients with low GCS sumscores and in patients
with non reactive pupils.
A decrease in Pbr02 was shown to result from
increased hyperventilation in 17 out of 23 patients on
the first day.

Comparitive Measurements

In six patients comparitive measurements of Pbr02
were performed with two catheters introduced
through the threeway bolt. The second catheter was
introduced after a variable period of 4 to 24 hours.
Absolute values of Pbr02between the two catheters
differed considerably, but relative changes were well
correlated. During a stable Pbr02recording obtained
from the first catheter introduced, initially low values
were seen after introduction of the second catheter.
Relatively stable values were obtained after a two
hour run in period (Fig. 2).

Influence of Routine ICU Nursing Procedures on
Pbr02

Routine ICU procedures, such as tracheal suctioning
and change of vasopressor pumps have an impact
on oxygenation and cerebral perfusion pressure. Tra
cheal suctioning procedures are routinely performed
after preoxygenation. In seven patients, 16 episodes
of tracheal suctioning procedures were captured
without preoxygenation and 142 episodes with
preoxygenation. A decrease of Pbr02 was noted
during such procedures without preoxygenation,
while in contrast Pbr02 invariably increased on
preoxygenation.
In four patients on vasopressor therapy 43 mo
ments of pump exchanges were recorded. Although
undesirable, a decrease of cerebral perfusion pres
sure (65 to 42 mmHg) was noted during changing of

Table 1.

<lOmmHg Alive Dead Total

>1 hr 9 11 20
<1 hr 43 16 59
Total 52 27 79

Regional Pbr02 values < lOmmHg. sustaining longer than one
hour are significantly related with mortality. Fifty-five percent of
the patients with an early hypoxic period die.
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the infusion pump and a secondary decrease in Pbr02
(26 to 19mmHg) resulted (Fig. 3).

Discussion

Reliability of Pbr02 Measurements

Intraparenchymal monitoring of partial oxygen pres
sure of brain tissue provides the clinician with addi
tional information on the local oxygen status of the
injured brain. As no complications of hemorrhage or
infection were observed in our series the method is
considered safe. The catheters show a low zero drift
and acceptable sensitivity drift, demonstrating the
method to be reliable in a clinical application. The
differences in absolute values of Pbr02measured in

the patients with comparitive measurements reflect
the heterogeniety of oxygenation at the tissue level.
Recorded values are dependent on the relation
between the catheter to the capillary mesh, the
diameter of microvascular vessels and to the diffu
sion distance between the capillary mesh and the
oxygen probe. Absolute values may be influenced
by the presence of microhemorrhages around the
oxygen probe.
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Causes of Tissue Hypoxia and Implications for

Monitoring Techniques

Cerebral ischemia is generally considered to result
from insufficient oxygen supply in relation to de
mand. With this concept in mind monitoring of the
jugular venous saturation is considered appropriate
for detecting cerebral ischemia. Low jugular satura
tion values indicate a higher extraction of oxygen and
thus are indicative of ischemia. Monitoring of venous
oxygen saturation will however not detect all causes
of tissue hypoxia, f.i. in the presence of anemia or
arteriovenous shunting. Low Pbr02 values can occur
in the presence of normal or even high oxygen satu
ration in the cerebral venous blood [19]. Moreover,

the technique of jugular oximetry is prone to techni
cal artefacts and may provide unreliable recordings
for considerable periods of time. We do agree with
Kiening et at. [9] that brain tissue p02 monitoring is
superior to jugular oximetry.

Low Initial Pbr02: Real or Artefact?

Clinical studies have shown critically reduced cere

bral bloodflow following head injury [1,2,6,11,13,16].
Microdialysis studies have shown the presence of
lactic acidosis indicating ischemia at the tissue level
[12]. The observation of low brain tissue p02 in the
first 24 hours after injury is consistant with these
reports. However, preliminary results from the
comparative measurements reported indicate an
artifactual low value during the first two hours of
recordings. Some equilibration time for attaining

steady state of the probe tissue interface is required;
this duration will probably be dependent on the
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method used for introducing the catheter. The cath
eters used in our studies have a small diameter
(0.5 mm) and are very flexible. For insertion a stiff
introducer (outer diameter 1.1 mm) is used, through
which the catheter is passed into the brain tissue,
after which the sheet is subsequently retracted. The
use of this introducer causes a larger degree of local
tissue damage than would occur when simply passing
the catheter itself into the brain tissue and is conceiv
able that microvascular flow surrounding the tip of
the catheter is disturbed due to this method. This
hypothesis would explain the longer run in time,
observed in the clinical setting, compared to our
experience in the experimental situations, where
the microcatheters were introduced directly into the
brain without help of an introducer.
The slow gradual increase of PbrOz observed in
early measurements performed on patients, showing
a slow gradual increase of PbrOz over periods upto
12 to 24 hours cannot, therefore, be explained by the
shorter run in time of two hours. We conclude that
the observed low values of PbrOzoccurring after the
run in time of two hours are real, indicating the pres
ence of early local tissue hypoxia. As the aim of our
measurements is to monitor relatively undamaged
brain tissue, the presence of local ischemia may be
considered indicative of global cerebral ischemia.

Low Initial PbrOz: Implications for Therapy

Our studies have demonstrated the frequent occur
rence of low PbrOz values in the first 24 hours after
injury, indicating cerebral hypoxia. Moreover the
occurrence of low PbrOz values in this period is
related to poor outcome. Continuous monitoring of
PbrOz affords us the possibility of monitoring the
hypoxic period of the brain and targeting therapy
towards improvement of oxygenation. Such im
provement can be obtained either by increasing the
oxygen content of the arterial blood, or by improving
delivery through increase of flow. The latter concept
is the basis for cerebral perfusion pressure therapy.
Correcting anemia and ensuring optimal saturation
of the arterial blood is the most important method
for improving oxygen content of the arterial blood.
Increasing PIOz in patients already adequately oxy
genated will increase arterial pOz considerably, but
the net effect on arterial oxygen content is small.
Despite this, increasing arterial pOz leads to a signifi
cant increase of brain tissue paz. The therapeutic
value of increasing arterial pOz to supranormallevels
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however yet has to be determined and theoretically
may carry a risk of formation of oxygen radicals
potentiating lipid peroxidative damage. Cerebral
perfusion pressure therapy would appear the method
of choice for improvement of cerebral oxygenation.
The critical perfusion pressure required in individual
patients conceivably could be determined on the
basis of brain oxygen tension monitoring (aiming at
a minimal pPbrOz of 15mmHg). More research is
required on this issue and will be the focus of our
research in the coming years.
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Expression of Immediate Early Gene c-fos in Rat Brain
Following Increased Intracranial Pressure
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Summary

No attention has been given to an influence of the intracranial
pressure (ICP) elevation on the brain at the level of the gene. In
the present study, we originally attempted to evaluate the molecu
lar biological changes of the brain, especially the expression of c
fos mRNA as a marker of cellular response, caused by increased
ICP. Our results confirm that the neurons and non-neuronal cells
are well able to tolerate the stress of increased ICP at the level of
the gene, under the condition that cerebral blood flow (CBF) is
maintained. A severe increase in ICP, which reduces CBF. en
hances the c-fos mRNA expression in a similar fashion as in a
forebrain ischemia model, except in the choroid plexus.

Keywords: C-fos; c-fos mRNA; in situ hybridization.

Introduction

Pathological increment in the volume of any of the
intracranial components should cause a correspond
ing elevation of the intracranial pressure (ICP) [3].
It is, furthermore, possible to say that the ICP
could be elevated by additional pathologies, such as
neoplasm, hematoma and so on. The increased ICP
probably participates in the mechanisms of brain
damage, together with the insult of the original dis
ease [3,6,11,12]. Various forms of ischemia [7,10,14],
as well as neurotrauma [17,19,20], seizures [5] and
other neuronal stimulation [2,4] result in an enhance
ment of gene expression [14]. However, no attention
has been given to the influence of ICP elevation itself
on the brain at the level of the gene.

In the present study, we attempted to evaluate
the expression of immediate early gene (lEG) c-fos,
caused by increased ICP using newly developed ICP
controllable rats. It might be reasonable that the
expression of c-fos mRNA has been used to identify
the location of neurons and non-neuronal cells which

respond at the genomic level to the phenomenon of
increased ICP.

Materials and Methods

General Procedure

Sixteen adult male Wistar rats weighing between 300 and 350 g
were used. Rats were anesthetized by inhalation of halothane, and
oxygen. The femoral artery and vein were cannulated, respec
tively, to record systemic arterial pressure (SAP) and fluid
infusion. After the tracheostomy, the rats were mounted in a
stereotaxic farme in the prone position. Midline scalp and neck
incisions were followed by bilateral craniectomy centered 2mm
posterior to the bregma and 3mm from the mid line. The ICP was
monitored using the Camino fiberoptic sensor which was inserted
into the cortex at 2 mm depth in the left side. The cerebral blood
flow (CBF) was also measured using a Laser Doppler Flowmeter
which was placed on the dura in the right side. After exposing the
atlanto-occipital membrane, a polyethylene tube (1.0. 0.58 mm,
0.0. 0.965 mm) was inserted through the dura into the cisterna
magna. This tube was connected to the mock CSF [1] in a bottle.
The ICP levels were completely regulated by the height of this
bottle [11].

Experimental Protocol

Group ]: Moderate elevation of the ICP in 6 rats.
ICP was adjusted to about 30mm Hg by elevation of the bottle

at around 50cm in height above the ear of the rats for one hour
followed by one hour at normal ICP. Intracranial pressure, CBF
and SAP were measured in three of these six rats (group la). In
the 3 other rats (group Ib), ICP and CBF sensors were not im
planted to avoid the brain injury which induces lEG expression
[17], while the other procedures were exactly the same as in group
la. In group lb, the rats were sacrificed just after the manipulation,
and the brains were quickly removed and frozen at -80°C. Serial
coronal sections (lO~m thick) were obtained using a cryostat and
processed for in situ hybridization (ISH).
Group 2: Severe elevation of the ICP in 7 rats.
The bottle was elevated to around l20cm in height above the
ear of the rats for 30 minutes followed by one hour normalized



196

ICP. The other procedures were exactly the same as in Group la
and lb.
Group 3: Control in 3 rats.
These rats were sacrificed under anesthesia without manipula
tion. The brains were removed and quickly frozen for ISH. Optical
density ratios (ODR) of groups 1 and 2 were estimated in compari
son with this control group.

In situ Hybridization

In situ hybridization for c-fos mRNA was performed on the
groups with increased ICP (moderate: n = 3. severe: n = 4) and the
control group (n = 3). The probe used was complementary to
amino acids 60-76 of rat c-fos mRNA. The c-fos oligonucleotide
probe was prepared by labelling with [a-"SjdATP using a 3' label
ling system (Takara, Japan) [8] and its specific activity was at least
1 x 109 dpm/llg. Slide-mounted sections were fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) for 15 min,
rinsed 3 times in 4 x SSC (pH 7.0), and incubated in 4 x SSC (pH
7.0) containing 1 x Denhardt's solution for one hour at room
temperature (RT). The sections were then dehydrated through a
graded ethanol series and air dried. Hybridization was performed
by incubating the sections overnight at 42°C with a hybridization
buffer containing [a_35S)dATP-Iabelled probes. After hybridiza
tion, the sections were rinsed in 4 x SSC (pH 7.0) for I min at RT,
followed by four IS-min rinses in I x SSC at 55°C. The sections
were then dehydrated through a graded ethanol series and dried.
The hybridized sections were placed onto X-ray film for 7 days to
obtain a macroautoradiogram [8,1 9.20). After that. slides were
coated with Ilford K-S emulsion diluted with water (1 : I). The
slides were exposed for 3-4 weeks in a tightly sealed dark box
at 4°C, and subsequently developed in Kodak D-19. fixed,
counterstained with thionin and coverslipped. The specificity of
the oligonucleotide probe was verified by control hybridization
experiments using RNase treatment (IOllg/ml) prior to hybridiza
tion, or by adding the unlabeled probe in excess (IOO-fold) to the
hybridization buffer. No significant signals above background
were detected in the sections processed after RNase treatment, or
with a mixture of labeled and excess unlabeled probes.

Quantification of Macroautoradiogram Densiry

For quantitative assessment of c-fos mRNA expression on the
macroautoradiogram, the optical density of the cortex (3.3 mm
posterior from the bregma according to the atlas of Paxinos and
Watson [15] was measured with a densitometer with an aperture of
0.5 mm (Konica PDA-lS, Konishiroku. Tokyo. Japan). The same
area was measured five times and the mean values of the counts
were used for further analysis. Each ODR was calculated against
the backgrounds of the films.

Data Analysis

In all statistical tests, differences were considered significant when
P < 0.05, and values are mean ± standard error. The student's t-test
was used to eliminate blocks compare the data (rcp. CBF, SAP)
between pre and post rcp elevation. ODR data were analyzed
using the Mann-Whitney U-test with two-tailed probability.

Results

In the group la animals, ICP was elevated from 7.3
(±2.9) to 29.3 (±2.3) mmHg (P < 0.05). The differ-
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ences of CBF and SAP pre and post ICP elevation
were not statistically significant in this group. In the
group 2a animals, ICP was elevated from 11.3 (±6.6)
to 65.7 (±12.2) mmHg (P < 0.02), and CBF was sig
nificantly reduced from 16.3 (±3.5) to 4.2 (±1.9)mil
min/lOO g (P < 0.02). The mean SAP did not show any
statistically significant differences.

Fig. I. Regional distribution of c-fos mRNA in representative
control (A). mild ICP elevation (B). and severe ICP elevation (C)
rat brains. In (A) and (B) brains. c-fos mRNA appeared to be
present somewhat in the dentate gyrus and habenulae. In severe
elevation of ICP (C). c-ros mRNA expression was strongly en
hanced in the cortex. dentate gyrus. habenulae and paraventricle
regions of both sides
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The distribution of c-fos mRNA in both pre and
post ICP elevation rat brains as revealed by ISH is
shown in Fig. 1. In control (Fig. IA) and moderate
ICP elevation (Fig. lB) rat brains, c-fos mRNA
appeared to be present some in the dentate gyrus and
habenulae, but few labeled cells were detected in
other regions. After severely increased ICP (Fig.
IC), the areas with strikingly high levels of c-fos
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mRNA included the whole cortex, dentate gyrus,
habenulae and paraventricular regions of both
sides. More moderate c-fos mRNA levels were seen
in the internal capsule and hypothalamus. The quan
titative assessment of c-fos mRNA expression in
the cortex revealed that the ODR of group Ib did
not show any significant difference compared to
that of the control (from 1.09 ± 0.02 to 1.10 ± 0.03).

Fig. 2. Photomicroautoradiogram showing c-fos mRNA expression in selected brain regions of group 2b. (x400. Thionin staining, Left:
bright field, Right: dark field). In the cerebral cortex, c-fos mRNA signals were detected mainly in the neurons, though they were also
observed in the non-neuronal cells (A). The dentate gyrus was strongly labelled by c-fos mRNA (B). Neurons and non-neuronal cells in
the habenulae consistently showed intense signals of c-fos mRNA. Inadvertently, evidence has been established that little induction of c
fos mRNA occurred in the choroid plexus (C). A prominant increase in c-fos mRNA was also noted in ependymal layers of third ventricle
and its surrounding area (0)
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However, in group 2b, c-fos OOR (1.46 ± 0.09) was
significantly (P < 0.03) higher than that of the control
(1.10 ± 0.04).
To reveal details of the signals from the emulsion
microautoradiogram, counterstaining of the sections
with thionin was carried out in the severely increased
ICP rat brains (Fig. 2). In the same planes, bright
field and dark field photomicroautoradiograms were
taken. In the cerebral cortex, c-fos mRNA signals
were detected mainly in the neurons, though they
were also observed in the non-neuronal cells (Fig.
2A). The dentate gyrus was strongly labelled by e-fos
mRNA (Fig. 2B). Neurons and non-neuronal cells in
the habenulae consistently showed intense signals of
c-fos mRNA. The choroid plexus has been reported
as having a strikingly high level of e-fos mRNA ex
pression area following forebrain ischemia [7]. In this
model, inadvertently, evidence has been established
that little induction of c-fos mRNA occurred in the
choroid plexus (Fig. 2e). In dark fields, no grains
were observed on the choroid plexus cells. A
prominant increase in c-fos mRNA was also noted in
ependymal layers of the third ventricle and its sur
rounding area (Fig. 20).

Discussion

Over the past few years it has become increasingly
clear that neurons, as well as non-neuronal cells,
respond to external stimuli with complex genomic
change [2,4,5,7-10,13,14,16,17-20]. Transcription
factors encoded by lEG, such as c-fos and c-jun
have received particular attention because they
are believed to play a crucial role in mediating
alterations in gene expression which is followed by
synthesis of various proteins [8]. This induction of
lEG might be a useful marker with which the effects
of pharmacological, electrical and physiological
stimuli may be traced in the central nervous system
[2,7,18].
However, it should be noted that any brief stimula
tion could induce an lEG expression [7,9,10]. There
fore, the ability to adequately test the genomic
change of the brain which is caused by the elevation
of ICP will depend on the availability of a model of
increased ICP without any local brain damage. For
this purpose, we developed an ICP controllable
model in rats by the cisternal mock CSF drip infusion
method [11]. In this model, the mean ICP level ad
justed completely by the height of the bottle without
local brain damage.
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It is wel1 known that the changes of CBF and/or

vasotonicity exert a marked influence on the expres

sion of lEGs [9,14,18]. In our experiments, the ex
pression of c-fos was not detected in the mild ICP
increased group. In general, CBF is maintained until
the ICP increased up to 50-60mmHg [6], and there is
also no remarkable change of the vasotonicity when
the ICP is under 30mmHg [11]. Therefore, our re
sults could be interpreted as suggesting that the brain
is well able to tolerate increased ICP insofar as the
CBF and vasotonicity are maintained. On the other
hand, the expression of c-fos mRNA increased in
the cerebral cortex, dentate gyrus, habenulae and
paraventriclular region in the severely elevated ICP
rats brains. In this group, CBF decreased dram
atical1y, and cerebral ischemia and disruption of
autoregulation probably occurred.
Of great interest is the question of whether or not
this gene expression is in our model solely due to
the evolving ischemic insult. We could approach this
problem by comparing the pattern of genomically
enhanced areas in the increased ICP rat brains
with that in the forebrain ischemic rat brains. If the
comparison reveals a different expression pattern, it
might suggest that the original molecular biological
changes were caused by the physiological stress of
the increased ICP itself. Neumann et ai. reported
that 30min forebrain ischemia fol1owed by one hour
reperfusion caused strikingly high levels of c-fos
mRNA in the dentate gyrus of the hippocampus,
amygdala, piriform cortex and choroid plexus [14].
Although hardly any difference was detected in the
expression pattern between this forebrain ischemic
model and our model, one crucial dissimilarity came
to light. In the forebrain ischemic model, the choroid
plexus was one of the most pronounced c-fos mRNA
induction areas. Nonetheless, in our model, c-fos
mRNA expression was not enhanced in the choroid
plexus. The reason for this difference is not clear at
the present time, but it might be due to a difference
in the degree of the ischemic insult of the choroid
plexus between the forebrain ischemic model and the
ICP elevation model. In our model, intraventricular
pressure should be above 60mmHg, which could be
a high enough level to stop the circulation of the
choroid plexus. Thirty minutes of no blood supply
might be long enough for irreversible damage to the
choroid plexus, and may even interfere with c-fos
mRNA synthesis. Or, direct physical stress of high
ICP might playa role in the disruption of choroid
plexus function.



Expression of Immediate Early Gene c-fos

References

1. Chodobski A, Szymydynger-Chodobska J, Epstain MH,
et of (1995) The role of angiotensin II in the regulation
of blood flow to choroid plexuses and cerebrospinal fluid
formation in the rat. J Cereb Blood Flow Metab 15: 143
151

2. Flanagan-Cato LM, McEwen BS (1995) Pattern of Fos and
Jun expression in the female rat forebrain after sexual behav
ior. Brain Res 673: 53--60

3. Hochwald GM, Marlin AE, Wald A (1976) Increased in
ICP and development of plateau waves in decompensated
hydrocephalic cats. A new model. In: Beck JWF (ed) Intracra
nial pressure III. Springer, Berlin Heidelberg New York. pp
37-42

4. Hess US, Lynch G, Gall CM (1995) Changes in c-fos mRNA
expression in rat brain during odor discrimination learning:
Differential involvement of hippocampal subfields CAl and
CA3. J Neurosci 15(7): 4786-4795

5. Kanter RK, Strauss JA, Sauro MD (1995) Seizure-induced c
fos expression in rat medulla oblongata is not dependent on
associated elevation of blood pressure. Neurosci Lett 194:
201-204

6. Kawamura S, Yasui N (1995) Effects of mild intracranial
hypertension on pial arteriolar diameters in rats. Prog Res
ICP, pp 13-16

7. Kinouchi H, Sharp FR, Chan PH (1994) Induction of c-fos,jun
B, c-jun, and hsp 70 mRNA in cortex, thalamus, basal ganglia,
and hippocampus following middle cerebral artery occlusion.
J Cereb Blood Flow Metab 14: 808-817

8. Kohmura E, Yuguchi T, Yamada K (1995) Expression of
c-fos mRNA after cortical ablation in rat brain is modulated
by basic fibroblast growth factor (bFGF) and the NMDA re
ceptor is involved in c-fos expression. Mol Brain Res 28: 117
121

9. Krukoff TL, MacTavish D, Harris KH (1995) Changes in
blood volume and pressure induce c-fos expression in brain
stem neurons that project to the paraventricular nucleus of the
hypothalamus. Mol Brain Res 34: 99-108

199

10. Lindsberg PJ, Frerichs KU, Siren AL (1996) Heat-shock
protein and C- fos expression in focal microvascular brain
damage. J Cereb Blood Flow Metab 16: 82-91

11. Matsumoto T, Nagai H, Kasuga Y (1986) Changes in intracra
nial pressure (ICP) pulse wave following hydrocephalUS. Acta
Neurochir (Wien) 82: 50--56

12. Matsumoto T, Nagai H, Fukushima T (1994) Analysis of in
tracranial pressure pulse wave in experimental hydrocephalus.
Childs Nerv Syst 10: 91-95

13. Munell F, Burke RE, Bandele A (1994) Localization of c-fos,
c-jun, and hsp 70mRNA expression in brain after neonatal
hypoxia-ischemia. Dev Brain Res 77: 111-121

14. Neumann-Haefelin T, Wiebner C, Vogel P (1994) Differential
expression of the immediate early genes c-fos, c-jun, jun B,
and NGFI-B in the rat brain following transient forebrain
ischemia. J Cereb Blood Flow Metab 16: 82-91

15. Paxinos G, Watson C (1982) The rat brain in stereotaxic coor
dinates. Academic Press, New York

16. Raghpathi R, Welsh FA, Lowenstein DH (1995) Regional
induction of c-fos and heat shock protein-72 mRNA following
fluid-percussion brain injury in the rat. J Cereb Blood Flow
Metab 15: 467-473

17. Ruzdijic S, Pekovic S, Kanazir S (1993) Temporal and spatial
preferences of c-fos mRNA expression in the rat brain follow
ing cortical lesion. Brain Res 60: 230--240

18. Tassorelli C, Joseph SA (1995) Systemic nitroglycerin induces
Fos immunoreactivity in brain stem and forebrain structures
of the rat. Brain Res 682: 167-181

19. Yuguchi T, Kohmura E. Yamada K (1994) Messenger RNA
and protein expression of basic fibroblast growth factor recep
tor after cortical ablation. Mol Brain Res 25: 50--56

20. Yuguchi T, Kohmura E, Yamada K (1995) Changes in growth
inhibitory factor mRNA expression compared with those in c
jun mRNA expression following facial nerve transection. Mol
Brain Res 28: 181-185

Correspondence: Takashi Matsumoto, M.D., Department of
Neurosurgery, Nagoya City University Medical School,
Mizuhoku, Nagoya 467, Japan.



Acta Neurochir (1998) [Suppl] 71: 200-202
© Springer-Verlag 1998

Leukocyte Adhesion Molecule Profiles and Outcome after
Traumatic Brain Injury
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Summary

Adhesion molecules have an important role in leukocyte migra
tion into tissue after injury. We hypothesised that changes in
ICAM-1 and L-selectin expression after traumatic brain injury
would result in altered serum concentrations of these molecules,
which would be related to injury severity and outcome. We inves
tigated arterial and jugular venous concentrations of ICAM-l and
L-selectin in 22 patients. The Glasgow Coma Score and Injury
Severity Score were recorded. Paired arterial and jugular venous
blood samples were taken at designated times after brain injury:
on admission, at 24 hours, 48 hours and 96 hours. Glasgow Out
come Scores at 6 months were obtained. Mean serum concen
trations of ICAM-l were normal on admission. but became
significantly increased by 96 hours (p =0.018). Mean L-selectin
concentrations were markedly below controls at all time points (p
< 0.001). There were no significant differences between jugular
venous and arterial concentrations of either ICAM-l or L-selectin.
Serum ICAM-l was significantly related to neurological outcome
(p < 0.001) and to the Glasgow Coma Score (p < 0.001). These
changes in adhesion molecule expression may be important in the
pathophysiology of secondary injury. The highly significant rela
tionship between serum ICAM-l and neurological outcome sug
gests that drugs which antagonize adhesion molecule activity may
improve outcome after traumatic brain injury.

Keywords: ICAM-l; L-selectin; leukocyte adhesion.

Introduction

Leukocyte adhesion molecules, which are expressed
on the surface of leukocytes and endothelial cells,
control the migration of leukocytes into tissue. After
a primary brain injury, increased expression of these
molecules may result in secondary brain damage.
There are three families of leukocyte adhesion mol
ecule. The first includes the glycoproteins L-selectin
and E-selectin, which are present on the surface of
leukocytes and endothelial cells respectively. These
mediate the initial tethering of leukocytes to the

vessel wall by binding to endothelial receptors [4].
Strong adhesion and migration across the endothe
lium into tissues are mediated by the other two fami
lies - the immunoglobulin superfamily, consisting of
ICAM 1,2 and VCAM-1, present on the endothelial
surface, and their counter-receptors, the integrins
which are present on the leukocyte cell surface. The
selectins and immunoglobulins are also found in
soluble, active forms in the blood of normal humans
(eg sICAM-1, sL-selectin) [3]. We investigated both
endothelial (ICAM-1) and leukocyte bound (L
selectin) adhesion molecule concentrations, and
hypothesised that an altered expression of both
ICAM-1 and L-selectin after traumatic brain injury
would result in an increased serum concentration of
the soluble form of ICAM-1 (sICAM-1), together
with a probable increase in soluble L-selectin (sL
selectin), and that theses changes would be related to
type and severity of injury and neurological outcome.
We also hypothesised that jugular venous (JV) con
centrations would be greater than arterial.

Materials and Methods

We investigated the difference between jugular venous (JV) and
arterial concentrations of sICAM-l and sL-selectin in 22 patients
with TBI admitted to the intensive care unit. Data of patient
characteristics, consisting of sex, age, Injury Severity Score (ISS)
and Glasgow Coma Score (GCS) after non-surgical resuscitation
were collected on admission (Table 1). If a patient had an Abbre
viated Injury Score>1 for a body region other than the head/neck,
he/she was classified as having extracranial injuries. If this was not
the case then the patient's injury was classified as an isolated head
injury. Injury type was classified as either focal or diffuse from the
initial CT scan. read by a single neuroradiologist. Patients whose
CT scan appeared normal or showed both diffuse and focal inju
ries were classified as "neither".
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Results

Paired arterial and JV blood samples were taken at designated
times after brain injury: on admission (median time 8h 30min
after injury, range 6h 30min -14h), at 24 hours, 48 hours and 96
hours. These were allowed to clot and spun down in a refrigerated
centrifuge. Serum was then immediately frozen at -25°C. Analysis
of serum for sICAM-1 and sL-selectin was performed by ELISA
(R&D Systems, USA). 152 samples (76 pairs) were analysed by a
single operator. Standards and samples were analysed in duplicate.
Standard curves and sICAM-1 and sL-selectin concentrations
were calculated by a personal computer interfaced to a microplate
reader. Glasgow Outcome Scores (GOS) at 6 months after injury
were obtained the patients' family doctors. The GOS refer to
the following: 1 - dead, 2 - vegetative, 3 - severely disabled, 4 
moderate recovery, 5 - good recovery. Statistical analysis was by
means of SPSS Base 7.0 for Windows with Student's t-test, analysis
of variance (ANOVA), linear modelling and linear regression.

Mean arterial concentration of sICAM-1 at each
time point is shown in Table 2, together with control
values. Concentrations were similar to controls on
admission, but rose significantly higher than the con
trols by 96 hours after injury (p = 0.018). Mean con
centration of sICAM-1 was significantly higher at 96
hours than on admission and at 24 hours (p = 0.006).
Figure 1 shows individual patient profiles for arterial
sICAM-1.
Table 2 also shows the mean arterial concentra
tions of L-selectin at each time point, in addition to
control data. sL-selectin concentrations were mark
edly below controls at all time points (p < 0.001). --.-
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Fig. 1. Patient profiles for sICAM-1. Those patients with poor
outcome are shown with broken lines, those with good outcome
with solid lines
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1200,...------------,

There were no significant differences between con
centrations of L-selectin at any of the time points.
There were no significant differences between
JV and arterial concentrations of sICAM-1 or
sL-selectin.
Glasgow Outcome Scores were summarized into
two categories - the first representing a good out
come (GOS 4-5, n = 12), the second representing a
poor outcome (GOS 1-3, n = 9, 1 lost to follow up).
There was a significant difference in age between
outcome groups (mean/standard error of mean was
28.5/3.8 yrs for "good" and 42.3/5.2 yrs for "poor", p =

0.039), however there was no difference in GCS (7.5/
0.7 and 5.9/1.2, p = 0.237) or ISS (23.4/1.9 and 22.0/
2.5, P = 0.652) between good and poor outcome
groups respectively. There was a highly significant
correlation between arterial sICAM-1 and outcome
(p < 0.001), controlling for time (linear model) (Figs.

18/4
17-69
34
3-13
7
9-38
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1-5
4

Table 1. Data of Patient Characteristics

Sex: Male/Female
Age: Range

Median
Glasgow Coma Score: Range

Median
Injury Severity Score: Range

Median
Glasgow Outcome Score: Range

Median

Table 2. Mean Concentrations of NSE and 5-100 in Arterial Serum in Volunteer Controls and
Patients Over a Period up to 96 Hours After Brain Injury. P values are for a two-tailed t-test of
patients v controls

sICAM-1 (ng/ml) sL-selectin (ng/ml)

Time Mean 95% CI P value Mean 95% CI p value

Controls 254 214-295 907 808-1006
Admission 267 200-335 0.778 637 565-709 <0.001
24 hours 269 218-320 0.683 590 532-647 <0.001
48 hours 310 252-367 0.154 617 550-683 <0.001
96 hours 453 298-609 0.018 580 488-672 <0.001
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Fig. 2. Graph showing mean (+95% confidence intervals) arterial
sICAM-l concentration in patients with poor outcome (left side)
and patients with good outcome (right side) at each time point. P
values are: 0.089, 0.064, 0.116 and 0.086 respectivelv (t-test)
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1 and 2). When only the concentrations on admission
and at 24 hrs were considered, there remained a sig
nificant relationship with outcome (p = 0.003). There
was no significant relationship between arterial sL
selectin concentrations and outcome (p = 0.062).
There were significantly higher concentrations of
arterial sICAM-1 in those with lower Glasgow Coma
Scores (p < 0.001, linear model). Surprisingly, there
was also a negative relationship between arterial sL
selectin and Glasgow Coma Score (p =0.005, linear
model). We looked more closely at the type and
severity of injury, and in particular for the presence
of extracranial injuries. 11 patients were classified as
having isolated head injuries and 11 also had extra
cranial injuries. There were no significant differences
between these two groups with respect to sICAM-1
or sL-selectin (p = 0.221 and 0.856 respectively).
There was a significant inverse relationship between
sL-selectin and ISS (p = 0.009, linear model), but
there was no correlation between ISS and sICAM-1
(p = 0.643, linear model). There was no difference in
ISS between good and poor outcome groups (mean/
SEM: 23.4/1.9 and 22.0/2.5 respectively, p =0.652).
Finally we looked at type of injury as classified by
CT scan. Scans were categorised into normal, diffuse
injury, focal injury, or both. Numbers were as fol
lows: 3 normal, 8 diffuse, 10 focal and 1 both. Statis
tical analysis was carried out excluding "normal" and
"both" categories. There was no significant differ
ence between focal and diffuse groups in outcome
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The close association between high concentrations of
sICAM-1 in serum and poor neurological outcome,
together with low Glasgow Coma Scores, suggests
that adhesion molecules may play some part in the
pathophysiology of inflammatory secondary brain
injury, which occurs at variable time intervals after
the primary injury. It could be argued that the pres
ence of extracranial injuries would result in both an
increase in arterial sICAM-1 and a greater chance of
a poor outcome. This was not the case in our sample
- there was no correlation between ISS and outcome,
and in fact many of those with a high ISS had low
arterial concentrations of sICAM-1. Increased con
centrations of sICAM-1 could not be explained by
the presence or absence of extracranial injuries. This
suggests that the significant increase in arterial
sICAM-1 is caused by the brain injury itself. Mea
surement of sICAM-1, for example, on admission
and at 24 hours after a traumatic brain injury may
assist in prediction of neurological outcome.
More importantly, the effects of the adhesion mol
ecules may be antagonized by antibodies. Investiga
tion of the effects of antibodies to ICAM-1 has been
carried out in animal stroke models [1,2]. These stud
ies have shown a reduction in neutrophil infiltration,
oedema and infarct size after administration of anti
body. It may be that in the future administration
of antibodies to the adhesion molecules results in
improved outcome after traumatic brain injury.

(p = 0.657) and in either sICAM-1 or sL-selectin
concentrations (p = 0.322 and 0.801 respectively).
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Summary

Tissue acidosis from trauma or ischemia induces cytotoxic brain
edema, mainly affecting astrocytes. In vitro, lactacidosis induces a
dose-dependent swelling of glial cells. Activation of membrane
transporters and channels, also involved in regulation of intracel
lular pH (pH;), has been identified as underlying mechanism, al
though details are poorly understood. We have currently studied
whether Ca'+-ions playa role in acidosis-induced glial swelling and
the associated intracellular acidification. The medium pH of a cell
suspension (C6 glioma) was lowered from control (7.4) to 6.2 by
lactic acid. Cell volume (CV) and pH; were assessed by flow
cytometry. During acidosis in normal medium (2.2mM Ca'+) CV
reached a maximum of 125.1%. In a calcium-free medium swelling
from acidosis was inhibited by 74%, while additional buffering of
intracellular calcium (Ca'+;) by BAPTA-AM had no further effect.
Buffering of Ca'+, alone did not affect the CV increase from acido
sis at all. pH, which is decreasing during acidosis was not influenced
by the above modifications. The present experiments indicate that
lactacidosis-induced glial swelling depends on the presence of ex
tracellular Ca'+-ions, while alterations of Ca'+; do not seem to be
involved.

Keywords: Acidosis; calcium homeostasis; cytotoxic brain; glial
cell swelling.

Introduction

Cerebral ischemia and trauma are associated with an
intra- and extracellular lactacidosis [4]. Accumula
tion of lactic acid is involved in the propagation of
secondary brain damage following a primary insult.
Lactacidosis contributes to the death of neurons and
glia and leads to the formation of cytotoxic brain
edema [5,6,11]. In vitro administration of lactic acid
causes glial swelling in a dose-dependent manner
together with intracellular acidification [12]. The
present concept of acidosis-induced glial swelling
suggests an activation of pH-regulatory membrane
channels, such as the Na+/H+- and the CnHC03-
antiporter [3,12]. However, details of activation or

modulation of these membrane transport processes
are currently poorly understood. Ca2+-ions are
known to play an important role in many physiologi
cal and pathophysiological cellular processes includ
ing cell volume regulation [7,10] or cell death from
cerebral ischemia or trauma. In vitro studies were
currently performed to elucidate the influence of
calcium-ions on swelling and intracellular acidifica
tion of glial cells from acidosis.

Materials and Methods

The experimental model has been described in detail [3]. Briefly,
C6 glioma cells were cultured under standard conditions (37°C,
humidified air with 5% CO,) using Dulbecco's Modified Eagle
Medium (DMEM) with 25 mM bicarbonate, 10% fetal calf serum
(FCS) and 100lUlmi penicillin G and 50llglml streptomycin. The
cells were harvested upon reaching confluence by addition of
0.05% trypsin/O.02% EDTA in phosphate buffered saline and
resuspended in FCS-free medium. The cell suspension was trans
ferred to a custom made Plexiglas incubation chamber with elec
trodes for continuous monitoring of pH and temperature. pO"
pCO, and bicarbonate were measured sequentially with a stan
dard blood gas analyzer (Radiometer Copenhagen, Copenhagen,
Denmark). The suspension was supplemented with a humidified
mixture of 0" N, and CO, by a membrane oxygenator. Cell sedi
mentation was prevented by a magnetic stirrer.
Cell volume and pH, were measured by flow cytometry using an
advanced Coulter system with hydrodynamic focusing [1]. For
determination of pH, the pH-sensitive fluorescence dye BCECF
was used. The fluorescence emission of BCECF was measured at
a pH-sensitive and a pH-insensitive wavelength. The fluorescence
data were plotted against each other and the slope of the resulting
line was used as a measure of pH,. The pH; measurement was
calibrated between pH 5.0 and 8.5 using nigericin [13].
Cells were loaded with BCECF for 20 min. Calibration of pH,
was followed by a 60 min control period to assess cell volume, pH;
and the medium osmolarity under baseline conditions. Subse
quently, the medium pH was lowered from 7.4 to 6.2 by addition
of isotonic lactic acid. Cell volume and pH, were monitored for
60 min during lactacidosis and for 30min after neutralization of the
medium.
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In order to study the role of Ca2+-ions in acidosis-induced cell
swelling, experiments were performed in DMEM (in the following
named "normal medium") and under different conditions where
Ca2+-ions were omitted from the extracellular space and/or buff
ered in the cytosol. For experiments with no extracellular Ca2+_
ions, 0.5 mM of the pH-independent calcium-chelator BAPTA
was added to the nominally Ca2+-free medium (Sigma,
Deisenhofen, Germany) in order to buffer traces of Ca2+ still
present in the double distilled water used for medium preparation.
The cells were washed three times in this medium to remove
residual Ca2+-ions. Ca2+-ions released from intracellular stores
were buffered in the cytosol by incubating the cell suspension with
0.1 mM of the membrane permeable acetoxymethylester deriva
tive of BAPTA (BAPTA-AM) for 30min at 3rC in a glass cham
ber. In a third group, glial cells suspended in Ca'+-free medium
were incubated with BAPTA-AM in addition for cytosolic calcium
buffering in the absence of extracellular Ca'+-ions.
Data are presented as mean ± SEM. Statistical analysis was

performed using the software SigmaStat 1.0 for Windows. For
evaluation of statistical significance between groups the Kruskal
Wallis test followed by the Dunn's test was used.

Results

All parameters remained constant during the control
period. Cell volume increased immediately after
acidification, reaching a maximum of 125.1 ± 2.5%
(% of baseline; n = 9) after 60 min. Upon neutraliza
tion of the medium back to pH 7.4, the cell volume
recovered to near baseline values (105.4 ± 1.8%; n =

9) within 30min. The acidosis-induced glial swelling
was inhibited by 74% when the experiments were
conducted under omission of extracellular Ca2+-ions
in the medium. The maximum volume increase was
only 106.4 ± 1.9% (n = 5; p < 0.05 vs. control). After
neutralization of the medium pH the glial cell vol
ume again returned to the control level.
Additional buffering of cytosolic. Ca2+-ions by
BAPTA-AM in a Ca2+-free suspension medium had
no further effect on glial swelling from acidosis. The
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maximum of cell swelling in the absence of extracel
lular Ca2+-ions and buffering of cytosolic Ca2+-ions by

BAPTA-AM was 108.9 ± 2.1% (n = 5; p < 0.05 vs.
control) which was not different from the corre
sponding volume increase in experiments with Ca2+
free medium alone.
Moreover, when the cells were incubated with

0.1 mM BAPTA-AM to buffer release of Ca2+-ions
from intracellular stores but suspended in medium
with a normal Ca2+-level, the extent of cell swelling
upon acidification was not different from that in the
control group. A maximum swelling of 120.9 ± 1.8%
was attained in this group at 60min (n = 5; n.s. vs.
control).
pH; of glial cells suspended in standard medium
was 7.15 under baseline conditions, but was decreas
ing immediately to 6.3, once the medium pH was
lowered to 6.2. The level of intracellular acidification
remained unchanged during the 60min period of
lactacidosis. Following neutralization of the medium,
pH; returned to baseline values. None of the groups
with buffering and/or omission of Ca2+-ions from the
suspension medium was found to have a different
pH; response, neither under baseline conditions nor
in acidosis.

Discussion

The present data show that glial cell swelling from
acidosis depends markedly on the presence of extra
cellular Ca2+-ions. On the other hand, the release of
Ca2+-ions from intracellular stores, e.g. mitochondria
or the endoplasmatic reticulum, does not seem to
play a role in the processes underlying acidosis
induced glial swelling. As demonstrated, buffering of

Table 1. Volume Response of Glial Cells to Lactacidosis (pH 6.2). The Cells were Suspended in DMEM Medium (Control) or Ca2+-free
Medium. Buffering ofCytosolic Ca2+-ions was Achieved by Incubation ofthe Cells with 0.1 mM ofthe Cell Permeant Ca2+-chelator BAPTA
AM

Cell volume

Control Ca2+-free medium Ca2+·free medium BAPTA-AM
Time pH,' (n =10) (n =5) +BAPTA-AM (n =5) (n =5)

control 7.4 100.73 ± 0.42 99.99 ± 0.38 99.83 ± 0.70 100.21 ± 0.07
Imin 6.2 107.43 ± 0.74 103.57 ± 0.89b 102.89 ± 1.17b 106.38 ± 0.92
30min 6.2 120.95 ± 1.46 106.27 ± 1.82" 106.74 ± 1.58" 117.20 ± 1.15
60min 6.2 125.12 ± 2.45 105.67 ± 2.19b 108.92 ± 2.14b 120.93 ± 1.76
recovery 7.4 105.38 ± 1.82 98.18 ± 2.32 104.71 ± 3.37 110.28 ± 1.64

'Extracellular pH.
Mean ± SEM.

bp < 0.05 vs. control (Kruskal-Wallis test with subsequent Dunn's test).
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intracellular Ca2+-ions by BAPTA-AM alone did not
affect the acidosis-induced cell swelling. Even buffer
ing of intracellular Ca2+-ions in Ca2+-free medium had
no additional inhibitory effect as compared to the
response in Ca2+-free medium alone. It is as yet
unclear, whether the involvement of extracellular
Ca2+ions in acidosis-induced cell swelling is attribut
able (i) to net-influx of Ca2+-ions through the cell
membrane or (ii) to the presence of extracellular
Ca2+ at the external plasma membrane only for the
activation of transport proteins.
The response of the intracellular Ca2+level to aci
dosis is found to vary between different cell types in
the CNS. While primary cultured neurons are in
creasing the intracellular calcium concentration dur
ing acidosis [9], primary cultured astrocytes are not
[8]. Therefore, an extra-to-intracellular flux of Ca2+_
ions might not necessarily be involved in the acidosis
induced swelling process. To our knowledge,
however, the dependence of membrane transporter
function on the presence of extracellular Ca2+-ions
has not been reported so far in the literature. Lohr et
at. [2] have shown that the regulatory volume de
crease after hypotonic swelling of C6 glioma cells
requires the presence of extracellular Ca2+-ions. An
increase of the intracellular Ca2+-concentration was
not detectable. It might thus be possible that extra
cellular calcium ions are needed for activation of
membrane transport proteins. Further investigations
are necessary, to elucidate respective details of the
involvement of Ca2+-ions.
The present findings suggest in addition, that not
all membrane channels and transporters contributing
to the acidosis-induced glial cell swelling are also
involved in the regulation of pHi' This conclusion is
based on the observation that omission of Ca2+-ions
from the medium had no influence on the pH; of glial
cells, neither under baseline conditions nor during
acidosis. We assume, therefore, that the response of
cell volume and pH; to lactacidosis are, at least in
part, mediated by activation of different membrane
transporters. This proposal might well be in conflict
with the current understanding of cell volume- and
pHi-regulation during acid exposure.
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Summary

Deposits that are recognized by antibodies specific for the C
terminal and ~-amyloid peptide (~A) but not the N-terminal se
quences of the amyloid precursor protein (APP) fragments are
present in the extra- and intracellular space in ischemic rat brain
with 1 year survival. The immunohistochemical profile indicates
that the APP in these deposits is truncated between the N-terminal
and ~A and terminates at the C-terminal. This process probably is
reaching into the extracellular space.

Keywords: ~-Amyloid; ischemic brain injury.

Introduction

Alzheimer's disease (AD) is characterized by accu
mulation of p-amyloid peptide (PA). It is a fragment
of the much larger molecule, amyloid precursor pro
tein (APP). pA is one of the most extensively inves
tigated proteins of the last decade, it has only
recently been recognized that the parenchymal de
posits in AD brains consist of several molecular spe
cies of pA with variable N- or C-termini [2]. Rats
with cardiac arrest (CA) were used as an animal
model of some of the neurochemical and neuro
pathological deficits of AD to investigate the in vivo
expression and metabolism of APP [4]. In an earlier
investigation, we have found that ischemia of the
brain in rats resulted in overexpression of either pro
teolytically cleaved fragments of the full-length
APP or the entire APP molecule during 7 days sur
vival after the incident [4,5]. These findings have
prompted us to re-examine ischemic rat brain tissue
after long-term survival (1 year) immunohisto
chemically using a panel of antibodies which recog
nize different fragments of APP [4].

Materials and Methods

Female Wistar rats (n = 5; 150-200g; 3 months old) under ether
anaesthesia, were subjected to 10min CA [3]. At 1 year after CA,
the rats were perfused with phosphate-buffered saline followed by
2% paraformaldehyde [3.4]. As controls, 5 sham operated rats in
due time were sacrificed. For immunocytochemistry, we used anti
bodies raised against synthetic peptides corresponding to the aa
residues of APP; monoclonal antibody (mAb) 22Cll against the
N-terminal of APP, mAb 6ElO recognizing 1-17 aa residues of
~A, polyclonal antibodies (pAb) SP 28 recognizing 1-28 aa resi
dues of ~A, and pAb RAS 57 against the C-terminal of APP
(CAPP) [4]. Tioflavine S was used for fibrillar ~A labelling.

Results

Increase in the extra- and intracellular CAPP immu
noreactivity and the pA, senile plaque protein
present in patients with AD, has been shown to occur
in a rat model of ischemic neuronal injury (Table 1).
The extracellular PA/CAPP deposits ranged from
numerous small dots to irregular diffuse plaques
(Fig. 1). Following ischemia, blood microvessels of
all kinds and sizes showed remarkable extravasation
of pA, spreading multifocally outward into the pa
renchyma. As well as perivascular pA accumulation,
neuronal (Fig. 2) and glial cell bodies were observed
filled with pA. Changes predominated in the hippoc
ampus, cerebral and entorhinal cortex, corpus callo
sum and around lateral ventricles.

Discussion

We found a long-term persistent increase of PAl
CAPP expression in the extracellular and intra-
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Table 1. Immunohistochemical Profile of Extra- and Intracellular APP Deposits after Global
Cerebral Ischemia

Reactivity

Intracellular

207

Antibodies against

N-terminal22Cll
~-amyloid peptide
6E10
SP28
C-terminal RAS 57

Sequence

60-100

1-17
1-28
672-695

Extracellular

+
+
+

Neurons

+
+
+

Glia

+
+
+

Presence of staining: - no; + yes.

Fig. 1. Extracellular deposits of ~A (A,S entorhinal cortex; mAb
6E10; x40, x200) and CAPP (C cortex; pAb RAS57: x400) after
ischemia

cytoplasmic space 1 year after CA. The present
findings indicate that late ~A/CAPP accumulation
after CA may represent a secondary injuring factor
that could potentially exacerbate stroke outcome.
These data provide a mechanism to explain how an
environmental event, such as ischemia of the brain,
can generate a similar molecular pathology as found
in AD. Importantly, these studies show that ~A is
induced by lesions that mimic the neurochemical
changes in AD. These results, when taken together
with those obtained in other models of neuronal
damage, clearly suggest that ~A expression follows
neuronal death [1].

Fig. 2. Intracellular accumulation of ~A (A,S hippocampus, cor
tex; mAb 6E10, pAb SP28; x400) and CAPP (C hippocampus;
pAb RAS57; x400) after ischemia

The heavy accumulation of ~A and C-terminal
epitopes of APP around blood vessels suggests that
either the N-terminal fragment of APP is cleaved
extravascularly with the C-terminal fragment and the
~A being more resistant to degradation or these ves
sels are permeable only for the ~A and C-terminal
fragments of APP after intravascular cleavage [6].
However, the absence of ~A in normal brain suggests
that it is not a product of the normal APP metabo
lism. At present, it is not possible to determine
whether the ~A and CAPP are generated extravascu
lar from APP or are derived from the intravascular
space [6]. In any event, the accumulation in the extra-
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and intracellular space suggests that ~A and CAPP
fragments of APP are more resistant to further pro
teolysis than the N-terminal fragments. These data
indicate that the deposition of ~A and the C-terminal
fragments of APP truncated at the position of ~

secretase cleavage or close to it in diffuse plaques
may be specific for ischemic brain with long-term
survival. The identification of extracellular ~A sug
gests that both the ~ and y cleavages could occur
outside the cell.
Unlike AD, ~A/CAPP deposition in ischemic rat
brain was not associated with accumulation of
fibrillar amyloid. Since tioflavine S labeling was not
detected in any region of the ischemic rat brains ex
amined, the compact fibrillar structure of ~A was
probably not formed. On the other hand, fibrillar ~A
was probably formed but in an amount too small to
be recognized by tioflavine S. Rats may have a higher
capacity to metabolize and remove ~A from the
brain; however, this is not confirmed in our study.
Although the rat ~A homologue is reported to be as
amyloidogenic as is the human, the lack of complete
sequence homology between rat and human ~A may
also be a contributing factor. Moreover, ~A deposi
tion may occur in a variety of pathological brain
processes, although it is not a simple response to
generalized stress [1,4]. Finally, the possibility that 1
year of survival may be insufficient to produce de
tectable amounts of fibrillar ~A cannot be excluded.
Deposition of ~A in the brain is a slow process that in
humans takes decades to develop. In our experimen-

R. Pluta et al.: Cerebral Accumulation of ~-Amyloid

tal model time may playa central role in the matura
tion of ~A deposits. Thus, longer study intervals or
repeated insults may clarify this issue.
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Summary

Amyloid precursor protein (APP) has been shown to accumulate
in traumatically injured axons as early as 1 hour after injury. This
accumulation may be due to interruption of fast axoplasmic trans
port and/or upregulation of APP synthesis. The aim of this study
was to examine the neuronal cell body response to head impact
using APP immunostaining in a focal non-missile head impact
model.
Ten anaesthetised and ventilated 2 year old Merino ewes were
subjected to graded impact in the left temporal region by captive
bolt. 2 hours after impact the brain was perfused fixed with form
aldehyde. The tissue was mounted in paraffin, sectioned and
stained with a monoclonal antibody to APP and standard H&E
stain. APP positivity was semi-quantitated using a modification of
our previously described sector scoring system [1]. Widespread
neuronal APP positivity was found in the cerebral hemispheres
and brain stem distant from the site of focal injury in all 10 ani
mals. The most prominent APP positivity was found in the nerve
cell bodies of the impacted left cerebral hemisphere. APP positive
neurons were also found within regions which were structurally
normal when stained with H&E.
These results demonstrate diffuse neuronal perikaryon APP
immunoreactivity following a focal head impact injury. The ex
pression of APP within the neuronal cell body may be due to
upregulation of APP synthesis or alterations in the availability of
epitopes of APP. Further studies are in progress to address these
hypotheses.

Keywords: Amyloid presursor protein: head impact model;
immunoreactivity.

Introduction

Amyloid precursor protein (APP), a membrane
spanning glycoprotein synthesised in the nerve cells
and delivered to synapses by fast axoplasmic trans
port, has been utilized as a sensitive marker for ax
onal injury in both experimental animal models [4]
and human head injury [2]. APP axonal immunore
activity occurs as early as 60 minutes in a model of

early axonal injury in the sheep [3] and has been
documented in humans 105 minutes after injury [1].
The accumulation of APP after injury may be
due to interruption of fast axoplasmic transport
by axoskeletal derangement and/or following
upregulation of APP synthesis within the neuronal
cell body. The aim of this study was to examine APP
immunocytochemical reactivity within neuronal cell
bodies following traumatic head injury in the sheep
head impact model already established to study ax
onal injury.

Method

Twelve anaesthetised (isoflurane) and ventilated 2-year-old Me
rino ewes were used in this study. Arterial blood pressure, intrac
ranial pressure, cerebral blood flow. and core body temperature
were monitored continuously. The animals were ventilated with a
mixture of oxygen and nitrogen titrated against regular blood gas
measurements to maintain a normal blood gas profile.
Sheep were placed in the sphinx position with the head resting

on a support to allow free rotational and lateral movement follow
ing impact. 10 sheep were impacted in the left temporal region
using a captive bolt device with a graded impact force. 2 animals
served as controls (no impact). All sheep survived for 2 hours
following the insult.
All brains were perfused fixed with 4% paraformaldehyde. The

brains were then sectioned at 5mm coronal intervals, embedded
in paraffin, sectiuneu anu stained with standard Haematoxylin
and Eosin (H&E). The sections were incubated overnight with
a monoclonal antibody to APP and then stained with 3,3
diaminobenzidine tetrahydrochloric (DAB) using avidin-biotin
peroxidase method.
Microscopic assessment of the neuronal APP immunoreactivity

and axonal injury was undertaken using a semi-quantitative
grid system which is a modification of our previously described
sector scoring system [1]. The distribution of contusions and
haemorrhages were also recorded. Neuronal cell bodies with APP
reactive granularity covering at lest 50% of the surface area of
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Table 1. Summary of Pathological Data

Total APP Distribution of neuronal cell body APP
immunostaining

Subarachnoid Double
Contusions haemorrhage Neuronal hemispheres

Sheep Skull Axons cell body Cerebellum Brainstem
ID fracture Right Left Right Left (% grids) (% grids) Right left (% grids) (% grids)

1 + 0 58 53 63 53 47
2 + + +++ ++ 0 60 60 69 38 54
3 undisplaced ++ ++ ++ ++ 1.03 70 59 75 69 93
4 undisplaced + ++ ++ ++ 0.02 68 58 66 82 86
5 undisplaced + + ++ ++ 0 53 40 46 60 64
6 undisplaced + ++ ++ ++ 2.87 70 55 76 83 74
7 depressed +++ ++ 8.22 57 54 63 79 65
8 depressed +++ ++ ++ 6.92 54 38 46 71 86
9 undisplaced + + ++ ++ 0.58 58 42 46 91 95
10 + + + 0.38 85 82 88 93 75
Control 0 7 8 5 0.5 0
Control 0 6 8 4 0.5 8

Contusion score: + <20mm' .
++ 20 to 100mm'.
+++ >lOOmm'.

their cytoplasm were coded as positive. Any grid with >1 APP
reactive cell bodies was marked positive. Neuronal cell body APP
positivity was then expressed as a percentage of the total brain
area examined.

"..
10

50

50

Fig. l. Comparison of the neuronal APP response between im
pacted and non-impacted sheep

pression of APP within the neuronal cell body may
be due to upregulation of APP synthesis or alter
ations in the availability of APP epitopes. In situ
hybridisation studies are in progress to address these
hypotheses.

n n
Control Control

"""-'
10, ,

lieadi'npact

10

30

20

Results

Disscussion

Neuronal APP positivity was found in the cerebral
hemispheres, cerebellum and brain stem distant to
the site of focal injury in all 10 impact animals. The
most prominent APP positivity was found in the neu
ronal cell bodies of the impacted left cerebral hemi
sphere compared to the contralateral hemisphere
(Table 1).
The neuronal cell body immunoreactivity was
more diffuse and widespread than the APP positive
axonal injury.
Both control animals showed small numbers of
weakly APP positive neuronal cell bodies (Fig. 1).

These results demonstrate diffuse neuronal pen
karyon APP immunoreactivity following a focal
head impact. Although neuronal APP was identified
in the controls, it's presence was measured in signifi
cantly smaller quantities compared to the impact
group.
The distribution of APP immunoreactivity in the
neuronal cell body following trauma was found to be
significantly greater than axonal expression. The ex-
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Summary

Previous studies in our laboratory have shown that controlled
cortical impact (CCI) produces an acute inflammatory response in
rat brain, including neutrophil accumulation and upregulation of
cell adhesion molecules. The purpose of this study was to compare
the time course of acute inflammation to blood-brain barrier
(BBB) breakdown after (CCI) in rats. Methods: Male Wistar rats
(n = 4-7/group) were subjected to CCI (2.5mm depth. 4m/s) and
injected with Evans-blue dye (2%. 5 ml/kg) at 30 min. 3.5 h. 7.5 h.
or 23.5 h after trauma. 30 min after dye injection rats were saline
perfused. BBB permeability was measured by spectrophotometric
quantitation of Evans-blue in injured brain. Alternate cryostat
sections from the anterior segment of the injured hemisphere were
analyzed immunohistochemically for neutrophils (MoAb RP-3 vs
rat neutrophils) or E-selectin (MoAb vs E-selectin). eutrophils
and E-selectin-positive blood vessels were quantitated by light
microscopy in lOOx cortical and hippocampal fields. Results and
Conclusions: BBB breakdown was maximal early after CCL
whereas maximum E-selectin upregulation (8 h) and neutrophil
accumulation (24 h) occurved later. Events other than acute in
flammation initiate BBB permeability after CCI. Acute inflamma
tion may contribute to BBB permeability at 4 h to 24 h after CCL

Keywords: Adhesion molecule: blood-brain barrier: controlled
cortical impact; E-selectin; neutrophil accumulation.

Introduction

Numerous studies In animal models of traumatic
brain injury (TBI) have demonstrated an acute in
flammatory response in the brain after injury, charac
terized by production of cytokines [1], upregulation
of adhesion molecules and accumulation of neutro
phils in injured brain [2]. Endothelial (E)-selectin

mediates initial leukocyte attachment to activated
endothelium. As part of the acute inflammatory re
sponse, E-selectin is upregulated on cerebrovascular
endothelium by 4 h after CCI in rats [2].
Neutrophils have been implicated in the pathogen

esis of BBB damage in CNS infection [3]. The contri
bution of neutrophils to secondary injury after TBI
is, however, less clear [5]. Although neutrophil accu
mulation was temporally and spatially associated
with BBB breakdown after FPI [4], the role of neu
trophils in the pathogenesis of BBB damage (or
repair) has not been investigated in animal models
of TBI. In this study, we compared the time course
of BBB permeability with cerebrovascular E-selectin
expression and brain neutrophil accumulation after
CCI in rats. The results of this study do not support a
role for neutrophils in the pathogenesis of early BBB
injury, during the initial 4h after CCI.

Methods

Anesthetized. mechanically ventilated male Wistar rats (n = 4-7
per group) were subjected to controlled cortical impact [6], using
a 2.5 mm depth of penetration and 4mls impact velocity. Rats were
then randomized to one of four treatment groups. At 30min
(group 1), 3.5 h (group 2), 7.5 h (group 3), or 23.5 h (group 4) after
CCI, rats were anesthetized and Evans-blue (2%, 5ml/kg) was
injected intravenously over 2min. Thirty min after dye injection,
rats were perfused with 250cc of normal saline. Brains were sec
tioned coronally through the center of the contusion produced by
CCL The caudal segment was placed in mounting media and used
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for immunohistochemistry. Right and left hemispheres from the
rostral segment were weighted, and Evans blue was extracted over
5din N,N dimethyl formamide for 5d. Evans-blue was quantitated
spectrophotometrically at 620 nm and expressed as absorbance
units/g brain.
For immunohistochemistry, cryostat sections 6!!m thick of the
caudal segment were stained with either mouse anti-rabbit E
selectin or MoAb RP-3 (anti-rat neutrophil). and detected with
biotinylated secondary antibodies and ABC reagent (Vector Labs,
Burlingame, Ca.). All immunohistochemical data were analyzed
by an observer blinded to treatment group. Neutrophil accumula
tion in brain, and E-selectin expression on cerebrovascular endot
helium was quantitated by counting the number of positively
stained neutrophils or blood vessels in all lOOx fields within cortex
(regions including and adjacent to the lesion) and subcortex
(hippocampus/thalamus, i.e., regions remote from the contusion).
Corresponding regions ipsilateral and contralateral to the injured
side were scored. An index of positively stained cells per 100x field
was thus obtained for each rat.
Rectal temperature, brain temperature. and MABP were

monitored continuously and recorded 10min prior to CCI. Arte
rial pH, PaC02, PaO l , glucose, hemoglobin (Hgb). and absolute
neutrophil count (ANC) were measured 10 min before CCI.
PaCO l was maintained between 35 and 45 torr. PaO, between
100-200 torr.
Physiologic variables, Evans-blue data. and immunohistochem
istry data were analyzed by one was ANOVA and the appropriate
post hoc tests. Results are mean ± SEM. P < 0.05 was required for
significance.

Results

All rats survived the trauma protocol. There were
no differences among groups in body temperature,
brain temperature, MABP, pH, PaCOz, Pa02, blood
glucose, or HCT prior to CCI. Data for BBB per
meability, E-selectin expression, and neutrophil
accumulation are shown in Table 1. BBB permeabil
ity was maximal at 31 min and 4h after CCI, and
was decreased by 50% at 8hand 24 h after CCI.
E-selectin expression and neutrophil accumulation
were confined to injured brain hemispheres in all
rats. E-selectin was first detected at 4 h, and was
maximal at 8h after CCI in ipsilateral cortex and
subcortex. E-selectin expression was decreased in
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both regions at 24 h. Neutrophils were detected in
areas of brain hemorrhage in some of the rats at
30min. Neutrophils were first detected in brain
parenchyma without hemorrhage at 4 h in both cor
tex and subcortex ipsilateral to injury. Neutrophil
accumulation was maximal at 24 h in cortex, and at
8 hand 24 h in subcortex. Thus, peak neutrophil accu
mulation occurred during resolution of BBB damage,
at 8h and 24h after CCI (Table 1).

Discussion

Our results demonstrate that after controlled cortical
impact in the rat, blood-brain barrier disruption is
maximal at 1 hour after injury. However, E-selectin
is not detected on cerebrovascular endothelium at
this early time after trauma, and only a few neutro
phils associated with areas of hemorrhage were
detected in brain 1 hour after injury. E-selectin
upregulation was maximal at 8 hours, and brain neu
trophil accumulation was maximal at 8 and 24 hours,
at which time BBB permeability was decreased. As
maximum BBB permeability preceded the influx of
neutrophils into injured brain, it is likely that events
other than acute inflammation (i.e., E-selectin
expression and neutrophil accumulation) mediate
the initial large increase in BBB permeability early
after CCI in the rat.
Neutrophils have been shown to mediate BBB
permeability in animal models of CNS infection [9].
However, in traumatic brain injury produced by
weight drop, neutropenia failed to attenuate brain
edema early after injury [11]. Our results suggest that
vascular injury and tissue damage after impact, which
initiates BBB permeability, may serve as an impor
tant signal for the subsequent acute inflammatory
response. Experiments designed to assess the contri
bution of neutrophils to BBB permeability up to 24 h
after TBI are currently in progress.

Table 1. Time Course of BBB Permeability, Neutrophil Accumulation, and Cerebrovascular E-Seleetin Upregulation after CCI

Time after CCI Evans blue RP-3 (cortex) RP-3 (subcor) E-sel (cortex) E-sel (subcor)

30min' 0040 ± 0.15" 1.75 ± 0.84"* 0.23 ± 0.17b* 0.00 ± 0.00' 0.00 ± 0.00'
4h 0.36 ± 0.12 6.00 ± 1.55* 1043 ± 0.58* 0.64 ± 0.11 2.65 ± 0.60**
8h 0.21 ± 0.02 Jl.25 ± 0.79*'" 8.00 ± 2.02*' 13.71 ± 4.06** 4.58 ± 1.92**
24h 0.20 ± 0.02 17.08 ± 2.79 8.50 ± 2.89 2.89 ± 0.93 1.07 ± 0.37

1Evans blue in sham operated (craniotomy only) rats at30min = 0.26 ± 0.05 Abs U/g brain.
"abs units/g brain; bRP-3-positive cellsll OOx field; 'E-selectin-positive vesselsll OOx field.
*p < 0.05 vs. 24 h; ** P < 0.05 vs. 30min;' p < 0.05 vs. 30min and 4 h.
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Summary

The objective of our study was to examine the course of intracra
nial pressure (ICP) in patients with SAH Hunt and Hess grades I
II and to analyze the relationship between ICP, cerebral perfusion
pressure (CPP) and cerebral blood flow (CBF). Twenty-three pa
tients were studied. ICP, arterial blood pressure (ABP) and CPP
were continuously recorded. The measurements of CBF with
single-photon emission computed tomography (SPECT) were per
formed in fifteen patients, who showed TCD flow velocities ex
ceeding 120 cnIJsec. In the first two days after SAH four patients
(15%) showed a normal IeP, six (25%) patients had a moderate
increase of ICP ranged from 15 to 25 mm Hg and thirteen (60%)
patients had ICP values higher than 25 mm Hg. Seven of these
patients, with ICP values higher than 40mm Hg, showed clinical
signs of delayed ischaemia. After the treatment with osmotic di
uretic, ICP decreased and a clinical improvement was observed
with the exception of one patient. In this patient, the SPECT study
showed middle cerebral hypoperfusion concordant with the clini
cally ischaemic hemisphere. Our study showed the utility of the
monitoring of these parameters in patients with lower grade SAH,
because it allows the modulation of the therapeutic approach and
defines the onset of neurological deficits secondary to cerebral
ischaemia in all grades of SAH.

Keywords: Cerebral ischemia; SPECT: subarachnoid
haemorrhage.

Introduction

Delayed ischaemic disfunctions (DID) are one of
the main complications following subarachnoid
haemorrhage (SAH) [10,18]. The pathogenetic
mechanisms leading to delayed cerebral ischemia are
complex. It is well-known that intracranial pressure
(ICP) plays a determinant role in the development of
secondary damage. Increased ICP is often observed
after SAH, and the resulting reduction of the cere
bral perfusion pressure (CPP) is probably the most
important factor to consider in the management of

patients with SAH. A number of experimental and
clinical studies have correlated the reduction of CPP
due to increased ICP and/or decreased arterial blood
pressure (ABP) with delayed ischaemia after SAH
[2,6,14]. But few studies have compared ICP, CPP,
CBF and delayed ischaemia in patients with lower
grade SAH. The goal of our study was to examine the
course of lCP in patients with SAH Hunt and Hess
grades I-II and to analyze the relationship between
ICP, CPP, and CBF.

Subjects and Methods

Twenty-three consecutive patients (12 females and 11 males) with
SAH grades Hunt-Hess I-II admitted to our department were
studied. The mean age of patients was 57 + 8 years (range 33 to 71
years). On admission, the CT scan was used to exclude the pres
ence of intraparenchymal haematomas and CT controls were per
formed every 48 hours to detect ventricular enlargements. In all
patients cerebral panangiography was performed. ABP and ICP
were monitored during first nine days, and CPP was calculated.
ICP was recorded using an intraparenchymal device (Cadman or
Camino) inserted in the right frontal lobe. For the purpose of the
present analysis of ICP, the patients were divided into three
groups based on highest mean ICP values showed during the first
two days after SAH. In the first group we included patients with
normal ICP. in the second group ICP ranged between 15 and
25 mm/Hg, in the third group we considered the patients with ICP
higher than 25 mm Hg.

Transcranial Doppler Monitoring

A TCD study was performed every 24 hours or more frequently if
blood flow velocities showed a critical increasing or the clinical
status was unstable. For TCD ultrasonography we used a 2-MHz
probe over the temporal bone window. The systolic, diastolic, and
mean flow velocities in the ICA, MCA and ACA were investi
gated. TCD monitoring was considered compatible with vaso
spasm when arterial blood flow velocity reached or exceeded
120cm/sec [1,3,13,20].
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Morbidity and mortality after aneurysmal SAH often
results from ischaemia secondary to vasospasm. De
layed cerebral ischaemia, nevertheless, is not only
determined by the entity and by the distribution of
the vasospasm, but also by other factors: ICP, blood
viscosity, cardiac output, and the extent of collateral

Discussion

had ICP values higher than 25 mmHg. Seven of these
showed an early severe intracranial hypertension
(>40mmHg) with an increase of arterial flow veloc
ity, beginning at the third or the fourth day after
bleeding. These patients developed clinical signs of
delayed ischaemia, with deterioration of conscious
ness level in five and with lateralizing deficits in
three. After the treatment with osmotic diuretic, ICP
decreased lower than 25 mm Hg and thereafter also a
clinical improvement was observed. In all patients,
except one, we obtained normal ICP when TeO
studies showed the maximum incidence of vaso
spasm (Fig. 1). Therefore ICP normalization allowed
to maintain CPP in the physiological range and to
contrast delayed ischaemic damage (Fig. 2). No pa
tient had evidence of vasospasm in the first forty
eight hours after SAH. However, fifteen patients had
elevated TCD velocities more than 200cm/s four
days after bleeding. In patients with increased arte
rial velocity SPECT study showed normal perfusion
with the exception of one. This patient, with delayed
ischaemic deficits, had middle cerebral hypo
perfusion concordant with the clinically ischaemic
hemisphere. In this case the osmotic therapy was not
able to reduce ICP, that remained higher than
40mmHg when arterial flow velocity was higher than
200cm/s.
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On admission, according to Hunt and Hess's clinical
grading we found eight patients grade 1 and fifteen
patients grade 2. The severity of SAH on CT scan
was rated according to the Fisher's grading system as
follows, nine cases grade II and 14 cases grade III. In
the first two days after SAH four patients showed a
normal ICP and were included in the first group, six
patients had a moderate increase of ICP between 15
and 25 mmHg (second group) and thirteen patients

Results

In order to maintain mean arterial blood pressure (MABP) be
tween 90-110mm Hg, we used adequate pharmacological treat
ment with plasma expanders or furosemide. All patients were
treated with an intravenous administration of nimodipine (I () mil
h). Diuretic osmotic therapy was used to maintain fCP within
normal range. Standard deviation and Student's t-test were used
for statistical evaluation of the findings.

Therapy

SPECT Measurements

In fifteen patients with significant arterial flow velocities in
creasing, single-photon emission computed tomography with
technetium-99m hexamethylprophylene amine oxime (99mTc
HM-PAO SPECT) was performed. This technique provide
semiquantitative regional count data displayed on colored
tomographic maps, following an intravenous bolus injection of
500MBq of Tc-99m HM-PAO and acquired with a GE400AC
Starcam gamma camera [5]. Changes in regional cerebral uptake
were correlated, on colored maps. to that of the cerebellum (cere
bral/cerebella ratio). These were compared with a normal average
range studied, from a hospital-based population of 10 consecutive
patients without a SAH history.

Fig. 1. The graph proves that fCP is near to physiological values
when TCD showes an important increasing of CBV more than
120cm/sec

Fig. 2. The course of rcp and CPP during first nine days after
SAH
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circulation. However, a complete monitoring of the
cerebrovascular parameters is considered today of
great utility in preventing neurological deficits due to
cerebral ischaemia. It's well-known that the intracra
nial hypertension plays a determinant role in the de
velopment of secondary damage and the resulting
decrease of CPP is probably the most important fac
tor to consider in the management of patients with
SAH. In fact, increasing CPP is the only usable thera
peutic method available at the present to prevent and
also to reserve neurological deficits due to vasospasm
[4,9,12,21]. Augmentation of CPP via induced hyper
tension or hypervolemia is the method most widely
used in patients with SAH [4,9]. This therapeutic
approach has been considered safe and effective to
improve clinical outcome of these patients. In fact it
showed the ability to improve CBF through an in
crease of the CPP, a reduction of blood viscosity, a
sustained cardiac output and a recruitment of the
collateral microcirculation [16]. However, this thera
peutic method may result in vasogenic brain edema
and intracranial hypertension, when autoregulation
of CBF is impaired during vasospasm or after SAH
[8,17,19]. For this reason CPP must be maintained,
not only by increasing MABP, but also by reducing
ICP. While the ICP monitoring in patients with high
grade Hunt and Hess SAH is an usual procedure, in
patients with grade I-II ICP monitoring is rarely
used. The goal of our study was to evaluate the
course of the ICP in patients affected by low grade
SAH and to analyze the relationship between ICP,
CPP, CBF and neurological deterioration.
Our data indicate clearly that patients with SAH
Hunt and Hess grades I-II showed an early signifi
cant increase of ICP before the onset of vasospasm.
The continuous monitoring of ICP allowed a rational
control of the treatment with osmotic diuretics
therapy, that was capable of reducing ICP and main
taining CPP within physiological range. This thera
peutic strategy permitted, through an increase of
ABP and a reduction of intracranial hypertension, a
control of CPP. In our opinion, it prevented delayed
ischaemic damage due to cerebral hypoperfusion.
Our findings also showed a good relationship be
tween ICP, CPP and CBF. A neurological deteriora
tion with cerebral hypoperfusion has been observed,
when the treatment with osmotic diuretics was not
sufficient to reduce ICP and to maintain CPP in the
physiological range.

In conclusion, our study demonstrated the utility
of monitoring of ICP and CPP, particularly in the
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management of patients affected by SAH Hunt and
Hess grades I-II, because it allows the physician to
modulate the therapeutic approach and to closely
monitor the onset of the neurological deficits second
ary to cerebral ischaemia.
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Summary

Hyperglycemia generally enhances cerebral ischemic injury. Most
attention on a mechanism has focused on the adverse effect of
increased lactate production (acidosis) leading to neuronal injury.
The effects of hyperglycemia on another possible primary target,
the cerebral microvasculature, is examined in this study. Focal
cerebral ischemia was achieved by thread occlusion of the middle
cerebral artery (MCA). Preischemic hyperglycemia was induced
by intraperitoneal administration of 50% of D-glucose solution. In
contrast to normoglycemic controls, glucose-injected rats showed
a well demarcated pale infarct after 2 or 4 hours of ischemia
reflecting a reduction in cerebral plasma volume (CPV) to 73 ± 9
and 55 ± 6% of contralateral by 2 and 4 hours respectively. Cere
bral blood flow (CBF) measured by laser-Doppler flowmetry indi
cated that after the initial decline in CBF with MCA occlusion,
hyperglycemia led to a further progressive reduction during
ischemia. Blood-brain barrier transport measured by permeability
surface area (PS) product for glutamine was reduced in both
normoglycemic and hyperglycemic rats. However, the decline was
greater in the hyperglycemic rats. Hyperglycemia induces progres
sive cerebrovascular changes and affects blood-brain barrier trans
port during focal cerebral ischemia. These changes may contribute
to the adverse effects of hyperglycemia in stroke.

Keywords: Acidosis; blood-brain barrier; hyperglycemia:
ischemia.

Introduction

Hyperglycemia generally enhances cerebral ischemic
injury [1]. Most attention on a mechanism has fo
cused on the potentially adverse effects of neuronal
acidosis due to increased lactate production [2].
However, the effects of lactate itself to brain damage
also has been questioned since brain lactate does not
correlate with ischemic damage [3].

In our early studies on rat middle cerebral artery
(MeA) occlusion, it was noted that hyperglycemic
animals had a very well demarcated pale infarct after
4 hours of ischemia in contrast to normoglycemic rats
[4]. In this study, we examined whether this apparent
difference was due to cerebrovascular effects of
hyperglycemia, including temporal changes in blood
volume, cerebral blood flow during ischemia and also
examined whether those changes are associated with
altered blood-brain barrier transport.

Materials and Methods

Animal Preparations and Experimental Protocols

Adult male Sprague-Dawley rats weighing 250-300g were used
for all experiment. Rats were anesthetized with sodium
pentobarbital (50mg/kg, i.p.). The MCA was occluded using the
suture method of Zea Longa et al. [5]. Acute hyperglycemia was
induced by intraperitoneal administration of 2 ml of 50% D
glucose 20 minutes prior to MCA occlusion. Normoglycemic rats
received a similar osmotic load of mannitol. These rats were used
to determine cerebral plasma volume (CPV) using 'H-inulin after
l, 2 and 4 hours of permanent occlusion and cerebral blood flow
(CBF) was continuously measured by laser-Doppler Ilowllletry
(LDF) throughout 2 hours of MCA occlusion. Finally, to deter
mine the effects of hyperglycemia on blood-brain barrier trans
port, permeability surface area (PS) products were measured for
14C-glutamine.

Cerebral Plasma Volume

Twenty ~Ci of 'H-inulin, a plasma volume marker, was injected
into the femoral vein and allowed to circulate for 2 minutes. At the
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end of experiment, plasma and both ipsilalteral and contralateral
cortex from the center of the MCA distribution were sampled. The
samples were weighed and counted in a scintillation counter. The
CPV was calculated as (dpm/g brain)/(dpm/ml plasma).

Cerebral Blood Flow Measurement

For continuous CBF measurement, a LDF monitor (model BPM2

system, Versamedics Inc.) equipped with a probe of 0.7mm in
diameter was used. Flow was measured in an ischemic core area
located 6 mm lateral to the midline and 1 mm posterior to the
bregma. A stable baseline CBF reading was obtained for at least
20 minutes before MCA occlusion. LDF values were averaged
over lO-second intervals and recorded every 20 minutes during the
occlusion. The CBF values were expressed as percentage of the
baseline value.

Glutamine Influx Rate Constant

For measurement of glutamine uptake, rats received a bolus injec
tion of ["C)-glutamine (15 ~Ci) and arterial blood was withdrawn
at a constant rate using a peristatic pump. Three minutes later, the
rats received an intravenous injection of ['Hl-inulin (20 ~Ci) which
was allowed to circulate for 2 minutes before a terminal arterial
sample was obtained and rats decapitated. Radioisotope count of
both blood and tissue samples was determined using a two channel
scintilation counter. The influx rate constant (K1) can be calcu
lated as:

where Ce,(T) is the extravascular concentration of isotope at time
T and fC,dt is the integral of the arterial tracer concentration from
time 0 to time T. Ce,(T) was calculated from total tracer counts
C,o/T) in brain samples, final tracer plasma concentration Cp,(T)
and the plasma volume PV:

Results

In hyperglycemic rats, there was a demarcated
infarct in rats after 2 hours of MCA occlusion and a
more evident white infarct after 4 hours of occlusion.
This was not evident in normoglycemic rats. The
cause of this difference appears to be blood volume.
In hyperglycemic rats, the CPY of the ischemic tissue
progressively declined with time, being 89 ± 5% of
contralateral at 1 hour, but 73 ± 9 and 55 ± 6% at 2
and 4 hours respectively (Fig. 1). In contrast, there
was no significant differences between ipsilateral and
contralateral tissue at any time points in normo
glycemic rats.
Hyperglycemia was also associated with changes in
ischemic CBF. After 20 minutes of MCA occlusion,
laser-Doppler flow was reduced to 16 to 18% of the
baseline in normoglycemic and hyperglycemic rats.
However, while flow in the normoglycemic rats
remained constant over the next two hours, that in
the hyperglycemic rats showed a progressive decline
over the first hour following occlusion (to 9%; Fig. 2).
The differences in flow between the two groups were
significant at the time points between 40 and 120
minutes.
The PS product for glutamine was markedly re
duced in hyperglycemic rats, being 39 ± 3% of con
tralateral at 1 hour, but 19 ± 2 and 15 ± 2% at 2 and
4 hours respectively. In normoglycemic rats, the PS
product for glutamine was also reduced with time,
but the decline was smaller at each time point.
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Fig. 2. Cerebral blood flow in the ischemic core area from glucose
and mannitol-injected rats. Measurement were made with laser
Doppler flowmetry throughout 2 hours of MCA occlusion and are
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S.E.; n = 4; * indicates a significant difference from that value at
20 min at the p < 0.05 level

O+-...-,~-r~,...,.-,.~-,-~,........-,

o 20 40 60 80100120140
Time (min.)

0 Mannitol
120 ~ Glucose

100 ~
~ c:

Q) Q)

4iE - 80:::l~ til
- ftl mo ...
>- 60

.Q
c:

ftl 0 '0E ()

'" 40 tftl-
- 0
Q.

~ 20 lL.
~ m

0
0 6

1 2 4 ...J

Duration of occlusion (hrs)
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respectively
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Discussion

A well demarcated pale infarct was observed after 2
or 4 hours of ischemia in hyperglycemic rats. This
appears to be due to a decrease in cerebral blood
volume in the ischemic tissue as shown in CPY mea
surement. As well as changes in cerebral blood vol
ume, the laser-Doppler flow measurements indicate
that hyperglycemia also affects CBF during ischemia.
Although marked reductions in CBF during
reperfusion have been reported in hyperglycemic
animals [6,7], changes during ischemia have not [7].
This may reflect difficulties due to inter-animal vari
ability, whereas our continuous recording with laser
Doppler flowmetry show a progressive decline in
CBF in hyperglycemic rats.
The mechanism by which hyperglycemia modifies
cerebral perfusion and ischemic vascular volume has
still to be elucidated. The changes in the vascular
volume could result from plugging, compression or
constriction of the vasculature. Paljarvi et at. [8] ex
amined the effect of acute hyperglycemia on endo
thelial cell morphology after global cerebral ischemia
and reperfusion and that brain microvessel outer
diameter was unaffected. Also, in our preliminary
studies on rat MCA occlusion, the degree of edema
was not significantly different between hyper- and
normoglycemic rats suggesting that the effect on ce
rebral blood volume is not due to compression. In a
model of global ischemia and reperfusion, Paljarvi et
at. [8] found that reperfusion caused marked endo
thelial cell swelling and decreased luminal diameter
in hyperglycemic rats while having little effect in
normoglycemic rats. They postulated that such
changes might hamper postischemic reperfusion and
could lead to complete plugging of vessels. The effect
of hyperglycemia on endothelial cell swelling during
focal ischemia has not been examined.
The decline in ischemic CBF in hyperglycemic rats
occurred over the first hour of MCA occlusion and,
thus, appears to precede the decline in CPY that was
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only first observed at two hours. This could mean
that the change in CBF leads to the change in CPY
since well defined CBF thresholds are of critical im
portance in the development of irreversible ischemic
damage (9). Alternatively, both CBF and cerebral
blood volume changes may reflect progressive endo
thelial damage.
Hyperglycemia induces progressive cerebrovascu
lar changes and affects blood-brain barrier transport
during focal cerebral ischemia. These changes may
contribute to the adverse effects of hyperglycemia in
stroke.
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Summary

In this study we sought to determine the optimal brain tempera
ture for treating compression-induced cerebral ischemia. Six cats
each were treated with a deep-brain temperature of 37°C (con
trol), 33°C (mild hypothermia). or 29°C (moderate hypothermia).
Intracranial pressure (ICP) and cerebral blood flow (CBF) were
monitored, as were arteriovenous oxygen difference (AVD02)
and cerebral venous oxygen saturation (S".o2)' The cerebral
metabolic rate of oxygen (CMRO,) was calculated. Extracellular
glutamate concentration was measured by microdialysis. ICP was
increased by inflation of an epidural balloon until CBF became
zero. This ischemia was maintained for 5min. after which the
balloon was deflated.
Mild hypothermia showed coupled CBF-metabolic supression,
but moderate hypothermia resulted in disproportionately in
creased AVDO" decreased S".o" and low CBF/CMRO, (relative
ischemia). Reactive hyperemia after balloon deflation was de
creased after both mild and moderate hypothermia. as was the
tissue volume showing Evans blue dye extravasation. Extracellular
glutamate increased in control animals. an effect most effectively
supressed in the mild hypothermia group. These data favor 33°C
as the optimal temperature for treating compression-related cere
bral ischemia.

Keywords: Cerebral metabolism: glutamate: head injury:
hypothermia.

Introduction

Increased intracranial pressure (ICP) after head in
jury is unfavorable for prognosis since it decreases
cerebral perfusion pressure. Ischemic brain damage
is considered the major cause of poor outcome in
severe head injury [3,6]. Since Busto [1] have shown
that small differences in brain temperature can deter
mine the extent of ischemic brain injury, many
reports have shown a therapeutic effect of hypother
mia in treating cerebral ischemia and head injury
[2,4]. We sought to determine optimal therapeutic

brain temperature in compression-induced cerebral
ischemia in relation to cerebral blood flow (CBF),
metabolism, extracellular glutamate, and vascular
permeability.

Material and Methods

Eighteen cats were anesthetized by continuous infusion of
ketamine (10 mglkg/hr) and pancuronium bromide (1 mglkglhr).
A tracheostomy was performed for mechanical ventilation to
maintain arterial carbon dioxide tension (PaCO,) at 35 to
45 mm Hg. The electroencephalogram (EEG) was recorded over
the left sensorimotor cortex. CBF was measured by a hydrogen
clearance method using a platinum electrode in the right thalamus.
ICP was monitored by a fiberoptic transducer inserted into the
right occipital lobe. The superior sagittal sinus was cannulated
with a catheter to sample cerebral venous blood for calculation
of arteriovenous oxygen difference (AVDO,), cerebral venous
oxygen saturation (S"O,). cerebral metabolic rate of oxygen
(CMRO,), and cerebral blood flow equivalent (CBF/CMRO,). A
microdialysis probe (4 mm membrane. 0.22 mm outer diameter;
Eicom, Kyoto, Japan) was placed stereotactically in the left
caudate nucleus. Extracellular glutamate concentrations in the
dialysate were determined by high-performance liquid chromato
graphy. Deep brain temperature was monitored by a needle probe
in the left occipital lobe. The animals were divided into three equal
groups according to deep-brain temperature (controls 37"C; mild
hypothermia, 33°C; and moderate hypothermia, 29°C). The target
deep brain temperature was maintained by surface cooling with
water-circulating blankets. After baseline measurements were
completed, a rubber balloon in the right epidural space was in
flated to gradually increase ICP until CBF became zero (global
ischemia). Complete ischemia was maintained for 5min, after
which the balloon was quickly deflated. All parameters were re
corded for 6 hr. The blood-brain barrier was assessed quantita
tively by intravenously injecting Evans blue dye 2 hr before the
end of experiment. The volume of tissue stained by dye and/or
showing erythrocyte extravasation was measured by an imaging
system (MCID; Microcomputer Imaging Device Imaging Re
search Inc., Ontario).
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Results

Physiologic Variables

The moderate hypothermia group showed a signifi
cant decrease in plasma K+ concentration and heart
rate (Dunnett: P < 0.01).

Cerebral Blood Flow and Metabolism

Time courses of CBF and CBF equivalent (CBFI
CMROz) before and after balloon compression are
illustrated in Fig. 1. Before balloon inflation, CBF of
animals treated with control temperature, mild hypo
thermia, and moderate hypothermia were 48 ±4.8, 21
±2.6, and 11 ± 1.3mL/lOO g/min. CBF in mild hypoth
ermia represented a reduction of 56%, (Dunnett:
P < 0.01), and moderate hypothermia, a reduction of
77%, (Dunnett: P < 0.01). Moderate hypothermia
significantly increased AVDOz (Dunnett: P < 0.01),
decreased ScvOz, and produced a low CBF/CMROz

ratio (relative ischemia; Fig. 1B). After balloon infla
tion and deflation, all three groups showed reactive
hyperemia. This postischemic reactive hyperemia
was significantly suppressed in the mild and moder
ate hypothermia groups (Dunnett: P < 0.01). CBF
then decreased to 50% of pre-inflation values and
ScvOz decreased, representing a period of post
ischemic hypoperfusion in which CBF/CMROz,
ScvOz, and AVDOz did not differ significantly be
tween the three groups.

Extracellular Glutamate Concentration

Time course of change in extracellular glutamate
release before epidural balloon inflation and after
deflation is illustrated in Fig. 2A. Extracellular
glutamate concentration increased in the control
animals after the decompression period (to 3.8 ±
1.72/lM), an effect most effectively supressed in the
mild hypothermia group (1.0 ± 0.46/lM).
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Evans Blue Dye and Erythrocyte Extravasation

The observed tissue volumes of Evans blue dye and/
or erythrocyte extravasation were 729 ± 89mm' in
the control group, 247 ± 56mm' in the mild hypother
mia group, and 267 ±35mm' in the moderate hypoth
ermia group, being significantly; smaller in the mild
and moderate hypothermia groups than in controls
(Dunnett: P < 0.01 Fig. 2B).

Discussion

Cerebral ischemia is a cause of poor outcome in se
vere head injury and a focus of preventive treatment
[3,6]. Our experimental model simulates events in a
patient with severe head injury and secondary cere
bral ischemia whose intracranial mass lesion is evacu
ated surgically. Before epidural balloon inflation, the
mild hypothermia group (33°C) showed coupled
CBF and CMR02supression (56%). However, mod
erate hypothermia (29°C) prior to brain compression
increased AVD02, produced a low CBF equivalent,
and decreased Scv02' indicating an ischemic condi
tion. After balloon inflation and deflation, all three
groups showed reactive hyperemia which, however,
was suppressed significantly by mild and moderate
hypothermia. We believe a hypothermia-related
decrease in reactive hyperemia contributes to the
reduction in blood-brain barrier damage (dye and
erythrocyte extravasation) after compression. These
data support the induction of mild hypothermia
before decompressive surgery to prevent reactive
hyperemia after decompression.

In all groups after reactive hyperemia, CBF de
creased to 50% of pre-inflation values, accompanied
by decreased Scv02' This phenomenon, known as
delayed postischemic hypoperfusion, continued to
the end of the experiment. This postischemic hypo
perfusion is believed to cause neuronal damage [3].

K. Mori et a/.: Effects of Mild and Moderate Hypothermia

Amino acids such as glutamate and aspartate have
known neurotoxic effects at glutaminergic receptors
resulting in increases of intracellular calcium which
produce neuronal injury [5]. In the present study, the
increase of extracellular glutamate concentration
during postischemic hypoperfusion was most effec
tively suppressed by mild hypothermia. The differ
ence in glutamate release inhibition between mild
and moderate hypothermia appears to reflect the
ischemic condition due to moderate hypothermia
itself.
The present data suggest mild hypothermia (33°C)
as the best condition for treating severe head injury
in terms of CBF and metabolism, release of extracel
lular excitatory amino acids, and cerebral vascular
permeability.
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Summary

The present study investigates the neuroprotective effects of tem
porary mild systemic hypothermia and selective brain cooling
against focal cerebral infarction in the rat and the changes of
cortical blood flow, and compares these two treatment modalities.
In permanent middle cerebral artery (MCA) model, the treat
ments were induced 15 min following the artery occlusion. The
animals were kept at the desired rectal or brain temperature
(about 32°C) for 30 min (each, n =6) and for I hr (each, n =6), and
then allowed to rewarm spontaneously, whereas control animals
were kept at normothermia throughout the experiment. The vol
umes of brain infarction and edema were assessed 24 hr post
occlusion. The blood flow of the dorsolateral cortex was
monitored by Laser-Doppler flowmetry (LDF) in the other ex
periments. Hemispheric infarct volume was attenuated only in the
animals treated for 1 hr with systemic hypothermia (49.2%. P <
0.001) and selective brain cooling (26.7%, P < 0.01). The volume of
brain swelling was diminished only in the animals treated with
systemic hypothermia for 1 hr (23.6%, P < 0.05). LDF examination
revealed a sharp drop in blood flow upon MCA occlusion and
maintaining in low blood flow throughout the experiment in the
control and systemic hypothermia. However. in the selective brain
cooling, the reduced blood flow increased from 40% to 70% of
baseline value while the brain was rewarmed. The present study
indicates that mild systemic hypothermia has much stronger
portective effects against focal cerebral infarction and edema than
selective brain cooling. The lack of protective effects of selective
brain cooling may be caused by post-cooling cerebral hyperemia in
the ischemic area.

Keywords: Edema; hypothermia; MCA; swelling.

Introduction

Recently the beneficial effects of mild to moderate
hypothermia on ischemic or traumatic brain injury
have been demonstrated in various experimental
model [1,2,5,6]. In most of these studies, body tem
perature has been lowered, while some investigators
have tried to do selective brain cooling to avoid po
tential deleterious systemic effects of total body cool-

ing as an alternative mean [6,13]. In the present
study, we attempted to draw a comparision between
mild systemic hypothermia and selective brain cool
ing in permanent middle cerebral artery (MeA) oc
clusion model in the rat in terms of neuroprotective
effects and changes of cortical blood flow in the
ischemic area, as these two treatment modalities
have never been compared to our knowledge.

Materials and Methods

Adult male Sprague-Dawley rats weighing 30Q-400g were used in
the experiments. The animals were anesthetized with a nitrous
oxide-oxygen mixture (70: 30%) containing 1.0 to 1.3% halothane.
The rats were intubated and applied an artificial respirator
(Harvard Apparatus, U.K.) during the time required for surgery
and hypothermia treatments. The right femoral artery was
catheterized for monitoring of blood pressure and blood sampling.
Two burr holes (about 2mm in diameter, each) were made: the
one in the center of the left coronary suture for a micro-probe
(0.5 mm in diameter) to monitor the brain temperature in the left
frontal lobe; the other in the frontal bone, about 3mm frontal and
3mm lateral to the center of the left coronary suture for a micro
probe of Laser Doppler f10wmer (LDF) to monitor the cortical
blood flow. All animals underwent left MCA occlusion under high
magnification of surgical microscope via a subtemporal approach.
During the surgery, mean arterial blood pressure (MABP) was
recorded continuously (Model 7E Polygraph, Grass, USA). Other
physiological variables such as blood gases and glucose were also
measured. Brain temperature (Therm 2250-1, Ahlborn Me ~

und Rcgclungstechnik. Germany) and n:clal lemperature were
monitored continuously during the surgery and hypothermia
treatments.

Experimental Protocol

Thirty rats were randomly assigned to one of five groups: group 1,
normothermic control (n =6); group 2, sytemic hypothermia for
30min (n =6); group 3, selective brain cooling for 30min (n =6);
group 4, systemic hypothermia for 60min (n =6); group 5, selective
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brain cooling for 60min (n =6). In groups 2, 3, 4 and 5, rectal or
brain temperature was lowered to about 32°C by active cooling
15 min following MCA occlusion. In groups 3 and 5, the rectal
temperature was maintained 36.6-37°C with homeothermic sys
tem (Harvard Apparatus, UK). After the hypothermia treatments.
the animals were rewarmed gradually in room temperature and
the anesthesia was discontinued. Twenty-four hours following
MCA occlusion, the rats were sacrificed and infarction size was
measured.
An additional 18 rats were randomly assigned to one of three
groups to evaluate the changes of regional cerebral blood flow
(CBF). Blood flow of the dorsolateral cortex was monitored begin
ning 5min before MCA occlusion and continuing for about 1 hour
and 30min until the lowered temperature returned normothermia
in the control (n = 6), and the animals treated with systemic hypo
thermia (n = 6) and selective brain cooling (n = 6) for 30min.

Infarction Size and Brain Edema Determinations

Immediately after sacrifice, brains were removed from the calvaria
and frozen in a cryostat (-25°C). Coronal sections (2011m thick)
were cut with a cryostat and stained with hematoxylin-eosin.
Infarcted area and extent of brain swelling were readily delin
eated. Eight coronal sections which corresponded to planes of the
preselected forebrain were selected among the stained slices, and
the volume of ischemic brain damage was computed as described
previously (13]. To measure the volume of brain edma. the total
volume of the nonischemic hemisphere in each brain was sub
tracted from the total volume of the ischemic one.

Regional CBF Measurement

For CBF measurement, we used a LDF monitor equipped with a
small-caliber probe of 2-mm diameter. The LDF probe was held in
a micromanipulator and advanced to gently touch the dura mater.
A continuous digital display of LDF values was averaged over 5
second intervals and recorded just before occlusion and hypother
mia treatments, during hypothermia. and then after returning to
normothermia. The CBF values were calculated and expressed as
a percentage of the baseline values.

Statistical Analysis

All measurements were expressed as mean ±standard error of the
mean. Differences among groups in infarction, brain edema, and
CBF were compared by factorial analysis of variance (ANOVA)
with the Dunnetle test. P values of less than 0.05 were considered
significant.

Results

Physiological Variables

Measurements of mean arterial pressure, blood
gases, hematocrit, and blood glucose were obtained.
They did not differ significantly among the groups.

Infarction Volume

The volume of brain infarction in the cerebral hemi
sphere and cortex was reduced in the groups treated
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with mild systemic hypothermia and selective brain

cooling when compared with the control group,
but not reduced in the caudate nucleus. In the two
groups treated for 30min, animals exhibited small
reductions in infarction volume; these effects did
not achieve statistical significance. In the two groups
treated for 60min, the infarction volumes of the cere
bral hemisphere reduced significantly by 49.2% (P <
0.05) in mild systemic hypothermia and 26.7% (P <
0.05) in selective brain cooling, repectively (Fig. 1).

Ischemic Edema Volume

The volume of brain edema, obtained by subtrac
ting the nonischemic hemispheric volume from the
ischemic hemispheric volume, was reduced only in
the groups treated for 60min: by 23.6% (P < 0.05)
in mild sytemic hypothermia and by 7.8% (P < 0.05)
in selective brain cooling, repectively.

Regional CBF

Occlusion of the MCA produced a significant fall to
about 40% of baseline value in cortical blood flow of
the ipsilateral dorsolateral cortex in the all animals,
and the reduced blood flow maintained throughout
experiment. However, in the groups treated with
selective brain cooling, the lowered CBF increased
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Fig. 1. Effect of mild systemic hypothermia (SH) and systemic
brain cooling (SBC) on the volume of infarction in the cerebral
hemisphere (Means ± S.E.). Group 1: control; group 2: SH for
30min; group 3: SSC for 30min; group 4: SH for 60min; group 5:
SSC for 60min. *p < 0.05. compared to the control (Dunnette
test). tP < 0.05, compared to SH 30min and SBC 30min (2-way
ANOVA)
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from 40 to about 70% of baseline (P < 0.05) while the
cooled brain was rewarmed (Table 1).

Discussion

Several theories have been proposed to explain the
neuroprotective effects against cerebral ischemia af
forded by hypothermia. It is well documented that
decrease of the cellular metabolic rate contributes to
the protective effects of hypothermia [14]. Hypother
mia may also expand the ischemic penumbra by
lowering of the critical threshold of cerebral blood
flow. Recently, it has been reported that mild sys
temic hypothermia suppressed the glutamate excito
toxicity within ischemic penumbra of focal cerebral
infarction [3,4]. And other mechanisms such as re
ductions of intracelluar acidosis and edema forma
tion may contribute to its protection [9]. However,
hypothermia does not appear to enhance collateral
blood flow to ischemic region [8].
Studies of permanent focal ischemia have demon
strated hypothermic cerebroprotection in some
instances [10,11]. Our results present that mild sys
temic hypothermia or selective brain cooling
instituted 15min following MCAO significantly at
tenuates the infarct volume when hypothermia treat
ments are actively continued more than 1 hour. SH
appears to have much stronger protective effects es
pecially against ischemic cerebral edema than
SBC.
In our previous study of SBC [13], we concluded
that the reduction of edema formation might not be
a major implication for the neuroprotective mecha
nism of SBC, and the lack of protection against
ischemic edema might be caused by the direct effect
of hypothermia upon the cerebral micrcirculation. In
vitro and vivo studies, hypothermia appeared to have
a marked vasodilator effect on intracerebral arte
rioles [7,12], suggesting that the exacerbation of
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ischemic brain edema could be caused by hyperemia
initiated by SBC. However the present study re
versed this assumption.
Our results demonstrated that regional CBF in
ischemic area was not influenced by cooling the brain
but by rewarming. Rewarming of the brain after SBC
increased blood flow in ischemic core from 40% of
baseline value to about 70% (P < 0.05), whereas re
warming of the body after systemic hypothermia in
creased only 10% of baseline value in the regional
CBF. It was also confirmed that hypothermia did not
enhance but rather reduce blood flow in the ischemic
region. Consequently, it is conceivable that
hyperemia in ischemic core contributes to develop
ment of ischemic brain edema more in SBC-treated
animals than in SH-treated animals, and counteracts
against neuroprotective effects of SBC [14,15].
The mechanisms of hyperemia during rewarming
the brain remain undefined, but it can be speculated
that perfusion of systemic blood in normothermia
into the brain during rewarming exerts harmful he
modynamic effects on ischemic brain in a different
way from the animals treated with SH. Further stud
ies of hypothermic cerebroprotection and related
hemodynamic changes will clarify the role of
hyperemia in ischemic brain edema.
In conclusion, systemic hypothermia appears to
have stronger neuroprotective effects against focal
cerebral infarction than selective brain cooling. The
lack of protective effects of selective brain cooling
may be related to cerebral hyperemia in the ischemic
core initiated by rewarming of the brain.
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Table 1. EffeCTS of Mild Systemic Hypothermia (SH) or Selective Brain Cooling (SBC) in the Dense Ischemic Region of Rats Subjected to
Permanent MCA Occlusion (% of Baseline. mean ± 5.E.)

Time (min)
Group
(number) PRE At MCAO 30

Control (n = 6) 100 70.4 ± 5.3 39.5 ± 3.6
SH(n=6) 100 74.8 ± 6.1 37.7 ± 4.5
SBC(n=6) 100 77.6 ± 5.8 34.9 ± 7.8

45 60 75 90 105

40.0 ± 2.8 39.5 ± 1.5 39.7 ± 2.6 39.7 ± 1.9 40.0 ± 2.0
29.5 ± 5.3 28.5 ± 7.2 42.4 ± 7.8 40.7 ± 4.3 36.5 ± 3.6
28.3 ± 8.9 29.0 ± 8.2 43.5 ± 8.1 57.9 ± 9.5 70.0 ± 10.2

PRE preocclusion; MCAO middle cerebral artery occlusion.
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Summary

Introduction: Transcranial Doppler pulsatility index was reported
clinically to increase when cerebral perfusion pressure decreased,
hypothetically marking the lower limit of cerebral autoregulation.
We sought to investigate the relationship between pulsatility in
dex, cerenbrovascular resistance, and cerebral perfusion pressure
in various states of autoregulation in an animal model of moderate
intracranial hypertension.

Method: Eight New-Zealand White Rabbits were studied with
basilar artery blood flow velocity (ultrasound Doppler) and corti
cal blood flow (laser Doppler) monitored continuously during
subarachnoid saline infusion to increase intracranial pressure
«55 mm Hg). Four animals demonstrated a stable cortical blood
flow, and four demonstrated decreasing blood flow when cerebral
perfusion pressure decreased.

Results: Pulsatility index showed the same pattern of increase
when cerebral perfusion pressure decreased, independent on
whether cortical blood flow was stable or falling. The percentage
rate of increase in the pulsatility index was not different in
autoregulating and non autoregulating animals. The rate of de
crease in cerebrovascular resistance was significantly lower (p <
0.05) in non-autoregulating than in autoregulating animals.

Conclusion: The increase in transcranial Doppler pulsatility in
dex when cerebral perfusion pressure falls cannot be interpreted
as a phenomenon able to mark the lower limit of cerebral
autoregulation.

Keywords: Autoregulation; pulsatility index; transcranial Doppler.

Introduction

An important new method for the assessment of
autoregulation has been proposed in recent years by
Chan and colleagues [1]. They reported that in head
injured patients the lower limit of CPP, below which
jugular bulb oxygen saturation started to decrease
indicating a decrease in global cerebral blood flow,
coincided with an increase in transcranial Doppler
(TCD) pulsatility index (PI, defined as blood flow
velocity pulse amplitude divided by time averaged

flow velocity). They postulated that an increase in
pulsatile blood inflow indicated a transition from
active to passive behaviour of cerebral resistance
vessels when the autoregulation failed. Easy acces
sibility of PI (which is calculated on-line by almost
all TCD ultrasonographs) has resulted in its wide
spread use. However, the association of rising PI with
autoregulation failure in head injured patients has
been recently challenged [2].
We therefore sought to investigate the relationship
between the limits of autoregulation of CBF, the
behaviour of TCD pulsatility index and changes
in cerebrovascular resistance. We performed experi
ments using a well described model of intracranial
hypertension in rabbits [4,5] with simultaneous mea
surement of cortical laser Doppler blood flux and
basilar artery blood flow velocity assessed using TCD
velocimetry.

Materials and Methods

Preparation and Monitoring

Eight anaesthetised and ventilated New Zealand white rabbits
were investigated under the approval of the UK Animals
(Scientific Procedures) Act, 1986. The rabbits were prepared using
methods described in [5]. Polyethylene cannulae were advanced
into both femoral arteries and from one arterial pressure (ABP)
was recorded using a direct pressure monitor (Gaeltec Ltd,
Dunevegan. UK). An 8MHz pulsed ultrasound probe connected
to a Transcranial Doppler Ultrasonograph (PcDop 842, SciMed,
Bristol, UK) was positioned over the exposed dura and adjusted to
insonate the basilar artery to measure blood flow velocity (FY).
Two burr holes of diameter not exceeding 2mm were made on the
other side of the midline. One was used to position a laser Doppler
probe epidurally (CBF monitor, Moor Instruments, Axminster,
UK) for the continuous measurement of flux-derived cortical
blood flow signal (CBF). The second burr-hole was used for the
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control of intracranial pressure (ICP) (Codman & Shurtlef Inc.,
Randolph, MA).
Intracranial hypertension was induced by subarachnoid infusion
of Hartmann's solution at a rate of 0.05 ml/min or 0.1 ml/min. The
period from the baseline ICP to end-equilibrium plateau (on aver
age 30 min) was analysed. Monitored signals were converted to
digital samples using an analog-to-digital converter (DT 2814.
Data Translation, USA) fitted into an IBM compatible personal
computer. Data were saved on hard disk using a program designed
by W. Zabolotny. Warsaw University of Technology. Poland [8J
and analysed off-line with software designed in-house (Me).
Mean values designated as CBF (time averaged laser Doppler
flux), FY (time averaged FY waveform). CPP (time averaged ABP
minus ICP) were calculated as the average over period of I min.
The Gosling Pulsatility Index. defined as FY amplitude divided by
FY time average, was calculated. Laser Doppler flux was corrected
by subtracting the biological zero measured post mortem. Cere
brovascular resistance was calculated as CPP divided by the cor
rected flux (CYR = CPP/(CBF-biological zero)) and expressed as
a percentage of the baseline value.
The ratio of the gradient of the real CYR-CPP relationship
compared to the gradient of ideal line (i.e. passing through
the origin) has been proposed by Aaslid (6) as an index of
autoregulation, termed the Static Rate of Autoregulation (SRoR).
In our present study, a modified index has been used to describe
the manoeuvres involving ICP. substituting ABP by CPP in
Aaslid's original formula:

SRoR = IOO%(t>CYR/CYR,,)/(t>CPP/CPPh),

where t> denotes static change (i.e. absolute difference between
the baseline value and equilibrium value reached during infusion).
and index b - baseline value.
A SRoR of 100% denotes an ideal autoregulation and a zero
value indicates non-reactive vessels. To study changes in PI. an
index of relative percentage changes of PI divided bv percentage
changes in CPP was calculated:

100%(t>PI/Plh)/(t>CPP/CPPh ) ,

Results

Deep vasomotion causing synchronised waves of
ABP and cortical blood flow were seen at baseline
in three rabbits The mean ABP was 84mmHg
(17mmHg standard deviation), decreasing tempo
rarily to around 60mm Hg. Mean period of these
waves was 3.2min (1.7min standard deviation). A
relatively stable ABP with no vasogenic oscillation
and a mean of 95mmHg (15mmHg standard devia
tion), never decreasing below 83mmHg was seen in
remaining 4 rabbits. One rabbit had stable but signifi
cantly lower mean ABP (72mmHg).
Rates of increase in ICP and the decrease in CPP

during the saline infusion were never greater than
2mmHg/min. The mean value oflCP never increased
above 55 mmHg (mean increase: 42 mm Hg, standard
deviation 7mmHg). Two distinctive patterns of the
laser Doppler cortical blood flow were observed:

(i) "Autoregulating animals", when baseline CBF
was initially maintained or increased when CPP

H. K. Richards el al.

decreased during infusion until a well-defined
lower limit of autoregulation was reached (in 4
animals). In all these animals ABP was stable
during the baseline recording (above 83mmHg).

(ii) "Non-autoregulating animals" (N = 4), when
CBF decreased with CPP from the very begin
ning of infusion. In 3 of these animals strong
vasomotion was observed, lowering ABP tempo
rarily to around 60mmHg. In one rabbit baseline
pressure was low without vasomotion waves
(72mmHg).

In all animals PI always increased when CPP de
creased without any obvious breakpoints in PI-CPP
relationship around the lower limit for autoregula
tion. CYR decreased when CPP decreased in 7 out
of 8 animals. Diagonal lines on CYR-CPP graphs
(Fig. 1) show gradients of CYR-CPP curves for
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Fig. 1. Plots of averaged percentage change in laser Doppler
CBF, basilar artery blood flow velocity (FY), pulsatility index (PI)
and cerbrovascular resistance (CYR) versus cerebral perfusion
pressure (CPP) in autoregulating (a) and non-autoregulating
animals (b)
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"ideal autoregulation" (SRoR = 100%). The only
difference between the autoregulating and non
autoregulating animals is that CYR-CPP curves for
groups (i) animals converged to "ideal autoregula
tion" lines for CPP above the lower limit of auto
regulation. For group (ii) animals CYR-CPP curves
were placed always above the lines representing an
"ideal autoregulation".
The pooled data show that PI-CPP (Fig. 2) rela
tionship did not differ qualitatively in animals from
both groups. The percentage rate of increase in PI
and the static rate of autoregulation (SRoR) for ani
mals from groups (i) and (ii) are presented in Table 1.
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Fig. 2. Pooled scatterplot of PI versus CPP in autoregulating (a)
and non-autoregulating animals (b)
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Discussion

Both in "autoregulating" and "non-autoregulating"
animals PI increased with decreasing CPP. Contrary
to earlier observations in head injury [7] and experi
mental studies [3] no breakpoint manifested by
the change in a rate of increase in PI was observed
around the lower limit of autoregulation in the
autoregulating animals. Pulsatility index started to
increase from the very beginning of decrease in CPP
and this increase extended far beyond the lower
limit of autoregulation. Therefore, the association
between the start of increase in PI and the lower limit
of autoregulation reported earlier in head injured
patients [1] cannot be confirmed in our experimental
model. It is likely that the observed phenomena of
increase in PI and decrease in SJOzwere both initi
ated by decreasing CPP but they both do not neces
sary indicate the lower limit of autoregulation. Data
were presented from the limited group of non
hyperaemic patients (N = 14) and multiple measure
ments repeated in time were pooled from different
patients which increased the reported 'significance
level' but undoubtedly decreased the accuracy of
the analysis. PI shows a rather smooth inverse asso
ciation with CPP without visible breakpoints both
in autoregulating and non-autoregulating animals,
therefore it is of little use for assessment of the
autoregulatory reserve.
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Summary

The present study was undertaken to elucidate the status of
autoregulation and CO2-reactivity soon after injury in patients
with a post-traumatic diffuse bilateral brain swelling. A prospec
tive study was carried out in 31 consecutively admitted patients
with a severe head injury and a Diffuse Brain Injury type
III, following the definition stated by the Traumatic Coma
Data Bank classification. To evaluate COrreactivity, AVD02 was
measured before and after ventilator manipulations. Assuming a
constant CMR02 during the test, changes in lIAYDO, reflect

changes in CBF. Patients with changes in estimated CBF below
or equal to 1% were included in the impaired/abolished COr
reactivity group. To test autoregulation, hypertension was induced
using phenylephrine. Arterial and jugular blood samples were
taken to calculate AYDO, before and after a steady state
of MABP was obtained. Cerebrovascular response to CO2 was
globally preserved in all but two cases (6.5%). In contrast, auto
regulation was globally preserved in 10 (32.3%) and impaired/
abolished in 21 cases (67.7%). Our data do not support the
premise that increasing cerebral perfusion pressure by inducing
arterial hypertension is beneficial in those patients with a diffuse
brain swelling in whom autoregulation is impaired or abolished.
Clinical implications for treatment are discussed.

Keywords: Autoregulation; brain swelling; CO2-reactivity.

Introduction

Uncontrollable intracranial hypertension is the most
frequent cause of death in patients with severe head
injury and bilateral brain swelling (Diffuse Injury
type III). Many etiological factors have been con
sidered as contributing to bilateral brain swelling:
alteration in autoregulatory mechanisms, impaired
CO2-reactivity, increase in intravascular volume,
hyperemia and more recently, neurotoxic edema.
Until not long ago, the most widely accepted theory
on brain swelling was that most of these patients
presented an increased CBF and CBV. However,

evidence is accumulating to suggest that an increase
in intracellular brain water may be the basic mecha
nism involved in postraumatic brain swelling. The
importance of this controversial issue is clear if we
consider that to effectively treat high ICP after head
injury, the treatment should match the cause [7].
In these patients, treating an increase in cerebral
blood volume would follow a completely different
approach from treating any form of brain edema.
The present study was undertaken to elucidate the
status of autoregulatory mechanisms and cerebrovas
cular CO2-reactivity soon after injury in patients with
a diffuse bilateral brain swelling.

Materials and Methods

A prospective study was carried out in 31 consecutively admitted
patients with a severe head injury (post-resuscitation Glasgow
coma scale score below or equal to 8) and a Diffuse Brain Injury
type III, following the definition stated by the TCDB [5]. The
protocol of study presented in this paper was approved by the
Institutional Ethical Committee on Human Research of Vall
d'Hebron University Hospitals. In all patients, brain hemody
namic studies were performed within 21.7 ±7.8 hrs of impact. The
methodology used to test both autoregulation and CO2-reactivity
has been previously described [10]. Assuming a constant CMR02
during the test, changes in AVD02 reflect inverse changes in CBF.
CO2-reactivity (CO,R %) was calculated as the percent of increase
or decrease of estimated CBF (1/AVDO,) per mm Hg change in
pC02• Patients with C02R% above 1% were considered in the
intact COr reactivity group and patients in whom CO,R% was
below or equal to 1% were included in the impaired/abolished
CO2-reactivity group. To test autoregulation, hypertension was
induced using phenylephrine. Arterial and jugular blood samples

were taken to calculate AYD02 before (Baseline) and after a
steady state of MABP was obtained (15 to 20 minutes after
starting the infusion). All AYD02 values were corrected for
spontaneous changes in pCO,. In those patients in whom ICP
did not change after increasing MABP (changes in mean ICP of
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Fig. 1. Changes in ICP and estimated CBF after inducing hyper
tension with phenylephrine in the group of patients in whom
changes in IeP were observed (n = 22). For description see text.
Patients included in patterns 1 and 4 were considered to have a
preserved autoregulation, while patients in groups 2 and:; were
considered to have an impaired/abolished autoregulation. The
zero for CBFaxis was set at 20%. Therefore patients with changes
in estimated CBF below or equal to 20% and an increase in ICP
were included in pattern type II

± 2mm Hg), we used Enevoldsen and Jensen's criteria to classify
autoregulation. Those patients with estimated changes in CBF less
than or equal to 20% were included in the intact autoregulation
group while patients with estimated CBF changes above 20% were
classified as having an impaired autoregulation (impaired/abol
ished) [3]. In those patients with changed ICP after increasing
MABP, different criteria were used. In this second group and
according to the calculated degree of change in ICP and estimated
CBF, patients were preclassified into four different patterns
(Fig. 1): Pattern 1: Decreased ICP and Increased CBF, Pattern
2: Increased ICP and simultaneously increased CBF. Pattern 3:
Increased ICP and decreased or unchanged CBF and Pattern 4:
Decreased ICP and simultaneously decreased or unchanged CBF.
Patients included in patterns 1 and 4 were considered to have a
preserved autoregulation. while patients in groups 2 and:; were
considered to have autoregulation impaired/abolished. CBF was
considered unchanged when estimated changes after inducing
hypertension were below or equal to 20%.

Results

Mean age in our group was 30.4 ± 11.8 years (mean ±
STD) and GCS was 6.8 ± 2.6. Twenty-one cases
(67.7%) had an ICP above or equal to 15mmHg

at the moment of testing despite therapy. According
to the corrected basal AVD02 (to a pCOl of
35mmHg), 23 (74.2%) patients were classified as
hyperemic (AVD02 below 1.74J..lmol/ml). Cere

brovascular response to CO2 was globally preserved
in all but two cases (6.5%), where it was impaired
or abolished (C02R% < 1%) (Fig. 2). In contrast,
autoregulation was globally preserved in 10 (32.3%)

basal pC02 ( mm Hg )

Fig. 2. Basal pCO, plotted against CO,R%. The gray box defines
the zone of impaired/abolished CO,-reactivity. Observe the lack
of correlation between the basal pCO, before the test and
CO,-reactivity

and impaired/abolished in 21 cases (67.7%). The dif
ferent patterns found after increasing MABP in
those patients in whom changes in ICP were detected
are shown in Fig. 1. Pattern 3 was considered
characteristic of what has been called "pseudo
autoregulation" [3]. In the two cases where CO2
reactivity was abolished, autoregulation was also
impaired/abolished. At six months, 14 patients had
died, two were in a persistent vegetative state and
three were severely disabled. A bad outcome was
therefore the final result in 61.3% of the patients in
this study. Uncontrollable intracranial hypertension
was the single most frequent cause of death in this

senes.

Discussion

The majority of the patients in our study, had
AVD02 reflecting hyperemia very early after injury.
The presence of hyperemia in these patients, appar
ently suggests that an increase in CBV may play an
important role in brain swelling. However, low
AVD02 measurements, do not necessarily imply an
increase in absolute values of CBF or in cerebral

blood volume. Data from other studies, suggest
that in many cases hyperemia is actually a relative
hyperemia, showing that CBF and metabolism
are not functionally coupled in these patients [6,8].
CO2-reactivity was preserved in most of our patients,
although autoregulation, as defined in our study, was
impaired in many of them. The status of autore
gulatory mechanisms after severe head injury has
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been a matter of considerable debate. While for
some authors, autoregulation is impaired/abolished
in many patients after injury, for others the curve is
shifted to the right or to the left [1,4,9]. In diffuse
brain swelling, this divergence of opinions is particu
larly relevant, as increased ICP is still the main cause
of death and disability in these patients.
Interpreting the results of autoregulation tests can

sometimes be very difficult and is particularly prob
lematic in those patients where increasing MABP
simultaneously raises ICP due to an increase in CBV,
interstitial brain water or both. In these cases, the
effects of increasing MABP on the net brain tissue
perfusion and on the microcirculation, are exceed
ingly variable. In this study we have followed a prag
matic approach to this problem, classifying the
patients according to the change that increasing
MABP produced in the two variables of interest: ICP
and estimated CBF. In 9 of our patients, increasing
MABP provoked a simultaneous increase in ICP
and in the estimated CBF (changes above 20%).
Although this phenomenon could be affected by
the fact that some of these patients had a basal CPP
below the accepted lower limit of autoregulation,
the majority of them had a CPP above 60mmHg
after iatrogenically raising MABP. In spite of this,
vasoconstrictory cascade was not triggered. The
hypothesis that in these patients, autoregulatory
curve may be shifted to the right, has not yet been
proved. Therefore we think that in the absence of
more conclusive data, we must consider that in these
patients the cerebrovascular response to an increase
in MABP/CPP, is severely impaired or abolished.
The analysis of the results obtained in patients in
cluded in pattern 3, is relevant because the response
to MABP challenge is suggestive of what has been
called "false autoregulation" [3]. In these cases, the
CBF is maintained constant or is even reduced
because of an increase in brain tissue pressure and
secondary compression of the microcirculation [3].
The benefits of iatrogenically increasing MABP to
treat elevations of ICP, looking at CPP as the main
variable, has not yet been proven. From a theoretical
point of view, this approach has many drawbacks in
those patients with impaired autoregulation. What
we achieve on one side (increased CPP) is rapidly
counterbalanced by either the increase in CBV,
increased water content in brain tissue or both.
Even in patients in whom autoregulation is globally
preserved, the increase in CBF facilitates vasogenic
edema in those regions of the brain which are
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severely injured. In these regions, the permeability of
blood-brain-barrier is generally increased making it
difficult to predict the individual response of ICP and
CBF and the overall benefit of increasing CPP. In
those cases with intact autoregulation, stimulating
the vasoconstrictory cascade facilitates the manage
ment of high ICP. However, in those in whom
increasing MABP provokes a simultaneous increase
in ICP, induced hypertension should be considered
only in those patients in whom CPP is below the
lower breakpoint of the autoregulatory curve. When
patients are already above this threshold, therapeutic
measures should be directed to reduce ICP by other
means. In this group, the use of "optimized hyper
ventilation" [2] or moderate hyperventilation associ
ated to osmotherapy (mannitol or hypertonic saline)
seems more rational as a first line of treatment. In
those cases in whom those therapies fail to control
ICP, barbiturates can be the last resort. The adminis
tration of some drugs such as dihydroergotamine,
indomethacin and surgical decompression should
also be considered as alternatives but still unproven
effective options.
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Summary

Animal studies indicate that elevated extracellular sodium can
increase glutamate-induced excitotoxicity. Therefore, we inves
tigated the relationship between sodium and glutamate and the
effect of changes in sodium concentrations on the outcome of
head-injured patients. Thirty-four (34) patients were selected for
this study and divided into a group of patients having episodes
(~30-min) of high sodium in dialysates (~200mM; HIGH, n = 11)
and a group of patients having no such episodes (NORMAL, n =

23). Levels for sodium (226 ± 5.7 mM), glutamate (12.53 ± 2.2 11M)
and ICP (32.2 ± 4.0 mm Hg,) were relatively high during the high
sodium episodes. Overall, mean values for glutamate, ICP and
outcome did not differ amono both groups. The mean dialysate
sodium concentration, however, was significantly higher in the
HIGH (178 ± 6mM) compared to the NORMAL group (158 ±
3mM; p < 0.01). Spearman rank correlation between sodium and
glutamate or ICP were not significant. The HIGH sodium group
did not have significantly more patients with poor outcome than
the NORMAL group. The results indicated sodium concen
trations did not affect the outcome of head-injured patients.
However, other sodium monitoring techniques are desirable to
elucidate these apparent potentially major sodium transients.
which we have observed in the human cortex, after severe head
injury.

Keywords: Head injury; microdialysis; sodium transients.

Introduction

The ionic balance of the entire brain is massively
disturbed following impact trauma [13] and ischemia
[12]. This leads to an accumulation of sodium and
chloride ions and a loss of potassium to the ECF
space [2]. Disturbance of cellular ion homeostasis
may also be secondarily perturbed, by release of
glutamate and other neurotransmitters which act
on agonist-operated ion channels [9]. Activation of
glutamate receptors produces shifts of calcium,
sodium and other ions into neurons. The uptake of
glutamate by astrocytes is accompanied by sodium

uptake, causing astrocyte swelling and increased
energy demand to drive ion pumps [5,10]. Recently,
two microdialysis reports have shown that elevated
extracellular sodium increased glutamate-mediated
excitotoxicity in animals (1,6]. The addition of 75mM
sodium to a glutamate containing microdialysis per
fusate has been shown to increase the extent of neu
ronal damage. The mechanism which is responsible
for this effect, however, has not been elucidated.

In head-injured patients, massive and long-lasting
glutamate release has recently been demonstrated by
several authors [3,11]. Glutamate release, in many
cases, was accompanied by increased extracellular
potassium ([K+]d)' Recently, Goodman and co
workers reported massive potassium, but not calcium
or magnesium changes during pathophysiological
events [7]. We have reported striking changes in
hour-to-hour [Na+]d concentrations which were not
apparently consistently accompanied by changes in
glutamate or potassium concentrations [4].

In the present study we tested the hypothesis that
glutamate release is associated with massive extracel
lular sodium transients, and that this may be an addi
tional potentially dangerous mechanism leading to
the development of secondary brain damage after
head-injury.

Materials and Methods

Patients: A total of 34 severely head-injured patients were
studied. The characteristics of the patient group are shown in
Table 1. Microdialysis probes were placed either at the site of
ventriculostomy, or during surgery, near a cerebral contusion.
Patients were divided into two groups based on the dialysate so
dium concentration; namely a first group (HIGH, n =11) consist
ing of patients with one (1) or more 30-min episodes of elevated
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(>200mM) sodium in dialysate: and a second group (NORMAL, n
=23) consisting of patients with no sodium elevations over 200 mM
in dialysate. Outcome was assessed by Glasgow Outcome Scale
(GOS), a GOS score of 0-2 was considered as good outcome and
GOS of 3-4 as poor outcome.

Microdialysis: Flexible, custom-made microdialysis probes
(outer diameter 0.5mm) were used with an active membrane
length of lOmm (CMA Microdialysis, Acton, MA). Probes were
perfused with 0.9% sterile saline (155 mM) at a flow rate of 2 J.lL/
min. Half-hour samples (60J.lL) were collected in sealed glass vials
by means of a refrigerated (4°C) autosampler (CMA/l70). In vitro
probe recovery for glutamate and sodium were 43 ± 3% and 72 ±
5%, respectively.

Glutamate: Glutamate was analyzed in 15 J.lL dialysate using
HPLC with pre-column derivatisation by o-phthalic dicarboxyal
dehyde and electrochemical detection (LC-4B detector) [14].

Sodium: Sodium ion concentration in dialysates [Na']d was
measured by flame photometry in pre-diluted 15 J.lL dialysate
samples. The system was calibrated against known standards [4].

ICP and CPP management: Ventriculostomy ICP (mm Hg)
data, and mean arterial blood pressure (MABP. mm Hg). were
continuously acquired by a VAX mainframe computer system.
For analysis, time points of microdialysis and physiological param
eters were matched [4].

Statistics: The mean glutamate and sodium concentrations in
dialysate, age, rcp, CPP, MABP of each group were compared by
Mann-Whitney U-test. The frequencies of good or poor outcome
were compared by a Chi-square test. Spearman rank correlation
was performed between mean glutamate and sodium concentra
tions and mean rcp and sodium levels. Differences were consid
ered to be significant at p-Ievels <0.05.

Results

Glutamate, sodium and ICP levels: Overall, the
mean values (±s.e.m) for glutamate, sodium and ICP
were 11.72 ± 5.0IlM, 178 ± 6mM and 19.6 ±
3.8mmHg for the HIGH sodium group and 24.46 ±
6.9IlM, 158 ± 3mM and 17.2 ± 2.2mmHg for the
NORMAL group. The two-sided Mann-Whitney U
test was only significant for sodium (p < 0.01).

Relationships - Sodium vs. glutamate. ICP &
outcome: Spearman rank correlation and linear

B. Alessandri et al.

regression analysis did not reveal any significant rela
tionship between mean concentrations of sodium
and mean levels of glutamate (r = 0.219, P = 0.221)
or ICP (r =0.253, P =0.170). Chi-square analysis of
the relationship between sodium and outcome of
patients assessed by Glasgow Outcome Scale was not
significant. Patients with good outcome, however,
had a lower ICP (14.7 ± 0.05mmHg) than patients
with poor outcome (20.6 ± 3.4mmHg). The differ
ence was not significant.

Peak sodium and ICP relationship: Patient in the
HIGH sodium group had 5.6 ± 1.1 half-hour episodes
of [Na+]d ~200mM. During these episodes of high
sodium, the mean (±s.e.m) glutamate, [Na+]d con

centrations and ICP levels were 12.53 ± 2.2IlM,
226 ± 5.7mM and 32.2 ± 4.0mmHg, respectively.
Spearman rank correlation and linear regression
analysis did not reveal a clear relationship between
the parameters during high sodium periods.
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Fig. I. Microdialysis time-course for glutamate, sodium and potas
sium in patient S. J. (male; initial GCS = 3; left subdural
hematoma/contusion; mean ICP = 15.7mmHg; mean CPP =
83.4 mm Hg; 3-month GOS = 2)

Table 1. Patient CharaCleristics of34 Severely Head-Injured Patients. Patients were divided into
a group (NORMAL) with no episodes of elevated sodium levels in dialysates and a group
(HIGH) with one (1) or more .l0-min episodes of elevated sodium in dialysates (>200mM)

Parameter Normal (n =23) High (n =11)

Age (years) 37.9 ± 3.9 48.9 ± 11.5
Sex female 57.1% 55.5%

male 42.9% 44.5%
Outcome good (GOSO-2) 47.8% 45.5%

poor (GOS3-4) 52.2% 54.5%
rcp (mmHg)** 17.2 ± 2.2 19.6 ± 3.7
CPP (mm Hg)** 82.4 ± 3.1 75.8 ± 6.8

CPP cerebral perfusion pressure; GOS Glasgow Outcome Scale; ICP intracranial pressure;
** mean value over entire monitoring period.
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Discussion

Fig. 2. Microdialysis time-course for glutamate, sodium and potas
sium in patient Mc.T. (male; initial GCS =8; left-frontal contusion;
mean ICP = 14.8mmHg; mean CPP = 109.lmmHg; 3-month
GOS =4)

There was no apparent correlation between the
remarkably large dialysate sodium transients (up to
70mM) and other clinical and neurochemical param
eters tested in this study. Animal experiments clearly
indicate that there are dynamic changes in extracellu
lar and intracellular ion concentrations following
ischemia or traumatic brain injury [9,12]. Most
studies have focused mainly on the glutamate, cal
cium and potassium inter-relationships, Two animal
studies in which glutamate was applied through a
microdialysis probe to the cortex of rats, however,
showed that increased extracellular sodium levels in
crease glutamate-induced cortical brain damage [1,6]
It has also been shown by Betz and coworkers that
ischemia leads to a massive increase in total sodium
in the brain [2]. Sodium channel blockers have shown
neuroprotective properties in animal models of
ischemia, supporting this important role of sodium
ions [8],
In these human head-injured patients, however,
there seems to be no clear relationship between
glutamate and sodium, and patients with high sodium
episodes did not have worse outcome than patients
without such sodium transients. Although the study
could not demonstrate a clear relationship, the analy
sis of all patients revealed some interesting features.
Sodium concentrations fluctuated massively in many
patients. The reasons for such dialysate changes is
not understood. In addition, increases over 200mM
did not persist longer than 60 to 120min. In certain
patients, there was a net loss of sodium from
the dialysate perfusate, containing about 155 mM so
dium, to the brain. In many such cases, [Na+]d levels
were decreased during the first few hours after injury.
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This may accord with findings from animals studiesm
which show net uptake ofsodium into ECF, from the
intravscular compartment, during ischemia [2].
We speculate that the lack of correlation seen in
this study may have several explanations. First, more
prolonged elevations of sodium might be necessary
to cause the adverse effects on tissue outcome as seen
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Summary

The amino acid glutamate is one of the major neurotoxins in
the pathogenesis of neuronal death after ischemia or trauma.
Microdialysis studies in both man and animal have shown
elevated extracellular levels after primary lesions. Monitoring of
cerebral tissue oxygenation (p(ti)02) has been used in recent years
to detect and prevent episodes of low cerebral oxygenation, e.g.
after trauma or subarachnoid hemorrhage.
Intraoperative monitoring of p(ti)02 combined with micro
dialysis in the peritumoral edema has been chosen to study the
responses of glutamate and oxygen levels during resection. In
7/9 patients p(ti)02 was below "critical" lOmmHg. Elevating
inspiratory oxygen concentration to 100% led to an increase of
p(ti)02 by 2,5-4 fold and a decrease of glutamate and aspartate by
5Q.-80%. A close correlation between p(ti)02 and microdialysis
glutamate levels was not clearly shown due to frequent
intraoperative manipulations.

Keywords: Human glioma; microdialysis; tissue-p02'

Introduction

Excitatory amino acids (EAA) are important media
tors of brain injuries after direct trauma, hypoxia or
ischemia [2-5]. The intraparenchymal measurement
of tissue oxygenation (p(ti)Oz) via an oxygen sensi
tive Clarke-type electrode has been shown to be of
high value to detect low cerebral oxygenation [1,6,7].
Long time monitoring studies on cerebral oxygen
ation today indicate sevalue below 10mmHg to be
critical for the outcome, e.g., after severe brain injury
[1,7]. Microdialysis allows the detection of changes in
the composition of the extracellular space. It has
been shown that there is a rise in extracellular EAA
after brain injury and surgery [2]. Therefore our in
vivo study focused on the relationship between
p(ti)Oz and amount of EAA in peritumoral edema in
glioma surgery.

Materials and Methods

Measurements were performed in 9 patients with high grade
glioma (WHO IV) in the frontal [4] or temporal [5] lobe with
the consent of the patients and approval from the local ethics
commity. Microdialysis probes were constructed according to the
method of C.S. Robertson (Baylor college of Medicine, Houston,
Tx.). These sterile, loop-type microdialysis probes had a molecular
weight cut-off 13,000 u, an outer diameter of 1.5 mm, a 2 x 0.5 cm
loop and a total length of 4.5 m. The probes were perfused at a rate
of 2 Ill/min with sterile 0.9% NaCI solution. Micodialysis probe
and tissue-p02 catheter (LicoxR

, GMS, Kiel, Germany) were
placed in the close vicinity but outside the visible tumor tissue in
the peritumoral edema, the tips in a depth of about 2cm. Samples
were collected every 10min and analyzed by HPLC starting 30min
after probe placement.

Results

In the majority (7/9) of our patients initial (after a
stabilization period of at least 30min) p(ti)Oz was
below lOmmHg with an inspiratory oxygen concen
tration (F(i)Oz) of 45% (Figs. 1, 2). Elevation of
F(i)Oz to 100% lead to an increase in p(ti)Oz by 2,5
4 fold and a decrease of glutamate and aspartate
concentrations by 50-80%. The concentrations of
glutamate and aspartate showed a close correlation
of about 2: 1. On the other hand, the concentrations
of excitatory glutamate and inhibitory GABA
showed a correlation of 10: 1. Glutamate levels were
correlated with the mean p(ti)Oz value during the
sample period but there was no close correlation
(p = -0.143). Fig. 1 shows an example with an initially
(after more than 30min stabilization) p(ti)Oz of
more than lOmmHg and a clear reduction of
glutamate levels from above 2011molll to below
511molll during F(i)Oz = 1,0. Fig. 2 shows an example
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Fig. 1. Tissue p(ti)02 and
glutamate during glioma surgery
with initial p(ti)02 > 10mm Hg.
Example with an initially (after
more than 30min stabilization)
p(ti)02 of more than 10mm Hg
and a clear reduction of
glutamate levels from above
20 J.lmol/l to below 5 J.lmol/l
during F(i)02 = 1,0
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Fig. 2. Tissue p(ti)02 and glutamate during
glioma surgery with initial p(ti)02 <
10 mm Hg. Example with an initially low
p(ti)02 of less than lOmm Hg and a clear
increase of glutamate levels during surgery
together with a significant decrease in
p(ti)O,

with an initially low p(ti)02 of less than lOmmHg
and a clear increase of glutamate levels during sur
gery together with a significant decrease in p(ti)02'
Figs. 1 and 2 show the multiple ups and downs
of p(ti)02 caused by intraoperative manipulations
often coming together in one microdialysis collection
period.

Discussion

In contrast with p(ti)02 or intracranial pressure
monitoring, microdialysis is not a means of continu
ous online monitoring. Samples obtained thus merely
reveal the mean concentration of, e.g., glutamate
over a lOmin period of time. On the other hand, ups



Intraoperative Microdialysis and Tissue-p02 Measurement

and downs in local p(ti)02 may occur in the same
period of time and extinguish or mask their effect
on extracellular EAA concentrations. This is even
worsened by the necessity of various intraoperative
manipulations and their effect on local p(ti)02 (e.g.
placement of spatula). In the future, this problem
shall be overcome be shorter collection periods.
Interestingly sufficient p(ti)02 in the close vicinity
to the tumor is often (7/9) below the "critical" (con
tinuous monitoring e.g. after severe head injury) [6]
value of lOmmHg and thus be caused by the mass
effect compressing the surrounding brain.
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Summary

In previous studies, Katayama and our group have documented a
massive increase in excitatory amino acid release following trau
matic brain injury, in both rat fluid percussion, and humans [2,5].
To test the hypothesis that the magnitude of this "Excitotoxic
Surge" plays a significant role in determining 6-month patient
outcome. We have studied 83 consecutive severely head injured
patients at the Medical College of Virginia for inclusion into this
study. A microdialysis probe was placed within the cortex to con
tinuously measure dialysate excitatory amino acids (Glutamate
and Aspartate), along with several other analytes for approxi
mately 5 days after injury. ICP, CPP, and MABP measurements
were also time linked with each analyte measurement to create a
neurochemical, clinical, and physiological "profile" for each pa
tient. Outcome was determined by follow up using the Glasgow 6
Month outcome scale. A very strong correlation existed between
the release of the EAA's glutamate and aspartate after TBI (p <
0.0001). Patients with significantly elevated mean glutamate values
for the entire monitoring period were most likely to exhibit el
evated levels of ICP. The magnitude of glutamate released signifi
cantly correlates with 6-month patient outcome (p = 0.0234).
When patients were subdivided by the CT diagnosis of lesion type,
we found that those patients with contusions displayed the highest
overall of EAA's.

Keywords: Excitatory amino acid; head injury; outcome.

Introduction

The excitatory amino acids (EAA's) glutamate and
aspartate have been found to increase up to 6 fold in
rats, and 50 fold in human brain dialysate, after TBI
[2,3,5]. However, this may be an epiphenomenon
since structural amino acids were similarly elevated,
in our human studies. There had been no previous
direct evidence that this massive release of EAA's
has been associated with significantly worse outcome.
Developments in the use of clinical microdialysis
have made it possible to continuously measure
changes in several brain metabolic analytes in the

severely head injured patient [4,7]. We have used
these data to test whether increased EAA's correlate
with 6-month patient outcome, and whether the le
sion type affects the pattern of EAA's release.

Materials and Methods

These studies were approved by the Committee for Conduct of
Human Research of the Medical College of Virginia and Virginia
Commonwealth University. Eighty-three severely head injured
patients (GCS ::; 8) were studied. Custom-made, commercially
produced microdialysis probes were used, with a molecular weight
cutoff of 20 KD and a 10mm active dialysis surface (CMA 20
Custom probes, CMA Microdialysis, Stockholm, Sweden). The
probe was placed intraparenchymally in cortex to continuously
measure changes in several brain analytes. Samples were collected
every 30 minutes for up to 4 days, in 60 J.lmol aliquots. EAA's were
measured by HPLC analysis, and patient outcome was classified
by using the 6 month Glasgow outcome scale (0-4). In the ICU,
physiological data was collected continuously at three-second
intervals, "cleaned", and time linked to the other biochemical
endpoints. Patients were classified by lesion type using CT scan.
The tissue characteristics, by CT, at the site of the microdialysis
probe placement, was used. Spearman's Rank correlation and
Linear Regression were used to test the significance of these data,
by first testing the intrapatient correlation. For every time point
studied, and then tabulating the "r" values, and testing for signifi
cance, across the subgroups of patients.

Results

A significant correlation existed between mean
dialysate glutamate and aspartate (p < 0.0001) and
also between EAA's and 6-month patient outcome
(r = 0.332, P = 0.02). (Fig. 1) 85% of patients who
displayed favorable outcomes (GOS = 0, 1) had mean
glutamate levels for the entire dialysate period that
were <20IlMol/L (n =29). Similarly, 72% of patients
with mean glutamate concentration >20IlMol/L (n =
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18) displayed unfavorable outcomes (GaS = 2-4). A
strong correlation also existed in this 18 patient
subgroup between glutamate and elevated Iep
(r = 0.659, P = 0.0104). Within the four lesion groups
studied as classified by CT, a significant correlation
was found to exist between the lesion type and the
glutamate levels (p = 0.0086) (Fig. 2). Those patients
with contusionallesions had the highest overall EAA
levels. With the group as a whole (n = 83), those
patients whose glutamate levels were the highest
(>20llmolll), experienced the highest levels of ICP
(r = 0.554, P < 0.0001).

Discussion

Our previous studies have indicated that a strong
relationship exists between elevated levels of EAA's
and high ICP after a traumatic brain injury [2]. This
study confirms this relationship in a much larger
patient group, and also shows that increased
EAA's were closely linked to patient outcome.
These correlations were strongest when subdividing
the patient groups into low, medium, and high gluta
mate categories. Patients whose post-injury mean
glutamate values were >20IlMol/L seem to most
often demonstrate bouts of elevated ICP, and also
much worse outcome.
When the patients were grouped by CT classifica
tion, it also became evident that the lesion type had
a significant role in determining the neurochemical
profile of each patient. Patients with contusional
lesions demonstrated the highest EAA levels. The
lowest EAA's were see in the small group with
uncomplicated epidural hematomas, consistent with
their good outcome. Clearly further studies must be

S. S. Koura et at.: Excitatory Amino Acid Release and Outcome

performed to further elucidate the relationships
between these clinical characteristics, and EAA's
and structural amino acids, in ECF, following TBL
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Summary

Our previous studies have shown selective neuronal damage in the
CA3 region after mild closed head injury (CHI) combined with
hypoxia. In the present studies, we examined (1) extracellular
concentrations of neuroactive amino acids using in vivo
microdialysis technique and (2) neuroactive amino acid binding to
their receptors using quantitative autoradiography. Male SD rats
were divided into five groups; sham control, mild CHI (sacnficed at
1h or 24h after CHI), mild CHI followed by hypoxia (I h or 24h).
[3H]-Glutamate binding to NMDA receptors, [3H]-muscimol
binding to GABAA receptors and [3H]-kainate binding to KA
receptors were measured in hippocampus and cortex by quantita
tive autoradiography. With CHI alone, GLU and TAU levels were
transiently increased by 15min posttrauma. In the CHI with hy
poxia, increases in GLU and TAU levels were sustained until 60
min following CHI. GABA level was also increased until 75 min
posttrauma Pretreatment of MK-801 significantly diminished the
prolonged elevation in GLU and TAU levels. (2) CHI alone did
not produce prominent change in the measured receptor binding.
When hypoxia was combined with CHI, significant increase in
[3H] GLU binding to NMDA receptors and significant decrease in
[3H]-muscimol binding to GABAA receptors were observed
in CAl and CA3 at 1h and 24h post-insult.
These results demonstrate that selective hippocampal damage
to hypoxia after mild CHI may be mediated through an increase in
NMDA receptor activation and the further release of GLU and
that NMDA antagonist may be beneficial in preventing secondary
neuronal damage by hypoxia.

Keywords: Head injury; Hippocampal damage: hypoxia.

Introduction

The hippocampus is selectively vulnerable to many
types of insult. Our previous studies have shown
selective neuronal damage in the CA3 region after
mild closed head injury combined with hypoxia. This
selective CA3 lesion may be recognized as an post
traumatic increased vulnerability to hypoxia. Many
recent studies demonstrated excessive Ca++ influx
through NMDA receptor ion-channel is the major
cause of neuronal damage. We hypothesized that
combined traumatic and hypoxic insults may pro-

voke neuronal damage by altering the extent of
excitotoxic and inhibitory amino acid release and
receptor binding activity. In this study, we examined
(1) extracellular concentrations of neuroactive
amino acids using in vivo microdialysis and (2) neu
roactive amino acid binding to their receptors using
quantitative autoradiography.

Methods

(1) Five groups of male SD rats, weighing 400-450 g, were set up:
sham control (n = 6), head trauma (n = 6), moderate hypoxia (n
= 6), trauma followed by hypoxia (n = 6), and trauma followed
by hypoxia with MK-801 pretreatment (n =6). Microdialysis
probe was placed in the midportion of hippocampus. A blunt
head trauma was produced by dropping a brass weight (450 g)
from a height of 1m onto the steel disc which was firmly
attached on the midportion of the vertex, which was adjusted
to represent a mild injury level. Hypoxia was induced by plac
ing the animals for 30min in a chamber filled with 5% oxygen
and 95% nitrogen gas mixture. Microdialysate was collected
every 15 min from 2 h before the trauma until 4 h after. The
concentrations of glutamate (GLU) and GABA were mea
sured by HPLC and analyzed by ANOVA.

(2) Male SD rats, ranging in weight from 350 to 400 g, were used.
Ten animals underwent a head trauma followed by hypoxia
and were sacrificed at I or 24 h after the trauma (each 5 ani
mal). Five animals were comprised of sham control. Trauma
and Hypoxia were produced by the abovementioned method.
The animals were decapitated and the brains were removed
and frozen quickly. Coronal sections (20 11m) of the middorsal
hippocampus were thaw-mounted on slides and dried. Re
gional NMDA, KA and GABAA receptor bindings were ex
amined following Monaghan et al. and Nobrega et al.. After
preincubation in proper buffers, the slices were incubated in
100mM ['H]-glutamate WC) for IOmin (NMDA), 50nm
['H]-kainic acid WC) for lOmin (KA) or 200nM rH]
muscimol (4°C) for 30min (GABAA), and then rinsed and
dried. The slides were placed on imaging plates with autorad
iographic ['H]-microscale (Amersham) and exposed for 5
days. Autoradiographic images were obtained using digital
imaging system (BAS 2000 system, Fuji Film) and densito
metrical analysis was performed in three slices of each animal.
Tissue ['H] radioactivity in each four 16-pixel-areas of CAl,
CA3 and dentate gyrus (DG) was calculated for each slice
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from optical density values. Statistical analysis was performed
by ANaYA.

Results

(1) Fig. 1 to 4 shows temporal changes in GLU and
GABA concentrations in the hippocampus.
Values are means ±SEM. Asterisk shows signifi
cant differences (p < 0.05, *1 vs. control; *2 vs.
hypoxia; *3 vs. trauma; *4 vc. trauma +hypoxia).
Hypoxia alone changed the concentration of nei
ther GLU nor GABA (Fig. 2). With trauma
alone, GLU concentrations were transiently in
creased 72% immediately after the trauma and
returned to baseline quickly (Fig. 1). With
trauma + hypoxia, GLU increased 95% and sus
tained until 60min after the trauma. GABA
level was also increased in trauma + hypoxia
group, but the change in GABA was less than in
GLU (Fig. 3). Pretreatment of MK-801 did not
change the immediate increase in GLU concen
tration, but significantly diminished the pro
longed GLU elevation after hypoxia (Fig. 4).

(2) Fig. 5 to 7 shows the regional changes in receptor
bindings in the hippocampus after head trauma
combined with hypoxia. Values are means ± SD.
Asterisk (*) shows significant difference from
control (p < 0.05). NMDA and KA receptor
bindings were not altered significantly in any hip
pocampal region (Figs. 5 and 6). GABAA recep
tor binding was decreased 25% in CAl at 1hand
23% in dentate gyrus at 24h posttrauma (Fig. 7).

Discussion

Jenkins et al. demonstrated that hippocampal
neurons become more vulnerable to ischemia after
traumatic brain injury. Nawashiro et al. indicated an
increased vulnerability to hypoxia of hippocampal
CA3 neurons in traumatized rat brains. Recent
studies proved that unreasonable release of excita
tory amino acids leads to excessive influx of Ca++
through NMDA receptor-ion channels resulting in
neuronal damage in various types of insult. On the
other hand, inhibitory neurotransmitters are consid
ered to have neuroprotective effects against neuro
toxicity of excitatory neurotransmitters. In this study,
we demonstrated that the combination of head
trauma and hypoxia provoked and extended eleva
tion of GLU concentration in the hippocampus.
GABA was also increase but the rate of increase was
much smaller than that of glutamate. Trauma and
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hypoxia also had different effects on excitatory and
inhibitory receptor binding; they decreased GABAA
receptor binding but did not affect NMDA and KA
receptor bindings. Our data suggests that the con
secutive traumatic and hypoxic insults may produce
an extremely excitotoxic condition in the hipppo
campus. Increased vulnerability to hypoxia of
hippocampal neurons in traumatized brain may
be mediated not only by an imbalance between
excitatory and inhibitory neurotransmitter release
but also by disordered regulations of excitatory and
inhibitory receptor metabolism. Autoradiographic
data showed GABAA receptor binding is less in CA3
than in CAl, and our traumatic and hypoxic insults
produced a down-regulation of GABAA receptor
binding in CAl but not in CA3. These data suggest
that GABAergic inhibition may affect CAl more
than CA3 during and after the insults. This might be
a cause for selective vulnerability of CA3 neurons in
our model. Prolonged elevation of GLU was dimin
ished by MK-80l, a noncompetitive NMDA receptor
blocker, which might be effective for hypoxic insult
after head trauma.

Conclusions

These results demonstrate that selective hippocam
pal damage to hypoxia after mild head trauma may
be mediated through both an imbalanced excitatory
and inhibitory neurotransmitter release and uncoor
dinated receptor regulations. We also demonstrated
that NMDA antagonist may be beneficial in prevent
ing secondary neuronal damage by hypoxia.
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Summary

Children commonly develop diffuse cerebral swelling after trau
matic brain injury (TBI) which is believed due to a secondary
response to the injury. Near infrared spectroscopy (NIRS), a
continous, direct, and noninvasive monitor of cerebral oxygen
ation and cerebral blood volume (CBV), could be helpful in un
derstanding these secondary responses. The aims of our study
were to determine whether NIRS used in children with severe TBI
will provide insight into the pathophysiology of injury.
Ten children (1 mo to 15 years old) with severe TBI (admis
sion GCS :0; 7) were continously monitored by NIRS by placing
optodes over the frontalparietal region. Relative values of
oxyhemoglobin (HbO,), deoxyhemoglobin (Hb), and total
hemoglobin (THb) were obtained and compared to intracranial
pressure (ICP), mean arterial pressure (MAP), electroencepha
lography (EEG), and arterial PCO,(PaC02).
Episodes of intracranial hypertension (ICP > 20 Torr [TD,

changes in ICP > lOT, changes in PaCO, ~ 8T, and changes in
MAP> 20T frequently resulted in changes in Hb02, Hb, and THb.
Hyperventilation with decreased PaCO, always resulted in cere
bral oxygen desaturation irregardless of lCP. Often, high lCP
correlated with increased THb and HbO, indicating increased
CBV and cerebrovascular dilatation. In two children, posttrau
matic seizures were preceded by an unexplained rapid cerebral
hyperoxygenation several hours prior to the onset of the clinical
seizures.
NIRS reliably detects changes in cerebral hemodynamics in
children and may be used to further understand the etiology of the
diffuse cerebral swelling seen in children after severe TBl.

Keywords: Near infrared spectroscopy (NIRS); traumatic brain
injury.

Introduction

In children, diffuse cerebral swelling more commonly
develops as a secondary response after TBI com
pared to adults and is associated with an approxi
mately 50% mortality and increased disability.
Cerebrovascular dilatation due to a loss of auto
regulation with hyperemia [3] and cytotoxic edema

[6] have been suggested as key events in the evolution
of this pathophysiologic response in children. The
importance of each of these two pathophysiologic
responses in the pediatric population and their effect
on morbidity and mortality remains unclear.
The underlying goal in the treatment of patients
after TEl is to lessen the effects of secondary injury
by creating an environment conducive to cerebral
recovery. Success to date in lowering morbidity and
mortality has been due to the aggressive manage
ment of these patients that focuses on interventions
that impact on maintaining adequate cerebral perfu
sion (eg) early evacuation of mass lesions and the
treatment of cerebral swelling through ICP monitor
ing and manipulation. To further improve outcomes
in the child following severe TBI, we must be able to
accurately characterize the events that occur in the
posttraumatic period that may worsen secondary
injury. Though imaging and our present on- line
monitoring, including ICP, MAP, CPP, jugular
venous bulb sampling and EEG, has aided in a better
understanding of the global picture of the cerebral
response to injury, they have not provided a clear
understanding of the hemodynamic changes that
occur during the routine care of these injured pa
tients nor the pathophysiologic responses after injury
which may impact on final outcome.
Near infrared spectroscopy (NIRS) is a continu

ous, direct, and noninvasive monitoring device of
cerebral oxygenation and CBV that has been useful
for cerebral monitoring during carotid endarte
rectomy and cardiopulmonary bypass surgery [1,7-9]
where extended periods of decreased cerebral perfu
sion may occur. Due to their relatively thin scalps
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and skulls. NIRS has also been shown to be particu
larly useful in the monitoring of neonates and chil
dren [2,4].
Our hypothesis is that the pathophysiologic re
sponses (eg) cerebral ischemia and metabolic aberra
tions, that occur after severe TEl in children can be
detected earlier and better characterized with cere
bral oximetry using NIRS than with the monitoring
modalities presently employed. For this preliminary
report, we sought: 1) to determine the efficacy of
NIRS in children after TEl by comparing the findings
on the NIRS for cerebral oximetry to standardly
measured physiologic parameters that are routinely
monitored both continuously and intermittently; and
2) to determine the etiology of the changes in ICP
and whether it is predominantly due to increased
CBV and hyperemia or edema.

Materials and Methods

Ten children (1 mo to 15 yo) who suffered a severe TBI (admission
GCS 5 7) were admitted to the intensive care unit after appropri
ate resuscitation and imaging. A ventriculostomy, an arterial line,
and EEG leads were placed in each child, and ICP, MAP, and
EEG were continuously monitored throughout their acute care
course. Each child received intensive medical management as
per our standard severe head injury protocols (IRB approved)
including head elevation, mild hyperventilation (PaC02 30-35),
osmotic diuretics, continuous cerebral spinal fluid drainage, and
in some cases, barbiturates. NIRS was performed using both
the Hamamatsu (NIRO 500) and Somanetics (INV03100A) by
placing optodes over the frontal-parietal region of the more
severely affected side based on the initial CT scan. The smallS mm
diameter optodes of the NIRO 500 enabled placement on all the
areas of the brain.
The light source at the optodes emits light in the near-infrared
range (700nm to 900nm) and illuminates the underlying
tissue. For the NIRO 500, upon receiving the reflected signal at
the optode patch, relative values of oxyhemoglobin (HbO z),
deoxyhemoglobin (Hb), and total hemoglobin (THb) can be cal
culated [4]. Of note is that THb reflects the relative CBV. For the
Somanetics INV03100A, an estimate of regional cerebral oxygen
index (rSOz) is calculated [5]. Over the first 5dafter TBI, trends
up to 24 hours duration were obtained and compared to the stan
dard continuously obtained physiological data including MAP,
ICP, CPP, end tidal COz (ETCOz), and EEG as well as intermit
tent measures including CBF (via stable Xenon CT), and PaC02
(via arterial blood gases).
Intracranial hypertension (ICP > 20 Torr [TD, changes in ICP
and CPP (>lOT), PaCOz, (~8T), MAP (~20T), seizures, and stan
dard ICU care (eg) suctioning, transport to CT, etc., were re
corded and then compared to changes on NIRS specifically,
cerebal oxygen saturation, THb, HbOz, Hb, and rSOz.

Results

Of the ten children studied, there were 6 males and 4
females, with an age range of 1 months-IS years old.
Six were involved in a motor vehicle accident either
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as a passenger (2), bicyclist (2), or pedestrian (2).
Three children were victims of abuse/assault and one
child fell from a horse. All had a Glasgow Coma
Score (GCS) ~ 7 on admission. All underwent inten
sive management of their injuries and were in the
intensive care units for 3 days-3.5 weeks. Four of the
children died and 4 others are left with severe or
moderate disabilities.
Changes in PaC02 2: 8T always resulted in a
change in THb, Hb02, and Hb (Fig. 1). Hyperventila
tion or decreasing PaC02 resulted in a decrease in
THb or relative CBV but also decreased HbOz'

NIRS positively predicted cerebral oxygen desatura
tions with hyperventilation in 100% of cases. Con
versely, increases in PaC02 resulted in increases in
THb and Hb02• These changes along with PaCOz
seemed to indicate that CO2 vasoreactivity was
intact in all of these severely injured children.
Arterial oxygen desaturations (Pa02) could fre
quently be observed by the cerebral oximeters with a
resultant decrease in Hb02 and an increase in Hb
(Fig. 2).
Episodes of intracranial hypertension (ICP > 20T)
and interventions to manage the high ICP often re
sulted in changes in Hb02, Hb, and THb (Table 1).
High ICP and decreased CPP often correlated with
increased THb and Hb02 indicating increased CBV
and cerebrovascular dilatation (hyperemia). Some of
the children, though, exhibited cerebral hemoglobin
desaturation (decreased HbOz and increased Hb),
particularly at times of very high ICP, during
these episodes of increased THb. This most likely
represents local tissue ischemia from decreased
perfusion.
In two patients who suffered seizures, a dramatic
increase in cerebral oxygenation was observed
several hours prior to the onset of seizures. If these
observations are specific and reproducible, cerebral
oximetry may be useful useful in monitoring for
the onset of seizures and appropriate therapeutic
intervention.
The findings for MAP were not as associative.
Changes in MAP of> 20T were only correlative with
changes in NIRS approximately 50% of the time,
and mostly associated with ICP/CPP changes. This
finding for MAP seemed to indicate that pressure
autoregulation was variably intact in these children.
Also, transport of the patient (eg) to CT scan,
resulted in cerebral oxygen desaturation in approxi
mately 50% of instances. Interestingly, in two chil
dren, we observed that post-traumatic seizures were
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Table 1. Cerebrovascular Dilatation and ICP Rise with Reduced
CPP in a Head Injured Child

HbO, Hb ICP CPP
HR:MIN mmoles/liter THb mmHg mmHg

1:00 4.9 3.5 8.4 9 80
2:00 12.7 2.2 14.9 15 74
3:00 40.5 8.7 49.2 30 52
4:00 10.0 1.7 11.7 7 77

preceded by an unexplained rapid rise in cerebral
hyperoxygenation that began within hours before the
onset of clinical seizures with no changes in ICP,
CPP, nor any other physiologic parameter and then
episodic cerebral hyperoxygenation during the ictal
event.

Discussion

Cerebral oximetry has previously been shown to be
efficacious in the determination of cerebral hemody
namics in adults [1,7,9] and neonates [2,4]. The pur
pose of this study was to determine if NIRS could
provide a continuous, noninvasive monitoring of ce
rebral oxygenation in the intensive care unit in se
verely head injured children. We have been able to
show for the first time in this preliminary study, that
NIRS reliably detects changes in cerebral hemody
namics in children following severe TBI. The aspects
of the NIRS that were notable in this study included
an ability to, as an early warning, detect periods of
cerebral oxygen desaturations and/or changes in
CBV during routine care and interventions (eg) hy
perventilation (decreased PaC02), as well as during
changes in ICP, CPP, MAP, PaCOb transport of the
patient, and the development of seizures.
NIRS may serve as a better monitor of the ad

equacy of cerebral oxygenation and perfusion than
ICP and CPP, particularly in response to interven
tions that may cause a pathophysiologic response,
changes in PaC02, Pa02, or MAP. In all instances,
NIRS showed that hyperventilation in these patients
caused not only a decrease in THb (CBV), but also
decreased Hb02 which was reversible with an in
crease in PaC02 indicating intact CO2 vasoreactivity.
These desaturations, though, also occurred at times
when there was no response by ICP measures. As a
result, it remains unclear whether this intervention
was detrimental in all instances. Instances of in
creased ICP were often associated with increased
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THb and Hb02 indicating increased CBV and

hyperemia as the genesis of the raised ICP but there
were also instances of increased THb and decreased
Hb02• Though we did not correlate these occur
rences with MAP, these may represent periods
with hyperemia with local tissue ischemia. We also
found that the changes in MAP were correlative
in 50% of the instances of cerebral oximetry
change. This may be an indication that these were
periods of pressure dysautoregulation since with
intact pressure autoregulation, there should be no
change in THb though maybe an increase in Hb02
due to improved perfusion. Further analysis is
needed.

In conclusion, NIRS may serve as an improved
method of earlier detection and monitor of the
effects of intervention for cerebral oxygen desa
turations and/or changes in CBV in children with
severe TBI which may have an impact on final
outcome. Also, since NIRS was able to detect in
creases and decreases in CBV in children with
increasing ICP, it may also be a useful device for
the further understanding of the etiology of diffuse
cerebral swelling and secondary injury in children
after TBI.
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Summary

Near infrared spectroscopy (NIRS) has become an established
research tool and is now being explored in several clinical settings
[7]. However, until recently NIRS has not been fully quantified
and changes have been difficult to interpret [4]. A new develop
ment by Hamamatsu Photonics, called the Spatially Resolved
Spectrometer (SRS), proposes to be able to give a quantitative
measure of oxygen saturation. We have incorporated the SRS into
a multimodality monitoring system in three different clinical situ
ations: 1) patients undergoing routine cardiopulmonary bypass, 2)
head injured patients and 3) patients undergoing right-sided ca
rotid endarterectomy. The importance of this investigation is in
the development of the SRS machine which shows potential as a
useful clinical tool. The results demonstrated good correlation
between SRS and jugular venous oximetry (Sj02) in about 50% of
patients. Although these results are encouraging, this study sug
gests that the SRS, in its present form, is not a reliable clinical
monitor of cerebral oxygen saturation.

Keywords: Near infrared spectroscopy (NIRS); oxygenation;
spectrometer.

Introduction

The clinical measurement of brain oxygenation is
important since episodes of reduced cerebral oxygen
saturation are associated with a poor outcome in
brain injured patients [9]. Secondary ischaemic
damage frequently develops following the primary
cerebral insult [1,9]. Current methods of detection
tend to be unreliable, time consuming, invasive, ex
pensive and fraught with difficulty [2].
Hamamatsu Photonics, in conjunction with
University College London, have developed a new
near-infrared spectrometer called the Spatially Re
solved Spectrometer (SRS) which proposes to be
able to give a quantitative measure of oxygen satura
tion. Unlike earlier NIRS monitors developed by
Hamamatsu, the SRS is capable of measuring the
absolute concentrations of haemoglobin (Hb) and

oxyhaemoglobin (Hb02) in cerebral tissue, rather
than just the relative changes in concentration of
theses chromophores. Our aim was to assess whether
the newly developed SRS provides valid measure
ments of cerebral oxygen saturation in the adult
brain by comparing the values generated by the SRS
with jugular venous oxygen (Sj02) measurements.
We have incorporated the SRS into out multimo
dality monitoring in three clinical scenarios. Firstly,
in patients undergoing routine cardiopulmonary
bypass (n = 24). It has been shown that the period
following moderate hypothermic bypass is one of
increased neurological risk [8]. We believed that
episodes of global desaturation would help to pro
vide direct validation of SRS against jugular venous
oximetry. Secondly, in head injured patients (n = 16),
since after severe acute head injury, secondary cere
bral ischaemic damage is known to occur [1,9]. Our
aim was to capture these events and correlate Sj02
variations with changes in SRS. Lastly we tested
the SRS on patients undergoing right-sided carotid
endarterectomy (n = 6). Cross-clamping of the inter
nal carotid artery during operation carries the risk of
causing temporary cerebral ischaemia [6]. By fre
quent intermittent blood sampling from the right
jugular bulb, we aimed to quantify the degree to
which desaturation occurs and to correlate these
findings with SRS readings.

Materials and Methods

The SRS differs from conventional NIRS machines by using spa
tially resolved reflectance spectroscopy to estimate absolute con
centrations of Hb and Hb02 in diffuse intracranial tissue and can
in theory provide direct, continuous on-line measurements of
measured cerebral haemoglobin oxygen saturation. The SRS de-
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livers 4 wavelengths of near infrared light through a flexible fibre
optic bundle housing 4 laser diodes. Back scattered light is de
tected by a new design of detector which consists of 3 closely
placed photodiodes arranged in 3 parallel strips. The light detected
by each photodiode is used to generate a plot of log of attenuation
against distance from source. The rate of increase of attenuation
with respect to source/detector spacing, i.e. the slope. can then be
calculated. These measurements are converted into estimates of
the product of absorption and scattering coefficients of the tissue
according to the equation:

1.1 x 1.1 ~ ( 8A _ ~)'
, , &:I d

where 1.1, =absorption coefficient, 1.1, =scattering coefficient. A =
attenuation, d = distance.
In vivo measurements have produced an algorithm which gives

the scattering coefficient for the tissue and thereby estimates the
total tissue absorption coefficient. These calculations are done at
each of the four wavelengths of light. Using a regression model
obtained from multiple regression analysis of known Hb and
HbO, concentrations and absorptions, total absolute concentra
tions of Hb and HbO, for each absorption coefficient can be
calculated, and hence mean cerebral haemoglobin oxygen satura
tion. In each case, the SjO, catheter was placed in the right internal
jugular bulb [5]. Correct positioning was verified by lateral cervical
x-ray [5]. SRS probes were placed high on the ipsilateral forehead,
sufficiently lateral from the midline to avoid the superior saggital
sinus, and care was taken to ensure no hair was between optodes
and skin. Optode spacing was kept at either 5 or 6cm. Frequent
blood samples from the SjO, catheter and arterial line were
analysed for oxygen saturation and haemoglobin concentration.
Events were accurately documented and data signals from all the
monitored parameters were digitised and collected on computer
using specific multimodality software [3]. For purposes of com
parison, linear regression was used to calculate the correlation
coefficient between SjO, and SRS %sat.

Results

Our results from clinical application 1 (patients un
dergoing routine cardiopulmonary bypass) demon
strated that correlation between SjOz measurements
and SRS varied greatly from patient to patient.
Dividing the cardiopulmonary bypass (CPB) opera
tions up into four different periods (Fig. 1) demon
strated a significant difference between the jugular
bulb saturation values obtained pre-bypass, during
early bypass and in the rewarming phase.
Typically the values obtained during bypass were
in the region of 75% saturation, and the lowest val
ues obtained were seen during rewarming (Table 1).
The SRS readings follow a very similar pattern,
with a significant difference seen between the early
bypass period and rewarming. The SRS values are
lower than the SjOz and the range of changes is
smaller.
For individual cases, r values were found to be in
the range 0.08-0.97.. However, a significant correla
tion was seen in 50% of patients. When the data for
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Table 1. Pooled Data (Means ±se) for Different Stages of Hypoth
ermic CASG Operation

Pre- Early Post-
bypass bypass Rewarming bypass

SRS (%sat.) 54 ± 3.3 57 ± 3.8 49 ± 3.4 54 ± 3.9
Sj02 (%sat.) 62 ± 5.6 73 ± 4.6 55 ± 5.3 63 ± 5.6
Sa02(%) 97 ± 1.0 97 ± 1.1 96 ± 1.0 96 ± 1.0
ABP (mmHg) 73 ± 5.4 56 ± 6.4 57 ± 5.4 68 ± 3.8

all 24 CPB cases was regressed, the scatter of data
points was high (r = 0.41).
Our results obtained from the head injury group
have demonstrated a very similar picture to that ob
tained in the cardiopulmonary bypass patients. Great
variability was seen in correlation between SRS and
SjOz saturation both between patients (r values rang
ing between 0.03-0.88) and during the period of
monitoring anyone patient. Fig. 2, taken from our
multimodality software, demonstrates the typical
data obtained from a case showing good correlation.
One of the main problems encountered has been
the difficulty obtaining adequate intensity readings
from the SRS. This has occurred in approximately
50% of the patients monitored. Even with the optode
distance as close as 3cm we often obtained extremely
low values for detected light.
Our carotid endarterectomy results have also

shown the same variability. Three out of the six pa
tients showed good correlation. In those cases where
the SRS did closely follow the SjOz readings, the SRS
responded to periods of desaturation more rapidly
than the jugular bulb catheter.
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SRS monitors regional saturation. Finally, the

conditions of haemodilution, hypothermia and non
pulsatile flow which occur during CPB, could
introduce errors into the readings and render
the algorithm of the SRS inadequate under these
conditions.
Continuous and non-invasive monitoring of oxy
genation using SRS shows potential as a method for
detecting desaturation. However, the results of our
studies suggest that the SRS is not, as yet, a reliable
monitor of cerebral oxygen saturation due to a
multitude of conflicting variables. In particular, the
problems of extracerebral contamination need to be
addressed and future developments of this technique
will need to be able to extract this signal.
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Fig. 2. Graphic display of data obtained from a head injured
patient, showing SRS and Sj02 saturation over a 40 minute period.
The SRS and Sj02 follow a very similar pattern and are closely
correlated (r = 0.78)
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Discussion

Despite the vanatlOn between SRS and Sj02, the
incidences of good correlation are encouraging.
There are a number of reasons as to why, on some
occasions, the SRS and jugular bulb readings varied
so widely. As with all forms of NIRS, extracranial
contamination is a problem [4,7]. Modelling calcula
tions based on MRI images and showing PMDF
(photon measurement density function) demonstrate
that the adult head models show very little sensitivity
for near-infrared light in areas of grey and white
matter, with most of the light probing skin and skull.
This assumes even greater importance in the swollen
extracranial tissue of head injured patients. It is also
likely that the CSF layer causes a uniform distribu
tion of near-infrared light, which results in a reduc
tion in the calculated slope and ultimately to
abnormally low values for saturation.
The small range of SRS values may be expected

since the cerebral microcirculation (from which the
SRS obtains its values for Hb saturation), although
largely of venous composition, has a 25% contribu
tion from the arterial and capillary circulation. Addi
tionally, Sj02 measurements give an estimation of
the global cerebral oxygen saturation whereas the
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NIRS: Dose Dependency of Local Changes of Cerebral HbOz and
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Summary

Regional cerebral oxygenated hemoglobin and total hemoglobin
increased systematically with increasing depth of hypercapnia, but
the concentration of deoxygenated hemoglobin remained rela
tively constant. Relative mean changes of oxygenated and total
hemoglobin increased nearly linearly. corresponding to the char
acteristic increase of the cerebral vascular dilation with increasing
depth of hypercapnia.

Keywords: NIRS.

Introduction

Carbon dioxide is a cerebral vasodilator. Cerebral
blood flow (CBF) increases rapidly over arterial
pC02 values from 20 to 90 mmHg, then increases
more gradually at values greater than 90mmHg,
fitting an exponential curve [4]. Cerebral blood vol
ume increases linearly with increasing arterial pC02
when computed from measured CBF and cerebral
vascular mean transit time by using radiolabeled
150xygen as a tracer [3]. A non-invasive technique,
near-infrared spectroscopy (NIRS) offers the ability
to assess relative changes in regional cerebral blood
volume (MCBV) by monitoring the relative changes
of oxy-hemoglobin (.1Hb02) and deoxy-hemoglobin
(~Hb) [2,5]. The summation of ~Hb02 and .1Hb
gives relative total hemoglobin changes (.1TotalHb),
which is proportional to MCBV when the hematocrit
(Hct) is constant. The purpose of this study was to
evaluate the dose-dependency of concentration of
the hemoglobin chromophores induced by varying
the state of hypercapnia in a laboratory preparation.

Methods and Materials

Eight piglets. weighing 1.5 to 3 kg were used in this study.
Each animal was anesthetized with ketamine (33 mg/kg) and

acepromazine (3 mg/kg). The animals were intubated and venti
lated with a positive pressure respirator set at a rate ranging from
15 to 25 breaths/min and inspiration pressure was about 9
12cmH,O. Anesthesia was maintained a-chloralose (50mgikg, ini
tially, and lOmg/kg hourly). Arterial pressure was recorded from
a fluid filled catheter placed in the brachial artery. Intracranial
pressure (ICP) was recorded using the Camino fiber optic system
(Camino Laboratories, San Diego, CAl. Arterial pCO, was
changed by altering the amount of CO, gas mixture of the inspired
air. Arterial blood gas measurements were made about 15 minutes
after each change in gas mixture.
An incision was made in the scalp and the NIRS probe, consist

ing of two laser diode light sources (wavelengths 750 and 81Onm),
with a photodetector located 2 cm away from the laser diodes, was
placed on the skull over the right cerebral hemisphere. The lCP
probe was inserted in the left cerebral hemisphere via a burr hole
in the skull and fixed with dental acrylic. The NIRS system used
was of our own design. and similar to the NIRS systems used in
other studies [l]. Data were recorded via Dataq 01-220 (Dataq
Instruments, Akron, OH) portable data acquisition system and
stored on the computer for future analysis.

Results

An example of recorded relative changes of regional
cerebral oxygenated and deoxygenated hemoglobin
and total hemoglobin as the CO2 gas mixture was
adjusted by steps (pC02set at 30, 45, 65, 100, 65, 45,
30mmHg), with each step transition occurring every
15 to 30 minutes is shown (see Fig. 1). Numbers
above each arrow represent the measured arterial
pC02 values at specified time. Both ~Hb02 and
~TotalHb rose with increasing depth of hypercapnia
while .1Hb generally decreased slightly. In most
cases, .1Hb02and ~TotalHb decline towards normal
levels as arterial pC02 decreased. Relative mean
changes of regional cerebral hemoglobin with in
creasing depth of hypercapnia are shown (see Fig. 2).
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Fig. 1. Example of relative changes of hemoglobin versus arterial
pCOz' Hypercapnia was produced by increasing the inhalation
flow of COz. Measured arterial pCOzvalues are indicated
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Discussion

Since ~TotalHb IS proportional to MCBV, our
results show a rise of ~TotalHb with increasing
arterial pCOzsimilar to Grubb et al. [3]. The increas
ing ~HbOz and ~TotalHb seems to appear linear
with increasing arterial pCOz. Large, simultaneous
changes of ~Hb02 and ~TotalHb relative to ~Hb
could result from greater relative increases of pre
capillary blood volume as opposed to postcapillary
volume. Conversely, and more likely, since NIRS
monitors a mixed bed of tissue containing arterioles,
venuoles, and capillaries, the results suggest an in
creasing oxygenated blood volume passing to the
venous circulation. Since COz acts as a vasodilator to
cerebral vasculature, the lower resulting vascular re
sistance, mainly from the relaxation of the arterioles,
would allow more oxygenated blood to pass to the
venous circulation as a result of greater blood flow.
Interestingly, the NIRS parameters vary with the res
piratory cycle, showing a slight oscillation. With in
creasing arterial pCOz, the peak-to-peak respiratory
modulated amplitude of ~HbOz and ~TotalHb was
observed to increase. The changing vascular resis
tance and compliance during elevated pCOzmay be
responsible for these observations.
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In constructing this figure, averaged values of ~Hb,
~HbOz, and ~TotalHbwere placed in five categories
relative to arterial pCOz. These values were 25, 42,
55, 70, and 85mmHg during the induced increase
of pCOz to the maximum value. We selected the
category of pCOz at 42mmHg to represent the
baseline in which the NIRS parameters were set to
zero.

Fig. 2. Relative changes of regional cerebral hemoglobin with
increasing depth of hypercapnia. The grand mean values com
puted from all animals are plotted with standard error bars. In
creasing the depth of hypercapnia increases relative blood volume
and ~HbOz
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for Therapy of Severely Head Injured Patients
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Summary

Fifty-five head injured patients (GCS < 8) were studied at an
average on.5 +/- 3.4 days on the ICU to check quality of hemody
namic monitoring and the consequences for therapy. Multimodal
neuromonitoring included intracranial pressure (JCP), mean arte
rial pressure (MAP), cerebral perfusion pressure (CPP), endtidal
CO, (EtCO,) as well as brain tissue - p02 (p(ti)02)' regional
oxygen (rSO,) and jugular venous oxygen saturation (SjO,). Re
gional p(ti)O, as well as global SjO, were sensitive technologies to
detect hemodynamic changes. However analyzing reliability and
good data quality regional p(ti)O, (up to 95%) was superior to
jugular bulb oximetry (up to 50%). Longterm - measurements of
rSO, using near infrared spectroscopy reached, if possible. a re
stricted reliability (good data quality up to 70%) and sensitivity in
comparison to p(ti)O,. Especially p(ti)O, enabled detection of
critical p(ti)O, «15 mm Hg) in up to 50% frequency during the
first days after trauma and a second peak after day 6 to 8 according
to evidence of CPP insults. Knowledge of baseline p(ti)O, and
CO, - reactivity allowed minimizing risk of ischemia by induced
hyperventilation and improvement on cerebral microcirculation
after mannitol administration could be individually recognized.

Keywords: Brain tissue - p02: jugular venous oxygen saturation;
regional oxygen (rSO,).

Introduction

Secondary insults, caused by hypoxia or increased
intracranial pressure, are major factors worsening
outcome of severely head injured patients during
longterm intensive care treatment. Therefore, hemo
dynamic monitoring technologies are necessary
to detect and treat early such ischemic events.
Nowadays there are different continuous monitoring
methods available: The jugular venous oximetry [2]
is an invasive global/hemispheric method, which de
termines cerebral oxygenation only indirectly. Brain
tissue - p02 (p(ti)02) measurement [1] is an invasive,
regional method. Monitoring of brain p(ti)02 reflects

the balance between the oxygen offer of the blood
and the oxygen consumption of the brain tissue.
Regional oxygen saturation (rS02) using near infra
red spectroscopy [3] is a non - invasive technology.
The issue of our study was to check the quality of
these new hemodynamic monitoring technologies.
Additionally time course of ischemic insults was ana
lyzed and consequences for therapy of raised intrac
ranial pressure were evaluated.

Patients and Methods

Totally 55 severely head injured patients (GCS < 9, age 31.3 +/
9.8) with diffuse or focal brain injury were studied at an average of
7.5 +/- 3.4 days (range 1-16) on the neurosurgical ICU. All pa
tients were treated. using a standard therapeutic protocol. Space 
occupying intracranial haematomas were immediately evacuated.
All patients were treated to control ICP below 20 mm ICP and
CPP above 70 mm Hg using sedation. hyperventilation and man
nitol. Permission to perform multimodal neuromonitoring was
given by the local ethics committee. Neuromonitoring included
ICP (Camino Laboratories. San Diego, U.S.A.), MAP, recorded
from a radial arterial catheter calibrated to the Foramen of
Monroi, the calculated CPP (= MAP minus ICP), endtidal
CO, (CO'et), regional brain p(ti)O, (LICOX System, GMS mbH,
Kiel-Mielkendorf, Germany). rS02 (JNVOS 3100 Oximeter,
Somanetics, Detroit, U.S.A.) and SjO, (Oximetrix-3 System,
Abbott Laboratories. North Chicago, U.S.A.). The brain p(ti)O,
sensor was inserted hesides the tissue ICP - prohe in CT - visible
normal brain (white matter) on the right frontal side, if there was
a diffuse brain injury or on the affected side, if there was a hemi
spheric lesion [1]. Transcranial cerebral oximetry was performed
attaching the disposable sensor pad to the patients frontal skin
at the same side of ICP -, p(ti)O, - monitoring [3]. The SjO,
monitoring was done after placement of a fiberoptic catheter
into the jugular bulb corresponding to the technique described by
Robertson et at. [2]. Data - sampling and - storage (every 10
seconds) in ASClI data files were done using a personal computer
(Intel 486/75 Mhz, 16 AD converter, 16 Mbyte RAM, 1 Gbyte
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15mmHg. On day 3, 4 and 5 a relative increase up

to hyperemic p(ti)02 (>30mm Hg) could be found,
which decrease to normal level of p(ti)02 after day 6.
Analyzing the distribution of three different p(ti)02
classes (<15mmHg, 15-30mmHg, >30mmHg) criti

callow p(ti)02 values <15mmHg could be observed
in more than 50% on day 1, on day 2 in approxi
mately 25% frequency. A second peak was found
after day 6. Ischaemic p(ti)02 episodes were caused
often by raised intracranial pressure, systemic
hypotension as well as hypocapnia and rarely sys
temic hypoxia.
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hard disk) working on a MS-DOS / windows program and
were statistically evaluated with our own program based on
Mathematica running on an UNIX workstation.

Results

Data Quality

Regional p(ti)02 as well as global Sj02 were sensitive
technologies to detect hemodynamic changes. How
ever, analyzing reliability and good data quality re
gional p(ti)02 (up to 95%) was superior to jugular
bulb oximetry (up to 50%). Longterm - measure
ments of rS02 using near infrared spectroscopy are
sometimes technically impossible. If data reading
was possible, reliability (good data quality up to
70%) and sensitivity was restricted in comparison to

p(ti)02'
Based on our data of practicablitiy and reliability,

we focused our studies on brain p(ti)02 and analyzed
the time course of brain p(ti)02 and the effect of
therapy.
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Time Course ofp(ti) O2 after Head Injury

Time course of P(ti)02 (n = 40) is illustrated in Fig. 1.
In the first two days after injury p(ti)02 ranged below

Fig. 1. Time course of brain tissue - pO, (p(ti)O,) after severe
head injury. Graphs were calculated from ASCII data files of forty

patients. Median p(ti)02 +/- standard deviation every 6 hours, top
line: number of included patients per day after trauma

lOG] (mmHgJ

36 25

30 20

24 15

18 10

12

Day 4
6 0

19:27 19:32 19:37 19:42 19:47 19:52
15.01 15.01 15.01 15.01 15.01 15.01

lOG] [mmHg)

36 25

30 20-

24 15 HV..

~

18 10

12 5

Day 1
6 0

20:05 20:10 20:15 20:20 20:25 20:30

12.01 12.01 12.01 12.01 12.01 12.01

Fig. 2. Hyperventilation therapy (HV) for treatment of raised intracranial pressure - orginal tissue - pO, (p(ti)O,) - chart of a severely
head-injured patient after change of paCO,: Day 1 after trauma (left): Induced hypocapnia (paCO, 28 mm Hg) decreased critical low
p(ti)02 (p(ti)02 < 10-15 mm Hg), which normalized under baseline conditions (paC02 34 mm Hg). Day 4 after trauma (right): Induced
hypocapnia (paC0227 mm Hg) decreased baseline - p(ti)O, above 25 mm Hg. However, despite of pronounced CO, - reactivity of vessels
p(ti)02 did not decrease to critical level and p(ti)02 normalized under baseline conditions (paCO, 33 mm Hg)
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Effect of Therapy (Hyperventilation, Mannitol)

on p(ti)02

Analyzing 80 measurements (performed in 24 pa
tients) after induced hypocapnia (baseline paC02
33.4 +/- 1.4mmHg decreased to 26.6 +/- 1.3mmHg)
from day 0-9 after trauma, we could detect in 26% of
the cases worsening of cerebral oxygenation below
lOmmHg, especially in patients with initial critical
low p(ti)02 < 15mmHg and intact CO2- reactivity of
the vessels. Fig. 2 demonstrates the time - depen
dent, variable effect of induced hypocapnia and
recommended a carefully balanced indication and
duration of hyperventilation therapy. Analyzing 34
studies (performed in 11 patients) after administra
tion of mannitol (0.5 g/kg body weight) divided in
three groups (p(ti)02: < 15mmHg, 15-30mmHg,
>30mmHg) a similiar significant decrease of ICP and
increase of CPP could be detected in every group.
However p(ti)02 improved especially in patients
with reduced or normal p(ti)02 after mannitol
administration.

Discussion

Multimodal monitoring of cerebral haemodynamics
supplements neuromonitoring (ICP, MAP, CPP) for
treatment of severely head injured patients. How
ever actually only regional p(ti)02 is a safe, reliable
and sensitive method to follow cerebral oxygenation

J. Meixensberger et al.: Multimodal Hemodynamic Neuromonitoring

during longterm - period after trauma. Early detec
tion of critical episodes of regional microcirculation
(p(ti)02 < 10-15mmHg) enables a targeted therapy
and balance of hyperventilation and mannitol admin
istration. However, further comparative studies of
p(ti)02 and global CBF measurements are necessary
to clarify the value of this regional technique in dif
ferent patterns of brain trauma (diffuse/local). In
addition development of multichannel sensors (p02'
ph lactate) as well as two - point measurements will
help to understand pathophysiology of secondary
ischemic brain damage. This may optimize our treat
ment and improve outcome of severely head injured
patients.
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Summary

The aim of this study was to assess Near-infrared spectroscopy
(NIRS) as a tool for testing CO2 reactivity in patients with carotid
occlusive disease. One hundred sixty patients were examined (age
range 44 to 85 years). Monitored parameters included transcranial
Doppler flow velocity (FV), changes in concentration of oxy
(HbO,) and deoxy (Hb) haemoglobin. cutaneous Laser Doppler
blood flow (LDF), endtidal CO" ABP, and SaO,. Hypercapnia
was induced using a 5% CO, air mixture for inhalation. To esti
mate the skin flow contribution to NIRS during reactivity testing,
the superficial temporal artery was compressed. and the NIRS
changes in response to the fall in LDF recorded. FY and HbO,
derived reactivity values were related to the severity of the
stenosis (p = 0.0001 and 0.021 respectively). The correlation be
tween the two modalities was significant (r = 0.47. P < 0.000(01).
The average estimated skin contribution to NIRS changes was
16.5%. Reproducibility of HbO,-reactivity was similar but worse
than FY reactivity (19.1 % and 13.8% variation respectively). The
clinical correlations improved when our method of correction for
skin influence was used. NIRS shows potential as an alternative
technique for testing CO, reactivity in patients with carotid disease
provided the conditions are carefully controlled and the contribu
tion from extracranial tissue is taken into account.

Keywords: Cerebrovascular reactivity; near-infrared spectroscopy
(NIRS).

Introduction

Near-infrared spectroscopy (NIRS) derives informa
tion about the concentrations of oxy-(Hb02) and
deoxyhaemoglobin (Hb) from measurements of light
attenuation caused by these chromophores [2]. A
recent application for NIRS is the assessment of cere
brovascular reactivity [5,7]. A persisting concern with
NIRS, though, is the extent to which light is attenu
ated by the extracranial tissues. Although initial im
pressions indicated that the skin contribution is
negligible [2], recent investigations indicated that this
is not the case [3]. Our earlier experience suggests
that extracranial contamination does not appear to

be significant during a CO2 challenge in normal adult
volunteers, since the recorded changes in cutaneous
blood flow are small [5]. However, in the presence of
carotid artery disease, where extra- to intracranial
collaterals develop, the cutaneous component to the
attenuation of NIRS signals may become important.
The aim of this project was therefore to validate near
infrared spectroscopy as an alternative tool for test
ing CO2 reactivity in patients with carotid artery
disease with a special attention put to the problem of
extracranial contamination and reproducibility of the
results. In attempt to reduce cutaneous factors, we
have chosen to adopt a large interoptode separation
(at least 5cm), and to record other modalities that
monitor changes in skin blood flow allowing an esti
mation of extracranial influences [5].

Materials and Methods

One hundred sixty patients (age 44 to 83 years) with symptomatic
carotid artery occlusive disease were examined. The severity of
stenosis ranged from 30% to complete occlusion (median 80%) on
the ipsilateral side, and 0% to total occlusion (median 30%) on the
contralateral side, as demonstrated by carotid angiography. Near
infrared probes (NIRO 500, Hamamatsu Photonics, Japan) were
positioned 6cm apart on the patients' forehead on the side of the
transcranial Doppler probe (PC DOP 842, Scimed, UK). A cuta
neous laser Doppler probe (LDF. MBF3D, Moor Instruments)
was placed in the immediate vicinity of the NIRS probes. Signals
of MCA flow velocity (FY), changes in concentration of HbO,
and Hb, non-invasive arterial blood pressure (ABP) (Finapress,
Ohmeda 2300, USA), endtidal CO, (EtCO,) and arterial oxygen
saturation (SaO,-Multinex 4200. Datascope) were sampled
(50 Hz) and captured using specific software. For calibration of the
near-infrared spectrometer readings. a path length factor of 5.93
was adopted [5]. The difference between HbO, and Hb (HbMf)

was calculated to improve the signal to noise ratio.
The patients were subjected to 5 minutes of breathing a mixture
of 5% CO, in air. In 30 patients the CO, challenge was repeated
after a 5 minute rest period for assessment of the reproducibility of
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Results

clatIons were statistically more significant. NIRS
derived reactivity indices demonstrated significant
correlation with FV reactivity. The highest correla
tion was obtained with Hbdiff (r = 0.47, P < 0.000001,
Fig. 2). There was on average 9.5% (range: -64% to
86%) change in laser Doppler flux during hyper
capnia. The estimated skin contribution to HbOz
reactivity varied from -11% to 105% (median value
of 16.5%). Increases in LDF were predominantly as
sociated with increases in ABP; however, the direct
correlation between relative ABP and LDF changes
was not statistically significant. The correlation coef
ficient between FV and NIR derived indices im
proved when corrected values were used (r = 0.55 for
Hbdiff). Mean arterial blood pressure on average rose
during the period of hypercapnia (mean increase
14% ± 15.1% S.D). Relative changes in ABP did
not show any correlation with FV reactivity; how
ever, they were significantly correlated with NIRS
reactivities (r = 0.26, P < 0.022). Analysis of reproduc
ibility of reactivity parameters showed similar vari
ability in FV and in NIRS parameters (variability of
13.8% versus 19.1% for Hbdiff respectively). Analysis
of influence of ABP showed significant correlation
between variability in ABP and HbOz (r = 0.68,
p < 0.027), and between changes in LDF response
and changes in ABP (r = 0.86, P < 0.002).
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All NIRS reactivIties were significantly lower on
the ipsilateral side than on the contralateral side
(p < 0.008 for Hbdiff), and there was significant asso
ciation with the severity of stenosis (p < 0.02, Fig. 1a).
Flow velocity reactivity indices showed a similar rela
tionship with the side (p < 0.00019) and severity of
stenosis (p < 0.0001, Fig. 1b) as NIRS, but the asso-

the test. The same protocol was carried out for both sides. NIRS
reactivity indices were defined as absolute increase in concentra
tions per 1 kPa increase in EtCO~ and TCD reactivity index was
defined as relative increase in FV per I kPa change in EtC02• To
assess the influence of skin flow changes on NIRS readings, two
superficial temporal artery compressions were performed at the
end of the reactivity test, and the variation in NIRS parameters
during the fall in cutaneous blood flow captured (see Appendix).
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The TCD-derived reactivity indices have been de
scribed to decrease with increasing severity of ICA
stenosis [1]. Our data showed that both FV and NIRS

Fig. 1. Bar graph showing relation of the (a) Hbdifl and (b) FV
reactivity parameters to the severity of ipsilateral stenosis. The
bars shows 50 percentile range and the dots denote median
values. The last category in the graphs denotes severe stenosis on
the ipsilateral side combined with significant (greater than 50%)
stenosis on the contralateral side
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Fig. 2. Scatterplots showing correlation between FV and Hbd;ff
reactivity indices. Correlation coefficient was calculated using
non-parametric Spearman formulae. Fitting a linear model with
out intercept produced regressions with a close fit (R2 = 0.8)
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reactivity indices follow this pattern and the relation
ship is statistically significant for both modalities.
This observation supports the notion that there is a
major intracranial haemodynamic component to the
changes recorded with NIRS. Although there was a
strong association between FV reactivity and NIRS
parameters, the discrepancy was greater than attribu
table to measurement errors. In addition to errors
associated with the assumptions of the NIRS tech
nique discussed in [5] there are two other important
factors that are likely to contribute to discrepancy.
The first is the extracranial contamination, here as
sessed using cutaneous laser flowmetry [4]. The study
showed that, despite a relatively large distance be
tween optodes, there is a significant influence of ex
tracranial circulation to NIRS recordings. This was
particularly true for cases with marked increases of
ABP noted during the CO2 challenge which is prob
ably mainly due to effect of extracranial circulation
responding passively to ABP. With NIRS reactivities
corrected for skin influence, a better correlation with
the severity of stenosis and with FV reactivity was
achieved. The second factor is the anatomical vari
ability of the territories supplied by the six major
arteries of the circle of Willis [6]. Thus some mea
surements could have been taken from the territory
supplied by the anterior cerebral artery instead of
middle cerebral artery, which becomes important
considering haemodynamic disturbances present in
carotid disease. Finally, since NIRS measures paren
chymal (small vessel) reactivity, these findings may
reflect differences in reactivities of the various com
ponents of the vascular tree.
The use of NIRS to assess cerebrovascular reac
tivity in adults with carotid artery disease shows
promise, and may be able to supplement those pres
ently used in clinical practice. To achieve this, atten
tion to the examination procedure is essential, with
particular attention for identifying and controlling
influential variables. In particular, changes in ABP
and extracranial blood flow need further consider
ation. The method of correcting for skin flow changes
presented is simple, and offers an improvement.
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Appendix - Estimation of Skin Flow Contribution

In order to estimate the skin flow contributions to NIRS param
eters linear regressions of Hb and Hb02 signals versus LDF
changes were performed on the data acquired during the superfi
cial temporal artery compressions. The following parameters were
defined:
Skin flow contribution:

~Hb02(Sk;OF'OW) = rHb02 LDF· ~LDFc02' [umol/lJ

Sk ' fI . fI ~Hb02(Sk;oFlow) 100°/
In ow In uence = . /0,

(~HbO/(C02 \ +~HbO 2(SkiOFIOW))

where rHb02LDF is a slope of the HbO/LDF regression,
~LDFc02 denotes change in LDF during CO2 challenge,
~Hb02IskioF'owl is change in Hb02signal due to the skin flow change
and HbOz'lco21 is change in Hb02during hypercapnia corrected for
the skin flow contribution. Analogous calculations were per
formed for Hb, tHb and HbMf parameters.
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Summary

An electrical-equivalent circuit model of the cerebrovascular
system is proposed, components of which directly relate to
cerebrospinal fluid (CSF) compartment compliance and the
determination of intracranial pressure (ICP). The model is based
on three premises: 1) Under normal, physiologic conditions, the
conversion of pulsatile arterial to nonpulsatile venous flow
occurs primarily as a result of arterial compliance. Nonpulsatile
venous flow is advantageous because less energy is required to
maintain constant flow through the venous system, which com
prises 75-80% of total blood volume. 2) Dynamic CSF movement
across the foramen magnum is the primary facilitator by which
intracranial arterial expansion occurs. Interference of the displace
ment of CSF during systole results in pulsatile venous flow and
increased venous flow impedance. 3) Tissue hydrostatic pressure
(here defined as ICP) is a dependent variable which is a function of
capillary hydrostatic pressure and the osmotic/oncotic pressure
gradient created by the blood-brain-barrier (BBB).
An interference of transcranial CSF movement results in a de

crease in cerebral blood flow (CBF) due to inertial effects imped
ing pulsatile venous flow. Feedback regulation in response to this
decreased CBF leads to arteriolar vasodilatation (decreased resis
tance), thereby lowering the pressure difference between internal
carotid and capillary pressures. Assuming no changes in the BBB
potential, ICP increases linearly as capillary pressure increases.

Keywords: Cerebrospinal fluid flow; theoretical model.

Introduction

The pathophysiology of intracranial hypertension
remains incompletely understood. The hemody
namic theory of ICP physiology proposed here dif
fers significantly from previously proposed models
[2,4,5,7]. First, the theory is not founded on the tenet
that an increase in intracranial volume is the mecha
nism by which ICP increases. Rather than consider
ing volume changes as the primary disturbance, the
hemodynamic theory defines ICP as a function of
hydrostatic forces acting at the capillary level. It

is hypothesized that changes in capillary pressure
dynamics arise secondary to altered cerebral arterial
venous hemodynamics. In addition, instead of mod
eling obstruction of bulk CSF flow, primary emphasis
is placed on dynamic, pulsatile CSF flow, specifically
in regard to intracranial compliance.

Methods

The theoretical foundation of the proposed theory is based on
physical principles, hemodynamics, and Starling's capillary law.

Premise I: Cerebrovascular impedance is a function of the
intracranial Windkessel phenomenon. As a generalization, arterial
blood flow is pulsatile, whereas venous flow is steady. Flow
oscillations have been shown to be absent in veins as small as 1mm
in diameter [6], therefore suggesting that the transformation of
pulsatile to nonpulsatile flow occurs in the arterial system. The
elasticity of arterial walls is responsible for transforming the
pulsatile cardiac outflow into a relatively steady motion of blood
in peripheral vessels (the phenomenon termed the Windkessel
effect).
The importance of nonpulsatile venous flow lies in the fact that

cerebral venous blood pool constitutes 70-80% of the total brain
blood volume [1]. Under normal physiologic conditions, the over
all efficiency of the cardiovascular system is high because less
energy is required to maintain the venous blood pool at a steady
flow than would be required to constantly accelerate and deceler
ate this mass of blood.
In the peripheral (non-cranial) circulation, the arterial

expansion is facilitated by the pliable nature of the skin. The
adult cranial compartment. on the other hand, is practically
indistensible. Cerebral arterial expansion instead is a function of
the dynamic intracranial volume buffering system: the CSF.

Premise 2: The cerebrospinal fluid system is the primary facili
tator of the intracranial Windkessel effect. The functioning of the
intracranial Windkessel effect mandates that the cerebral arteries
be allowed to expand within the intracranial compartment. Since
this compartment is of fixed volume, this imposes strict relation
ships regarding intracranial volume and pressure. According to
the Monro-Kellie doctrine. a net addition of volume to the intrac-
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It should be emphasized that R", dOl;s not represent what is com
monly referred to as "cerebrovascular resistance."
The intracranial venous system is modeled by an inductor,
the electrical equivalent to inertia, in series with a resistor re
presenting the venous resistive component. The value of the
inertance, L, is related to the mass of blood contained within the
venous system,
Combining Eqs. 1 and 2, ICP can be defined as:

An electrical-equivalent model is proposed to diagrammatically
present the respective components of the cardio-cerebrovascular
system (Fig. 1). The circuit is a first-order approximation, consist
ing of lumped elements representing general components of the
circulation. The brain is considered to be uniform in terms of
vascular motor tone and blood-brain-barrier function, thereby
limiting this analysis to global changes in ICP. A convention is
adopted equating voltage to pressure and current to flow.
The intracranial arterial system is divided into two segments.

The proximal segment (large and medium arteries) is presumed
to primarily subserve the Windkessel capacitor. The capacitive
reactance is a function of the intracranial compliance and the
transmural pressure difference between internal carotid artery
blood pressure BPICA and ICP. The distal segment of the arterial
tree is modeled as a variable resistor which is responsive to mean
CBF (metabolic autoregulation).
At the capillary, or tissue level, the pressure gradient due to
oncotic-osmotic forces is depicted as a constant voltage (pressure)
source Puuu , the value of which varies with integrity of the BBB.
BPC'p is the difference between BPICA and the pressure drop, which
occurs across arterioles due to resistive losses (R,,,tl:

Results

C

BP'CA -(1. Rart)(CBF)- PBBB ~i ICP
In this hypothetical situation of intracranial hyper
tension, in which there is only a minor impairment
of CSF-translocation, CBF can be maintained at the
normal (baseline) level.
A further impairment of the CSF-translocation
mechanism can result in a more severe reduction
in arterial compliance. If the resulting increase in
venous impedance (due to greater venous pulsatility)
reduces CBF beyond the limits of metabolic
autoregulation (maximal arteriolar vasodilatation),
CBF will remain inadequate. In this case, the in
crease in ICP will be further augmented:

ICP

The pathogenesis of intracranial hypertension: Per
turbation of the normal intracranial homeostasis can
occur by a variety of mechanisms. ICP-related per
turbations can be grouped into four categories:
1) interference of the dynamic CSF translocation
system, 2) disruption of the blood brain barrier, 3)
obstruction of venous outflow, and 4) changes in the
input pressure and waveform, This analysis will focus
on the CSF system primarily.
As proposed in Premise 2, the efficiency of the
Windkessel mechanism is intimately related to the
functioning of the CSF translocation system. When
the dynamic egress of CSF from the intracranial com
partment is hindered, an increase in venous flow
pulsatility occurs. Due to inertial forces impeding
acceleration and deceleration of the blood mass,
total CBF will decrease. The normal physiologic
response to a decrease in CBF is arteriolar vasodila
tation, mediated by metabolic autoregulation (de
crease in RarJ If there is no change in BP\CA or PBBB,
the result of this physiologic compensation is an in
crease in ICP:

Fig. 1. Electrical equivalent circuit of the cerebrovascular circula
tion, the blood-brain-barrier, and intracranial pressure (ICP).
BPICA internal carotid blood pressure (here depicted as a voltage),
C variable arterial capacitance (analog to compliance), R"n arteri
olar resistance, BPca" capillary blood pressure, PBBB pressure (volt
age) gradient generated by the osmotic potential difference of the
blood-brain-barrier, L venous inductance (analog to mass), BPJ"g
internal jugular vein blood pressure

SPICA -----r---.JNmIr--T-'::;....--...I'Y>'VYY'"-_ SPJug
L

(Eq.3)

(Eq.2)

(Eq.l)ICP = BPcap - Puuu

ICP=BPICA -(CBF)(R,,,,)-Puuu

ranial space is not possible within the realm of physiologic pres
sures. In the normal physiological state. the difference between
pulsatile internal carotid artery flow and near-steady internal jugu
lar flow signifies that a net volume of blood entering the intracra
nial compartment varies within the cardiac cycle. This net change
in cerebral blood volume during the cardiac cycle is accommo
dated by the intracranial cavity by the dynamic translocation of
CSF across the foramen magnum to the compliant spinal compart
ment [3].
One of the fundamental assertions of the hemodynamic theory

is that an interference of the CSF translocation system will directly
affect the efficiency of the intracranial arterial Windkessel effect.
The resulting decrease in arterial compliance (capacitance) will
increase venous pulsatility, and therefore increase venous flow
reactance. Given the disparity of the blood pool distribution. an
increase in venous flow impedance will have a disproportionately
large effect on total cerebrovascular impedance. In summary. the
integrity of the CSF translocation system is directly related to
cerebrovascular impedance, and therefore cerebral blood flow
(CBF).

Premise 3: Local intracranial pressure is determined primarily
by hydrostatic forces acting at the capillary level. For conceptual
purposes, ICP will be considered here as equivalent to brain tissue
hydrostatic pressure. It is proposed that ICP is predominantly
determined by Starling's forces occurring at the capillary level.
The hydrostatic pressure gradient (capillary pressure BPear minus
ICP) will equal the oncotic-osmotic pressure gradient generated
by the blood-brain-barrier (Puuu). Under steady state:
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BPICA -(-1--1- Rart)(J- CBF)- PBBB ~ii ICP
In this uncompensated state, an elevated ICP will be
found in conjunction with a reduced CBF.

Discussion

The proposed hemodynamic theory and model
predicts an association between ICP and CBF which
is opposite of that of the "standard" model. Rather
than ICP causing a reduction in blood flow, the
hemodynamic model predicts that early phase deter
minants of intracranial hypertension result from
compensatory mechanisms responding to reduced
CBF. The finding of intracranial hypertension
likely signifies arteriolar vasodilatation in response
to the increased venous flow impedance. Therefore,
if autoregulatory mechanisms are intact, therapeutic
maneuvers such as hyperventilation may be deleteri
ous due to depriving the brain of demanded CBF.
Both the hemodynamic and the "standard" models
predict that hyperventilation will reduce ICP, al
though with opposing consequences.
The general equation of ICP (Eq. 3) also applies to
many common clinical scenarios not primarily associ
ated with interference of CSF movement. Opening of
the blood-brain-barrier is known to elevated ICP,
here modeled as a decrease in PBBB. It should be
noted that the variables in Eq. 3 are not independent.
For example, an increase in BPICA would not neces
sarily cause an increase in ICP due to pressure
autoregulation effects on Rart .
In summary, the hemodynamic theory establishes

a correlation between the cardio-cerebrovascular

system, the CSF system, and ICP. Analysis of the
model predicts a cascade of compensatory phenom
ena leading to increased ICP which occurs following
interference of the CSF translocation system. Experi
mental and clinical studies will be necessary for the
validation of this theory and model.
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Summary

Time-dependent interactions between pressure, flow and volume
of cerebral blood and cerebrospinal fluid were mathematically
modelled. The model was designed to simulate blood inflow and
storage, arteriolar and capillary blood circulation controlled by
cerebral autoregulation, venous blood outflow and storage modu
lated by intracranial pressure, and cerebrospinal fluid production,
storage and reabsorption. The software implementation of the
model was used to calculate the response to a gradual decrease
in cerebral perfusion pressure corresponding to either systemic
hypotension or intracranial hypertension. We computed flow
pulsatility index (PI) and short range correlation coefficients
between systolic, diastolic and mean flow velocity (FVs,d,m)
and mean cerebral perfusion pressure (CPP). In simulation, the
changes in cerebral flow produced by intracranial hypertension
and systemic hypotension were practically indistinguishable. The
relationship between PI and CPP was reciprocal, independent of
the state of autoregulation. The short range running correlation
coefficients between FVs, FVm and CPP indicated both combined
safe CPP range and preserved autoregulation, promising a clear
clinical detection of "non-worsening" blood supply conditions. A
similar procedure was applied to selected clinical data to illustrate
the theoretical considerations.

Keywords: Cerebral blood flow control; modelling; TCD.

Introduction

Transcranial Doppler ultrasonography (TCD) has
proved to be useful for both intermittent and continu
ous assessment of blood flow in major cranial arteries.
TCD provides non-invasive direct measurement of
flow velocity in insonated artery. However, the true
cerebral perfusion may only be estimated because of
confounding factors such as unknown vessel cross
section area and insonation angle. These consider
ations have stimulated studies on other TCD-derived
parameters that may provide more information about
the adequacy of brain perfusion [1,2,4,5].

Method

The study was conducted using computer simulation and followed
by an illustrative analysis of clinical data. To provide fully con
trolled environment for our investigations we used the mathemati
cal model of cerebral blood flow and circulation of cerebrospinal
fluid (CSF) [6]. The model input variables are arterial blood pres
sure (ABP) and venous pressure in saggital sinus. The model
simulates pressure and flow conditions in two major pathways of
fluids transported in intracranial space: blood and CSF. The arte
rial part was represented by just five lumped components: the
resistance of basal intracranial vessels; arterial compliance respon
sible for intermittent storing of the inflowing arterial blood
volume; the cerebral resistance vessels (CVR) able to accommo
date to dynamic changes in cerebral perfusion pressure (CPP);
compliance of capillary and small veins and a Starling resistor
portraying the venous outflow to dural sinuses through the collaps
ible brain surface veins. The pathway of CSF has been reduced to
constant rate formation of CSF from arterial blood, storing of CSF
inside non-linear cerebrospinal compliance and reabsorption to
dural sinuses through one-way resistance. The model was repre
sented by an equivalent electrical circuit and described by non
linear differential equations, which are the subject of computer
evaluation in purpose-written simulating software running on
IBM-PC. The differential equations are solved using Runge-Kutta
IV method with manual step size correction.
To obtain gradual cerebral hypoperfusion we used two
methods: ICP increase by means of simulated stepwise infusion
tests or progressing systemic hypotension. In all simulations the
rate of CPP was maintained at 1mm Hg/min until diastolic flow
values reached zero. FV was calculated from volume flow using an
arbitrary chosen scaling factor. The simulations were repeated
several times at different levels of autoregulatory capacity. The
strength of autoregulation (SA) was defined as a proportion of the
ideal gradient of CVR(CPP) relationship in its middle semi-linear
part, where stable flow is maintained independently of CPP varia
tions. SA was changed from 0% to 125%. Other parameters of the
model were left constant, except for arterial compliance which
initial value was adjusted every time to obtain standard starting
flow pulsatility index PI =0.65 for CPP =90mm Hg. Each simula
tion was used to calculate systolic, diastolic and mean FV and PI
as function of CPP. In addition, to assess FV reactivity to CPP
changes, we computed local correlation coefficients between flow
parameters and CPP over every 5 mm Hg of CPP. These indices
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Fig. 1. Simulated short range correlation between mean flow
velocity (FV) and cerebral perfusion pressure (CPP) in relation
to CPP. Negative values correspond to satisfactory strength of
autoregulation (SA) and appropriate CPP - capable to provide
non-decreasing mean FV with CPP drop
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fitted closely the reciprocal model SPI =0.358/CPP
(R = 0.95).
The short range correlation coefficients between
flow velocity and CPP have the same advantage as the
pulsatility index of being independent of the angle
of insonation and vessel diameter. Also, they are
not prone to errors due to unavoidable occasional
adjustments of the TCD probe. Despite the fact
that long term TCD and CPP monitoring would
be necessary to calculate them, the short range
correlation coefficients between flow parameters
appeared to be more selective in terms of combined
safe CPP range and unaffected autoregulation (Fig.
1). Negative correlation between FYm and CPPm
corresponded to the situation, when the level of CPP
was high enough to provide "non-worsening" value
of mean flow for the particular percentage of the
strength of autoregulation. In this way the index pro
vided composite information on both autoregulatory
strength and appropriateness of CPP level. Matching
coefficients were calculated for systolic and diastolic
flow. The CPP relation of both of them was generally
similar to the R(FYm,CPP) presented on Fig. 1, ex
cept for different distribution between positive and
negative values. For R(FYs,FYm) the transition to
ward positive values took place for much lower CPP
and SA, indicating much longer-standing regulation
of systolic flow. The R(FYd,CPP) was nearly always
positive - thus possibly lacking any informative value.
The correlation indices based only on FY signal,

Results and Discussion

may be estimated on-line at the patient's bed-side using short-time
running correlation coefficients [2].
The theoretic study was followed by analysis of typical clinical
data. Results of monitoring of one patient were used. Case de
scription: 17 year old male cyclist hit by car: GCS 5/15 on admis
sion; CT: bilateral frontal and parietal contusions, no other major
injuries. cardiovascular system stable; pupils equal and reacting. 6
month's outcome was unfavourable. After admission patient was
sedated, intubated and ventilated. ABP, lCP and MCA FV were
sampled (50Hz) and stored in computer memory (WREC, W.
Zabolotny, Warsaw University of Technology, Poland). The
whole monitoring lasted 4 hours. For further analysis we selected
two periods with substantial plateau waves lasting one hour in
total. 8-second epochs were used to calculate mean CPP, PI,
systolic diastolic and mean flow (CVR-Test, P. Smielewski,
University of Cambridge, UK). Moving correlation coefficients
were then calculated from every 40 epochs (5 minutes) to simulate
static correlations obtained previously from modelling study.
The recording gave evidence that the patient's autoregulatory
response was preserved and similar to simulated 100% SA
characteristics.

The mean flow velocity changes closely followed
the same pattern in response to either systemic
hypotension or intracranial hypertension. However,
the amplitude of FY pulsation (FYa) tended to
increase more rapidly due to a decrease in ABP
than increase in ICP. This effect was less marked
when autoregulation was weak. In consequence, in
both autoregulating and non-autoregulating systems
the PI was marginally less sensitive to an increase
in intracranial pressure than to a corresponding
decrease of arterial pressure. This was explained by
reduction of compliance of intracranial CSF space
following intracranial hypertension. The resulting
decrease in total arterial input compliance was ab
sent in simulations involving systemic hypotension.
Simulations clearly indicated that PI can increase due
either to increase in flow velocity amplitude or a
decrease in its mean value. In regulating systems the
initial increase in PI was due mainly to the FYa
change, whereas in a non-autoregulating the increase
in pulsation was moderate and PI rise related mostly
to decreasing mean FY. In this way by changing SA
the proportion between the two effects was changed.
Nevertheless, the shape of relationship between
PI and CPP was always reciprocal, in both auto
regulating and non-autoregulating systems. PI
changes observed in clinical data were close to the
simulated reciprocal line. Although, each hypoper
fusion episode followed a slightly different curve.
Further analysis revealed that this discrepancy
was due to baseline change in ABP pulsation. When
normalised, SPI (PI divided by ABP amplitude)
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Fig. 2. Clinical recording in presence of deep plateau waves fully
matched the simulation in wide range of CPP. The course of
changes in running correlation coefficients between systolic. dias
tolic and mean FV and CPP, allowed to clearly define good and
exhausted regulation regions. with a transient zone in between. On
the plot: token - median, box - 25/75 percentile. whisker - non
outlier minimax

R(FVs,FVm) and R(FVs,FVd) lacked the ability to
detect autoregulatory reserve as such, but they did
mark its borderline. Since their calculation does not
require any invasive methods, they may also find ap
plication as indicator of critical perfusion - provided
that very good autoregulation is excluded using other
methods, for example transient hyperaemic response
test [8]. In clinical data, running correlation coeffi
cients have proved to have the same, CPP-dependent
properties, as their static parallels obtained in simula
tion (Fig. 2). The expected response to good, chal
lenged and abolished autoregulatory capacity could
be easily seen for each parameter: R(FVm,CPP) 
close to zero for CPP above 65 mm Hg, but consis
tently positive below; R(FVs,CPP) - normally nega-
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tive, but immediately switches towards +1 when per
fusion becomes critical; R(FVs,FVm) - marks the
transitional area between very good and very poor
autoregulation. The close corerspondence between
clinical observation and simulation supports our
final conclusion, that the short-range correlation
coefficients between CPP and FV parameters are
promising sensitive indices for cerebral blood flow
autoregulation.
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Summary

The pathogenesis of traumatic brain swelling is unclear. Brain
edema (increased water content) is considered an important
cause of swelling, but there is also evidence that vasodilatation
with increased cerebral blood volume (CBV) plays a role. We
have evaluated early posttraumatic changes in CBV in 37 head
injured patients, using dynamic contrast-enhanced computerized
tomography (CT) in combination with stable Xenon-enhanced CT
for measurement of cerebral blood flow (CBF). This technique
enables rapid determination of CBV without interfering with
patient care.
CBV values ranged from 2.0 to 10.1 ml/lOO g. There was no
relationship the time after injury at which the measurements were
taken. CBV did not correlate with CBF in the early posttraumatic
period. Patients with raised lCP (>20 mm Hg) had significantly
higher CBV that patients with normallCP (5.4 ± 2.1 vs 3.7 ± 0.9 mil
100 g). Yet, the presence of signs of brain swelling on CT had no
relation to the level of CBV.
These data suggest that increased CBV may contribute to raised
ICP, but that brain swelling is not caused by increased CBV alone,
and is more likely accounted for by brain edema. We speculate that
cerebral energy failure is the unifying cause of both intracellular
edema and cerebral vasodilation leading to swelling of brain tissue.

Keywords: Blood volume; brain swelling.

Introduction

Brain swelling, defined as enlargement of the brain
tissue volume at the expense of intracranial CSF
spaces, is a common complication following severe
head injury, that contributes importantly to intracra
nial hypertension, and is a major factor determining
clinical course and outcome [9]. Its pathogenesis and
treatment remain unresolved. Probably, a complex
series of events leads to the development of trau
matic brain swelling, the relative contribution of each
depending on the type of injury and the time after it
was sustained. Theoretically, cerebral swelling may
be caused either by an increase in brain tissue water
content (edema), or by an increase in cerebral blood
volume (CBV), due to vasodilation and engorgement

of the cerebrovascular bed. Vascular contributions to
raised ICP (which have been estimated at 68% based
on parameters of CSF dynamics in intracranial hy
pertension [10]) may not be well reflected by CBF
measurements because CBF is not linearly related to
the level of CBV [11].
Published data of CBV measurements in patients
with severe head injury are scarcely available, partly
because of the lack of a suitable method for quantita
tive measurement of CBV in head-injured patients.
Although CBV values can be obtained by positron
emission tomography (PET) or single-photon emis
sion tomography (SPECT), these techniques are
considered impractical for use in critically ill and
unstable patients. Yet, as effective therapy of brain
swelling and raised ICP will depend on appropriate
diagnosis of its cause, CBV measurements in the
acute stage of head injury may be of value.
We have developed a method for rapid measure
ment of CBV based on dynamic CT scanning. In the
present study, we have used this technique to assess
CBV in severely head-injured patients, and its corre
lation with ICP and brain swelling.

Patients and Methods

Forty-six simultaneous determinations of CBF and CBV were
performed in 37 severely head-injured patients within the first
week after injury. The patients' age ranged from 14 to M (mean ±
standard deviation: 27.9 ± 11.1) years. and 25 of them were male.
Written informed consent was obtained from the family in all
cases. The protocol was approved by the Committee on the Con
duct of Human Research at the Medical College of Virginia.
All patients were comatose (Glasgow Coma Scale score of 8 or
less) at the time of study. They were intubated, artificially venti
lated, well oxygenated (pO, > 80mm Hg), and hemodynamically
stable (systolic blood pressure>100 mm Hg) during the measure
ments. Vital signs, oxygen saturation, and expiratory CO, were
continuously monitored. Arterial blood gases were checked twice
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during the studies. ICP was monitored from an intraventricular
catheter.
CBF was measured using the stable xenon-enhanced CT
technique (Xe-CT) [6] on a General Electric 9800 CT scanner
equipped with standard hardware and software. A gas mixture
containing 32% stable xenon was administered through a volume
cycled respirator for 4.5 minutes. No significant rise in ICP was
observed during xenon inhalation. Analysis of the obtained flow
images was performed using two large ROIs each outlining the
cerebral hemispheres to obtain an average flow value that in
cluded both white and gray matter.
CBV was determined by rapid sequential ("'dynamic") CT scan
ning [1], which was also performed on the GE 9800 system. Imme
diately following an i.v. bolus injection of 50cc iodine contrast
(Omnipaque 300™) through a large-bore catheter, ten CT scans
with a scan time of 2.0sec and minimum interscan delay of 2.3sec
were performed at the same level for which CBF was previously
determined. The cerebral hemispheres, as well as the anterior
cerebral artery and the superior sagittal sinus were chosen as
ROIs. The raw scan data were segmented and a time versus den
sity curve was constructed for each ROJ. The curves were fitted to
a gamma variate function using a minimum chi-square procedure
in a repetitive approach. CBV was computed by dividing the area
under the time-density curve of the hemispheric brain tissue by the
area under the curve of the sagittal sinus. the latter representing
the cumulative vascular concentration of the contrast agent. To
calculate CBV, this ratio was corrected for the difference between
central and capillary hematocrit using an arbitrary correction
factor of 0.85, based on previous data [12].
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pC02. The relationship between CBF and CBV is
plotted in Fig. 1. Overall, there was no significant
correlation between the two parameters. When CBF
approached ischemic levels, there was a trend of
higher CBV values, but this could not be statistically
verified due to the small number of observations.

Relationship of CBV to Intracranial Pressure and
Brain Swelling

In Table 2, the results of the measurements are sum
marized grouped according to the level of CBV. The
CBV criteria were chosen based on data previously
reported in the literature. When CBV was elevated
(above 5.2mIl100g), significantly higher ICP values
were found, but no correlation with CBV was dem
onstrated. In sixteen cases, signs of brain swelling
were present on CT, consisting of effacement of the
ventricles or basal subarachnoid cisterns. The various
parameters obtained in this group were compared to
28 cases without swelling (Table 3). Two cases for
which the CT scans were not available for review

Fig. 1. Relationship between CBF and CBV in head-injured
patients. Linear regression equation: CBV = 0.034 . CBF + 2.762
(r =0.25, not significant)

CEREBRAl BLOOD FLOW (m1/100 g/min)

Results

CBF and CBV in Relation to the Time After Injury

Forty-six measurements of CBF and CBV were ob
tained at various intervals after head injury. Global
CBF values ranged from 6 to 67mll100 g/min (mean ±
s.d.: 42.0 ± 12.5mlllOOg/min), and CBV ranged from
2.0 to 1O.1ml/100g (mean ± s.d.: 4.3 ± 1.8ml/l00g).
Table 1 shows the data with respect to the time after
injury at which the measurements were performed.
Within 12 hours after injury, significantly lower CBF
values were found, but one-way analysis of variance
revealed no statistically significant differences
between the various time interval groups for CBV or

Table 1. Cerebral Blood Flow, Cerebral Blood Volume, and
Arterial pCO] in Relation to the Time after Injury'
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Table 2. Cerebral Blood Flow and Intracranial Pressure at Differ
ent Levels of Cerebral Blood Volume'

Cerebral blood volume

"Values are mean ± standard deviation.
hp < 0.05, Student-Newman-Keuls' test.

Hours No. of CBF CBV pCO]
after injury studies (ml/100 g/min) (mUl00g) (mmHg)

<12 15 33.1 ± 1O.2h 3.9 ± 1.8 32.7 ± 5.7
12-24 5 51.4 ± 10.7 3.8 ± 0.9 37.8 ± 6.8
>24 26 45.3 ± 11.1 4.7 ± 1.8 37.4 ± 7.2

'Values are mean ± standard deviation.
bSignificantiy lower than values at later time intervals (Student
Newman-Keuls' test, p < 0.01). The differences of the other
parameters between the groups were not statistically significant
(one-way ANOVA).

No. of cases
CBF (ml/100g/min)
ICP (mmHg)

<3.6

20
39.6 ± 8.2
19.2 ± 7.6

3.6-5.2

16
43.3 ± 14.2
20.4 ± 10.2

>5.2

10
44.5 ± 15.6
28.7 ± 10.0h
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Discussion

Table 3. Cerebral Blood Flow, Cerebral Blood Volume, and In
tracranial Pressure in Relation to the Presence of Brain Swelling'

were excluded from this analysis. Patients with brain
swelling had significantly higher ICP, but the differ
ences found between the CBF and CBV values were
not statistically significant.

Role of CBV in Pathogenesis of Raised ICP and
Brain Swelling After Head Injury

The normal range of CBV as reported in the litera
ture, varies depending on the technology that was

used and the population considered. Based on such
data, we have defined CBV as normal when found to
be between 3.6 and 5.2 ml/100g. Despite these rela
tively permissive limits, we found elevated CBV in
22% of cases in the present study, and increases
larger than 100% of normal did occur. Yet, the ma
jority of patients (43%) had reduced CBV, while the
overall average was in the normal range. Decreased
or increased CBV was not related to a specific period
after injury. Previous data on CBV changes in acute
head injury, against which the present results can be
assessed, are very limited. Kuhl et at. [7] studied a
series of 30 head-injured patients and found CBV
values in the normal range with deviations no larger
than 13%. However, these studies were performed at
varying times after injury in a heterogeneous popula
tion with regard to injury severity, and may not be
comparable to our series.
A vascular origin of traumatic brain swelling was
postulated based on experimental and clinical obser
vations of rapidly progressing swelling, apparently
not compatible with edema formation, and cortical
vasodilation with bright red coloring of veins, sug
gesting hyperperfusion [8]. Measurement of cerebral
blood flow (CBF) indicated a possible relationship
between increased CBF and intracranial hyperten
sion, but reports have not been unequivocal [4,11]. In
the present study, we found an association of intrac
ranial hypertension with elevated CBV. Notably, the
presence of intracranial hypertension bore no rela
tionship with the level of CBF, which supports the
idea that measurement of CBF alone does not pro
vide enough information about the vascular contri
bution to ICP.
No relationship was found between the level of
CBV and the presence of brain swelling on CT. Al
though this picture was associated with higher ICP, it
could be accompanied by normal, increased or de
creased CBV, which concurs with CT density mea
sures reported by others. This finding indicates that
the relative contribution of CBV to brain swelling
may vary between patients. Brain swelling associated
with decreased CBV may indicate compression of
the cerebrovascular bed by edema.
Possibly, in cases of severe acute brain swelling,
edema and raised CBV have a common mechanism:
cerebral ischemia. Ultra-early CBF measurements
have revealed high incidences of global and focal
ischemia in patient with diffuse brain swelling [3]. In
these cases, a primary disruption of cerebral perfu
sion, through some yet unknown mechanism, would

no

28
43.9 ± 10.5
4.2 ± 1.8
20.4 ± 7.1 (20)

yes

Brain swelling on CT

16
37.9 ± 13.8
4.6 ± 1.7
26.3 ± 12.5 (13)b

Methodology

Determination of CBV by dynamic CT scanning has
considerable practical advantages for the use in head
injured patients. The theoretical background of the
analysis of mean transit time and CBV with dynamic
CT has been described previously [1,5]. The reliabil
ity of the determination of mean transit time is lim
ited due to the relatively poor resolution in time with
interscan delays of 2.3 seconds, but the determination
of CBV based on the ratio of integrals of the tissue
and vascular enhancement curves is more stable and
to a large degree independent of bolus dispersion.
Preliminary validation studies have provided support
for this approach [2]. A correction for the difference
between intravascular and tissue (capillary) hemat
ocrit must be taken into account. A factor of 0.85 has
been used by several authors, which yielded satisfying
results [7,12]. In addition, disruption of the blood
brain barrier does not adversely affect the calcula
tions, as the measurements are based on first-pass
kinetics [5]. Thus, the data acquired in the present
study appropriately reflected CBV.

No. of cases
CBF (ml/lOOg/min)
CBV (ml/lOOg)
ICP (mmHg)

'Brain swelling was considered to be present if CT showed com
pression of ventricles or cisterns. Values are mean ± standard
deviation.
bSignificantly higher value than in patients without swelling (p <
0.05, determined by Student's t-tests). Other differences were not
statistically significant.
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induce autoregulatory dilation of cerebral arterioles,
leading to elevated CBV. If this response fails
to restore CBF, cellular energy failure will occur,
leading to membrane dysfunction, sodium influx and
osmotic swelling of the cell (ischemic or cytotoxic
edema). Eventually the dilated vessels will be com
pressed by the edematous brain tissue, leading to
secondary decrease in CBV with persistent high ICP.
The clue to possible treatment in these cases may lie
in the very early reversal of biochemical derange
ments caused by ischemia, rather than in vigorous
attempts to reduce blood volume or tissue water per
se.
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Summary

It is possible to define thresholds for cerebral swelling or hernia
tion during craniotomy. In 178 patients subjected to craniotomy
for space occupying processes subdural ICP was measured before
opening of dura. The subdural ICP was correlated to the degree of
cerebral swelling or herniation after opening of dura. At subdural
ICP <7 mm Hg cerebral swelling/herniation after opening of dura
rarely occurs, while at ICP 2: 10mm Hg cerebral swelling!
herniation occurs with high probability. These ICP thresholds are
independent of the patophysiology (SAH, cerebral tumor), the
anaesthetic agent (isoflurane, propofol) and the PaCO, level
(:54.0 kPa, >4.0 kPa).
Generally, a good correlation between the tactile estimation of

dural tension and the tendency to cerebral swelling or herniation
after opening of dura was found. However, in 8.5% the surgeons
were unable to predict swelling/herniation.

Keywords: Cerebral swelling; dural tension; subdural lCP.

Introduction

During craniotomy it is unquestionable that the level
of ICP is of utmost importance. Opening of dura is
especially critical. At high rcp, dura is tight and open
ing of dura will inevitably result in cerebral swelling
or herniation. Normally the neurosurgeons tactile
estimation of dural tension is the ultimate guide.
The aims of this study were to correlate rcp imme
diately before opening of dura with the tendency to
cerebral swelling/herniation after opening of dura,
and to define thresholds for cerebral swelling/
herniation.
Furthermore, we correlated the neurosurgeons
tactile estimation of dural tension to the degree of
cerebral swelling/herniation after opening of dura.

Material and Methods

178 patients subjected to elective craniotomy for either subarach
noid haemorrhage (SAH) (n = 52) or supratentorial cerebral
tumor (n = 126) were included.

Anaesthesia

106 patients underwent propofollfentanyl anesthesia and 72
patients were subjected to isoflurane/N20/fentanyl anesthesia.

Measurement of ICP, Evaluarion of Dural Tension and
Estimation of Brain Herniation

After removal of the bone flap and exposure of dura, the
neurosurgeon estimated the tension of the dura as follows: 1) dura
slack, 2) normal tension of dura, 3) tension of dura, and 4) pro
nounced tension of dura.
Immediately before opening of dura, ICP was measured by the

subdural approach [1]. A thin needle (Venflon 22 G/O.8mm) con
nected via a water-filled polyethylene catheter to a pressure trans
ducer was introduced tangentially through dura. Simultaneously
with the measurement of subdural ICP, mean arterial blood pres
sure (MABP) was recorded, and arterial blood was analysed for
PaCO" pH and Pa02•
After opening of dura, the degree of cerebral swelling/
herniation was evaluated as follows: 1) The brain below the level
of dura, 2) no swelling or herniation of the brain, 3) swelling or
herniation of the brain, 4) pronounced herniation of the brain.

Statistical Analysis

Median, 5% and 95% confidence intervals are indicated. Mann
Whitney test was used to analyse data between groups. Kruskal
Wallis One Way Analysis of Variance on Ranks was used
to compare groups. Statistical significance was considered to be
p < 0.05.

Results

A statistically significant difference in the rcp values
among the swelling/herniation groups was disclosed.
Pairwise multiple comparison showed a significant
difference between all groups except group 1 versus 2
and group 3 versus 4 (Fig. 1). At ICP < 7mmHg
cerebral swelling/herniation rarely occurred after
opening of dura. At ICP ~ 10mmHg, cerebral
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Table 1. The Total of178 SubdurallCP Measurements Divided into Subgroups Concerning Pathophysiology (SAH, Cerebral Tumor), the
Anaesthetic Agent (Isoflurane, Propofol) and the PaCO, Level (:;4.0kPa, >4.0kPa). Medians, 5% and 95% Confidence Intervals are
Indicated

A:

Degree of herniation
lCP (mmHg)

Number of patients

B:

Degree of herniation
lCP (mmHg)

Number of patients

C:

Degree of herniation
lCP (mmHg)

Number of patients

ap = 0.03.

Tumor Cerebri (N =126) SAH (N =52)
PaCOz=4.5 kPa MABP =77mmHg PaC02 =4.3 kPa MABP =77mmHg

1 2 3 4 1 2 3 4
1 5 11 18 1 5 10 21
(1-4) (1-10) (6-21) (11-31) (1-4) (1-13) (6-19) (13-30)
5 78 30 13 5 29 13 5

Isoflurane (N =72) Propofol (N =106)
PaCOz=4.3 kPa MABP =73 mmHg PaCOz=4.5 kPa MABP =80mmHg'

1 2 3 4 1 2 3 4
2 5 20 17 1 5 11 23
(1-4) (1-12) (6-19) (11-31) (1-4) (1-10) (6-20) (13-30)
4 36 19 13 6 71 24 5

PaCOz ~ 4.0kPa (N =50) MABP =79mm Hg PaC02 > 4.0kPa (N =128) MABP =77mmHg

1 2 3 4 1 2 3 4
1 5 9 20 1 5 10 17
(1-4) (1-10) (5-15) (17-30) (1-4) (1-11) (6-21) (10-32)
5 28 10 7 6 79 33 10

Degree of cerebral swelling/herniation

Fig. 1. Degree of cerebral swelling/herniation correlated to
subdural ICP (N = 178) 1 The brain below the level of dura (n =
10).2 no swelling or herniation of the brain (n =(07).3 Swelling or
herniation of the brain (n = 43). 4 Pronounced herniation of the
brain (n =18). The dotted lines indicate the thresholds for cerebral
swelling/herniation. At lCP below the bottom line cerebral swell
ing or herniation rarely occur. At lCP above the top line cerebral
swelling or herniation occur with high probability. Median and 5%
to 95% confidence intervals are indicated. *lndicate p < 0.05%
(comparison between 2 and 3)
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swelling/herniation did occur with high probability
after opening of dura.
At the same degree of cerebral swelling/herniation
no significant intergroup differences in ICP were dis
closed, when the 178 patients were divided into sub
groups concerning patophysiology (SAH, cerebral
tumor), anaesthetic agents (isoflurane, propofol) and
the PaCOzlevel (~4.0kPa, >4.0 kPa). The ICP thresh
olds were found to be independent of the these
factors (Table 1).
Generally, a good correlation between the tactile

estimation of dural tension and the tendency to
swelling/herniation after opening of dura was found.
However in 15 studies (8.5%) where swelling/
herniation were disclosed the surgeon predicted
normal tension of dura, and in 13 studies (7.5%) the
surgeons estimated tension of dura, but no swelling
or herniation occurred after opening of dura.

Discussion

This study indicates that cerebral swelling/herniation
after opening of dura rarely occurred at ICP
< 7mmHg. On the other hand, at ICP ~ lOmmHg,
cerebral swelling/herniation did occur with high
probability (Fig. 1). At ICP between 7mmHg and
10mmHg a grey zone was disclosed. In this zone it
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was not possible to predict whether or not swelling
or herniation would occur. However, at ICP <
lOmmHg, pronounced cerebral herniation was
never disclosed. The ICP thresholds were found to be
independent of the pathophysiology, the anaesthetic
agent and the PaC02 level (Table 1). The ICP level
found in each subgroup, indicating the degree of
swelling/herniation, was lower than the ICP level
found by Todd et at. [2]. The discrepancy might be
methodological (epidural contra subdural technique,
zero-point adjustment, time from the ICP measure
ment to the cerebral herniation score). More reason
able, the difference in pressure is caused by the intact
bone flap in the study by Todd et at. Removal of the
bone flap in the present study exerts some degree of
cerebral decompression.

In conclusion, we recommend measurement
of ICP immediately before opening of dura. The
subdural method is cheap and can easily be obtained

H. Bundgaard et al.: Subdural Monitoring of ICP during Craniotomy

within 1min. Together with the tactile estimation of
dural tension subdural ICP measurement gives
important information. If the subdural ICP is in
creased, therapeutical measures to reduce ICP can
be taken, ensuring that opening of dura is performed
under optimal conditions.
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Summary

In patients with a supratentorial cerebral tumor, an increase
in sevoflurane concentration from 1.5% (0.7 MAC) to 2.5%
(1.3 MAC) did not change the intracranial pressure (ICP) signifi
cantly (12 to 14 mmHg (medians». However. a significant in
crease in cerebral blood flow (CBF) from 29 to 39 ml/100 g/min
(medians) was disclosed. During administration of sevoflurane
1.5% and 2.5%, a significant decrease in ICP (3.5 and 3.0mm Hg
(median) respectively) was found when PaCO, was decreased by
0.8kPa.

Keywords: Hypocapnia; sevoflurane; subdural pressure.

Introduction

Sevoflurane is a cerebral and systemic vasodilator
with the potential to decrease cerebral perfusion
pressure (CPP) by lowering arterial blood pressure
and increasing ICP. In experimental studies
sevoflurane like halothane and isoflurane increases
ICP dose-dependently [6,8]. CBF was either un
changed or increased when the sevoflurane concen
tration was increased [5-7].
The aim of this investigation was to study ICP and
CBF during 1.5% and 2.5% sevoflurane anaesthesia
in patients with a supratentorial cerebral tumor sub
jected to craniotomy.

Materials and Methods

Anaesthesia

Twenty patients, subjected to craniotomy for surgery of a
supratentorial cerebral tumor, were included. For induction of
anesthesia, propofol 1-2mg/kg and fentanyl 0.2llg/kg were used.
A normocapnic PaC02 level was achieved. The patients were
randomised into two groups according to the anaesthetic proce
dure. Group 1 (n = 10) received continuous 1.5% sevoflurane and
fentanyl 2llgikgih. Group 2 (n = 10) received continuous 1.5%
sevoflurane and fentanyl 2llg/kg/h, followed by an increase in
sevoflurane to 2.5% with unchanged fentanyl. Finally the minute-

ventilation was increased by 50% in a five min. period in both
groups.

Measurement of Subdural Pressure and
Cerebral Blood Flow

After removal of the bone flap, the ICP was measured by the
subdural approach. This technique has recently been described [4].
With a thin needle (Venflon 22G/O.8mm), connected via a saline
filled polyethylene catheter to a pressure transducer, the dura was
tangentially perforated. ICP was measured continuously. CBF was
measured with a Cerebrograph lOa by intravenous administration
of a radioactive tracer 133-Xe (3-4 mCi). Two angular detectors
were placed on each side of the head. CBF was calculated as initial
slope index (lSI) using lO-min clearance curve. CBF was first
measured after exposure of the dura, when both groups received
1.5% sevoflurane. The second measurement of CBF was per
formed 30min later, at 1.5% sevoflurane (group 1) and 2.5%
sevoflurane (group 2). Simultaneously, mean arterial blood pres
sure (MABP) was recorded, and arterial blood was analysed for
PaC02, pH and Pa02•

Statistical Analysis

Median and range were calculated. The Wilcoxon test was used to
analyse data within the groups, and the Mann-Whitney test was
used to analyse data between the groups. Statistical significance
was considered to be p < 0.05.

Results

No significant differences between the two groups
were disclosed with regard to the age of the patients,
body weight, gender, awake MABP, and the volume
of the tumors.
During administration of 1.5% sevoflurane, no
significant differences between the two groups were
found concerning ICP, CBF, PaC02 and CPP, while
a significant difference in MABP between the two
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Table 1. Rectal Temperature, PaCOb Mean Arterial Blood Pressure (MABP), Intracranial Pressure (ICP), Cerebral Perfusion Pressure
(CPP) and Cerebral Blood Flow (CBF)

Temperature PaCOz MABP ICP CPP CBF
(0C) (mmHg) (mmHg) (mmHg) (mmHg) (ml/100g/min)

Group I
Sevoflurane 1.5% (0.7MAC) 36.0 (35.5-36.9) 4.9 (4.3-5.1) 67 (64-80) 12 (0-22) 55 (47-80) 33 (16-43)
Sevoflurane 1.5% (0.7MAC) 36.0 (35.4-36.9) 4.9 (4.3-5.4) 67 (64-104) 13 (0-23) 54 (47-77) 31 (15-40)

Group 2
Sevoflurane 1.5% (0.7 MAC) 35.9 (35.0-36.9) 4.9 (4.5-5.7) 77b (64-104) 12 (0-19) 65 (55-96) 29 (15-46)
Sevoflurane 2.5% (1.3MAC) 35.9 (35.0-36.9) 5.0 (4.4-5.7) 77b (59-89) 14 (0-22) 63 (49-89) 39' (17-53)

Median and range are indicated. 'Indicate p < 0.05 within the groups and b indicate p < 0.05 between the groups.

Discussion

Table 2. Hyperventilation Test. Minute-ventilation was Increased
by 50% during a Five Min. Period

dPaCOz Difference in PaCOz before and five min. after a 50%
increase in minute-ventilation.
MCP Difference in ICP before and five min. after a 50% increase
in minute-ventilation. No statistical difference was found between
the two groups.

During 1.5% sevoflurane a significant difference in
MABP was found between the two groups. The im
balance in the gender-distribution, the inter-patient
variance, and the fact that the awake MABP in group
1 was lowest, are supposed to influence the level of
the MABP during anaesthesia in the two groups.
However, within the groups, the MABP was un-

changed throughout the study, and no changes were
observed when the sevoflurane concentration or
minute-ventilation was increased.
At 1.5% sevoflurane ICP was 12 (0-22) mmHg in
both groups. When the sevoflurane concentration
was increased to 2.5% a non significant increase
in ICP to 14 (0-22) mmHg was found. This result
was surprising, because studies of other volatile
anaesthetics (halothane, isoflurane) have demon
strated a dose-related increase in ICP [1,2]. When the
sevoflurane concentration was increased from 1.5%
to 2.5%, a significant increase in CBF from 29mll
100g/min (15-46) to 39ml/lOO g/min (17-53) was dis
closed. This significant increase in CBF was not asso
ciated with changes in PaC02 and MABP. The CBF
level during sevoflurane anesthesia was comparable
to the CBF level during isoflurane/nitrous oxide an
esthesia [3]. However, at identical levels of PaC02
and MABP, the ICP level during sevoflurane was
significantly higher than the ICP (8mmHg) found
during isoflurane/nitrous oxide anesthesia.
In all patients a significant decrease in ICP averag
ing 3mmHg was disclosed when the PaC02 was
decreased by 0.8 kPa, indicating that the response
to hyperventilation, with regard to the change in
ICP, was present in all patients independent of the
sevoflurane concentration.
The effects of sevoflurane upon ICP and CBF are
similar to those of isoflurane, a drug that has already
found acceptance in neuroanesthetic practice. The
present study indicates that sevoflurane might be
an alternative to isoflurane in patients subjected to
craniotomy for space-occupying lesions. However,
the relatively high ICP level during sevoflurane
anaesthesia suggests that a comparative study of
ICP during isoflurane and sevoflurane anesthesia is
necessary.

LiICP
(mmHg)

3.0 (0-9)

3.5 (0-6)

LiPaCOz(kPa)

0.81 (0.45-1.1)

0.80 (0.67-0.98)

Group I
Sevoflurane 1.5% (0.7MAC)

Group 2
Sevoflurane 2.5% (1.3MAC)

groups was disclosed (Table 1). In group 1 PaC02,
MABP, ICP and CBF did not change significantly.
In group 2, a non-significant increase in ICP from
12mmHg during administration of 1.5% sevoflurane
to 14mmHg during administration of 2.5% sevo
flurane was found. Simultaneously a significant in
crease in CBF from 29ml/100g/min to 39mlll00g1
min was disclosed.
When the minute-ventilation was increased by
50% a 0.8kPa decrease in PaC02 was found in both
groups. A significant decrease in ICP (3.0mmHg and
3.5 mmHg respectively) was disclosed.
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Summary

The pathophysiology of whole-brain radiation (WBR) toxicity
remains incompletely understood. The possibility of a primary
change in blood-brain barrier (BBB) associated with microvascu
lar damage was investigated. Rats were exposed to conventional
fractionation in radiation (200 ± cGy/d, 5d/wk; total dose,
4,000cGy). BBB changes were assessed by means of the quantita
tive 14C-o.-aminoisobutyric acid (AlB) technique coupled with
standard electron microscopy (EM) and morphometric techniques
as well as studies of the transcapillary passage of horseradish
peroxidase (HRP). At 15 days after WBR, AlB transport across
BBB increased significantly in cerebral cortex. EM disclosed ve
sicular transport of HRP across the intact endothelium without
opening of the tight junctions. Ninety days after WBR, well
defined alterations of the microvasculature were observed. The
main feature of cortical microvessels was their collapsed aspect,
associated with perivascular edema containing cell debris. Data
suggest a possible association between damage of the microvascu
lar/glial unit of tissue injury and development of radiation-induced
brain cerebral dysfunction. We hypothesize the following se
quence of pathophysiological events: WBR causes an early in
crease in BBB permeability, which produces perivascular edema
and microvascular collapse. The interference with microcircula
tion affects blood flow and energy supply to the tissue, resulting in
structural damage on an ischemic/dysmetabolic basis.

Keywords: Blood-brain barrier; radiation.

Introduction

Radiotherapy plays an important role in supplement
ing surgical and medical therapy for malignant cere
bral tumors. WBR can produce acute and chronic
effects in the central nervous system (CNS) which
range from transient functional changes to overt
encephalopathy with widespread morphological
changes and, occasionally, late parenchymal necrosis
[6]. All these effects have well-known clinical impor
tance, particularly in young patients in whom long
term intellectual and neuropsychological impairment
have been reported after therapeutic irradiation [8].

Though widely investigated, the pathogenesis of
WBR adverse reactions remains a subject of continu
ing controversy. Brain dysfunction has been ascribed
either to alterations in the cerebral microvasculature
leading to BBB dysfunction and brain edema and/
or ischemia, to demyelinization phenomena, or to
metabolic alterations [3,7,9]. Previous work from our
laboratory has documented the feasibility of using a
rodent model employing fractionated WBR to study
radiation-induced structural and functional changes
in the CNS and their temporal progression [2-5]. The
present study further examined potentially adverse
effects of WBR in this model and was designed to
investigate the possibility of a change in BBB func
tion as a causative factor for WBR-induced cerebral
dysfunction.

Materials and Methods

Details of the experimental procedures have been described else
where [2-5). Briefly, 24 male Sprague-Dawley albino rats (280
320g body weight) were exposed to conventional fractionation
radiation (200 ± 4cGy/day, 5 days/week; total dose 4,000cGy),
using a linear accelerator delivering 6 MeV photons. AlB perme
ability studies were performed in 6 control and in 6 irradiated rats
15 days after the completion of the exposure. Capillary permeabil
ity was determined using the method of Blasberg et ai. [1) and with
standard techniques that originated in our laboratory [4). Ultra
structural studies were performed 15 (n = 6) and 90 (n = 6) days
post-irradiation, employing standard EM [4) and morphometric
[2) techniques. Studies of the transendothelial passage of HRP
provided information about the BBB functional status.

Results

In irradiated rats, the transport of AlB across the
BBB increased significantly in cerebral cortex and
cerebellar gray matter. This increase ranged from 1.3
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Fig. 1. Electron micrograph of a specimen at 15 days after irradia
tion. This microvascular profile displays abundant vesicular activ
ity. Several vesicles filled by HRP and abluminal pits are evident.
The reaction product also is localized within the perivascular basal
lamina (x12,OOO)

times the normal value for the cerebellar hemisphere
to 1.5 times the normal value for the cerebral
cortices. EM observations were limited to loci in the
frontal, parietotemporal, and occipital cortices. In
animals sacrificed 15 days after irradiation the endot
helial cells lining the microvasculature showed HRP
positive material present either in luminal pits or
in vesicles dispersed throughout the cytoplasm and
abluminal front of the cells (Figs. 1 and 2). The
tracer-containing vesicles appeared to have a typical
pinocytotic form. The number of vesicles averaged
7.2 ± 0.9 per microvascular profile. Such vesicular
activity apparently moved the tracer from the lumi
nal surface and extruded it into the basal lamina.
HRP-positive material was also identified in the
subendothelial space at the level of the basal
membrane. HRP was never visualized in the
interendothelial gaps that were continuously sealed
by tight junctions. No ultrastructurally visible tearing
of endothelial membranes or frank endothelial de
struction was observed, and the vascular tight junc
tions appeared intact. In rats sacrificed 90 days after
irradiation, EM observations revealed the presence
of diffuse ultrastructural alterations involving the
microvasculature. The main ultrastructural feature
of cortical microvessels was their collapsed aspect,
associated with prominent perivascular edema. The
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Fig. 2. High-magnification electron micrograph of a microvascular
endothelium specimen at 15 days after irradiation. The reaction
product fills numerous abluminal pits and vesicles. Larger forms of
the indicated vesicles also are filled by HRP (x36,OOO)

clear perivascular spaces contained cell debris
probably due to rupturing of swollen neuropil
elements and/or astrocyte processes. Examination
of the capillary endothelium revealed HRP-filled
pinocytotic vesicles at the luminal surface, within
the endothelial cytoplasm, and at the level of the
basal lamina. The number of vesicles averaged
3.5 ± 0.4 per microvascular profile. The inter
endothelial junctions appeared to be intact and de
void of reaction product.

Discussion

The purpose of this investigation was to quantitate
the acute and sub-acute effects of x-irradiation
on normal rat brain capillary permeability. Studies
of AlB blood-to-tissue transport were coupled with
standard electron microscopy (EM) and morphomet
ric techniques as well as studies of the transcapillary
passage of HRP. The combination of these two meth
ods with powerful and complementary capabilities
provided quantitative and qualitative regional analy
ses of BBB alterations after WBR. The major obser
vations derived from this study are as follows. 1)
Cranial irradiation given in conventional fraction
ation caused regional alterations in the permeability
of the rat's BBB to AlB. 2) EM observations consis-
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tently disclosed an intense vesicular response of the
microvascular endothelium, which occurred without
opening of the tight junctions and resulted in an in
tense transport of HRP across the intact endothe
lium. 3) WBR caused morphological alterations in
the rat's brain involving primarily the microvascula
ture; the severity of these ultrastructural alterations
is time-dependent, being detectable 15 days post
irradiation, and increasing in magnitude 90 days
post-irradiation.
These findings are consistent with the theory that
the vascular compartment is the primary target of the
radiation insult and other structural changes are sec
ondary to microcirculatory perturbations. In this re
spect, it has been reported [9] that changes in blood
vessels and perivascular astrocytes after local irradia
tion of the rat brain are highly correlated and when
combined, appear to represent a "unit of tissue in
jury". In the present investigation, the incidence and
severity of this "unit of tissue injury" appeared to
increase with time after irradiation. The concept that
radiation-induced damage to cerebral endothelial
cells might result in progressive microcirculatory and
hemodynamic perturbations and compromised cere
bral vascular supply, is also supported by previous
work from our laboratory employing the same rat
model [2,3,5]. Taken together, these data suggest a
possible association, not necessarily causal, between
damage of the "microvascular/glial unit of tissue
injury" and development of radiation-induced brain
toxicity.
In conclusion, we hypothesize that the following
sequence of pathophysiological events occurs. Ra
diation causes an early increase in BBB permeability
[4], which produces perivascular edema and vascular
collapse [2]. The interference with microcirculation
affects blood flow and energy supply to the tissue

D. d'Avella et at.: Radiation-Induced Blood-Brain Barrier Changes

[3,5], resulting in structural damage on an ischemic/
dysmetabolic basis. Further studies will be required
to investigate this potentially clinically important
area of research.
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Summary

With the use of a laboratory model, arterial and intracranial pres
sure signals were obtained under conditions of varying depths of
hypercapnia ranging from normocapnia to deep hypercapnia.
Also, with the use of a closed cranial window, measures of cerebral
arteriolar diameter and estimates of cerebral venous flow were
obtained. The correlation of the intracranial and arterial pressure
signals, arteriolar diameter, and estimates of venous flow exhibit a
dose-dependent characteristic by increasing monotonically with
increasing progressive states of increasing hypercapnia. These re
sults indicate that the correlation between intracranial and arterial
pressure signals provides an estimate of the gauge of the cerebral
vasculature.

Keywords: Coherence; vascular dilation.

during increasing PC02 in arterial blood, we tested
the hypothesis that venous drainage during positive
pressure inhalation is restricted when vascular tone
is intact and flow is unrestricted during loss of
vascular tone. And secondly, we evaluated the
dose-dependency of the value of the correlation
coefficient, diameter of cortical arterioles and veins,
and venous blood flow increase with increasing
hypercapnia.

Materials and Methods

Six a-chloralose anesthetized piglets ranging in weight from 2 to
4kg were used in this study. The procedures used were similar to
those described for other animal studies employing this model [3].
In each piglet a cranial window was placed and video micrometer
recordings were made as described previously [4]. A fluid-filled
catheter inserted in either the brachial artery or femoral artery was
used to record arterial pressure. Inspiration pressure was recorded
with a pressure transducer connected to the endotracheal tube.
Intracranial pressure was recorded using the Camino fiber optics
system, Camino Laboratories, San Diego, CA 921214. The skull
was trephined approximately 1cm lateral to midline and 2cm
below the coronal suture, a hole was made in the dura, and the
fiber optic transducer was placed in the parenchyma and secured
to the skull.
The three physiologic signals, inspiration pressure, arterial pres
sure, and intracranial pressure, were simultaneously acquired at
a rate of 250 samples/sec/channel by procedures similar to those
previously described [2]. Each physiologic channel was calibrated
prior to the start of each experiment. Data obtained from the
laboratory experiments were imported into DADiSP (DSP Devel
opment Corp., Cambridge, MA 02139), a signal processing soft
ware package used for correlation analysis. The accuracy of the
correlation analysis of this commercial software was verified with
a known analytical signal. The normalized correlation function of
the two signals was computed as:

Introduction

Following a system analysis approach, Portnoy and
his colleagues proposed a method of detecting im
paired autoregulation based on the coherence of
spectral components of the intracranial and arterial
pressure signals [1]. Generally, their observations
have suggested that the more similar the spectral
components of the intracranial pressure signal are to
those of the arterial pressure signal, the more likely
cerebral autoregulation is impaired [1]. Recently, we
have reported that loss of vascular tone can be de
tected by correlation of the intracranial and arterial
pressure signals in the time domain [2]. Since correla
tion analysis of two signals in the time domain is
analytically similar to coherence analysis in the fre
quency domain, our finding was not unexpected. In
particular, the more similar the intracranial and arte
rial pressure signals are, the higher the value of the
correlation coefficient [2].
The purpose of this present study was twofold.
First, by evaluating changes of flow in cortical veins

r(t) = E[ICP(t), Art. pres(t)]/sqrt(E[ICP(t),ICP(t)]

*E[Art. Pres(t), Art. Pres(t)])
(1)
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Fig. 1. Examples of Intracranial and Arterial Signals Recorded
During Different Levels of Arterial PCOz. (a) Recordings of in
tracranial and arterial pressure obtained at 35 mm of Hg of PCOz
are shown. The abrupt increase in the baseline of intracranial
pressure corresponds to the onset of positive pressure inhalation.
At the onset of expiration the intracranial pressure signal rapidly
decreases and returns to a stationary baseline value. The com
puted correlation coefficient for these two signals was 0.41. (b)
Recordings of intracranial and arterial pressure obtained at 60 mm
of Hg of PCOz are shown. An increase of intracranial pressure
during inhalation is still evident, but the baseline of the ICP signal
is no longer stationary during the later phase of expiration. The
computed correlation coefficient for these two signals was 0.58. (c)
Recordings of intracranial and arterial pressure obtained at 80mm
of Hg of PCOz are shown. The abrupt increase and decrease of
intracranial pressure coincident with the onset and offset of posi
tive pressure inhalation is no longer evident. Changes in the con
tour of the ICP signal follow changes in the arterial pressure
signal. The computed correlation coefficient for these two signals
was 0.84

60mmHg, the abrupt increase of intracranial pres
sure during positive pressure inhalation is still evi
dent, but the baseline of the ICP is no longer
stationary during the later phases of expiration and
begins to follow changes of the arterial pressure sig
nal (see Fig. 1b). The correlation coefficient for these
two signals is 0.58. Finally during deep hypercapnia
with PCOz at 80mmHg and maximal vasodilation,
abrupt increases and decreases of intracranial pres
sure coincident with the onset and offset of positive
pressure inhalation are no longer evident. Changes in
the baseline of the intracranial pressure follow the
corresponding changes in the arterial pressure (see
Fig. 1c), and the computed correlation coefficient for
these two signals is 0.84.
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Results

Examples of the intracranial and arterial pressure
signals for the conditions of normocapnia, and mod
erate, and deep hypercapnia are shown (see Fig. 1).
Low frequency changes in the baseline of intracranial
pressure correspond to ventilation. During normo
capnia positive pressure inhalation, ICP increases
abruptly over the course of inhalation and decreases
rapidly at the onset of expiration, suggesting corre
sponding increases and decreases of cerebral blood
volume (see Fig. 1a). The onset of expiration is de
noted by the synchronized decrease of both the in
tracranial and arterial pressure signals. The baseline
of the ICP signal during the later phase of expiration
reaches a stationary steady condition. Thus, during
normocapnia with PCOz at 35 mmHg, the primary
characteristics of the ICP signal which are not similar
to that of the arterial pressure signal are: 1) the sa
lient increase of intracranial pressure during positive
pressure inhalation; and 2) the stationary baseline
during the later phase of expiration. For this ex
ample, the correlation between the two signals is
0.41. During moderate hypercapnia with PCOz at

where the expectation operation is denoted as E [F(t)]. and ICP(t)
and Art. Pres(t) represent intracranial and arterial pressure signals
with their mean value removed respectively. The value of this
function at the origin is the correlation coefficient for the two
functions; it is an analytical measure of the similarity between
the two signals which varies between -1 and 1. If the two signals
are proportional, then the signals are strongly correlated, and
the correlation value is close to either 1 or -1. However, if the
correlation coefficient is less than 0.70, then the signals are not
similar.
The hypercapnia was produced by elevation of P'C02' Each time
this manipulation occurred, intracranial pressure increased and
arterial pressure decreased over a time course of approximately 5
to 8 minutes to a new steady-state condition. Five levels of arterial
partial pressure of carbon dioxide (PCO z) were used from ap
proximately 35 mm Hg (normocapnia) to about 85 mm Hg. For
each of five levels ofPCOz, the correlation coefficient of the intrac
ranial and arterial pressure signals, the diameter of an arteriole,
and the diameter of a parasagittal vein in the field of the cranial
window were measured twice. Specifically, the level of PCOzwas
manipulated from normocapnia to deep hypercapnia and at each
level the measures were completed. After obtaining the deepest
state of hypercapnia, the animal was returned to normocapnia
and the entire process was repeated. Freeze frame analysis of the
velocity of clusters of venous blood cells was used to estimate the
flow. Specifically, the distance traveled of a cluster of blood cells
was determined over a specific number of frames both during the
phases of inhalation and expiration. Velocity of the cluster of cells
was computed. Knowing the diameter and assuming a cylindrical
geometry, an estimate of flow was determined twice for each state
of PCOz•To compute group averages and standard deviations for
each measure, the 12 measures, two for each animal. were grouped
according to the level of arterial PCOl .



Correlation Coefficient between Intracranial and Arterial Pressures 287

a) Cornlatioo Coemcient

Discussion

With the use of a coherence function which is similar
to a cross-correlation function in the frequency do
main, Portnoy and his colleagues showed that during
normocapnia coherence is low but is high during
deep hypercapnia [1]. Moreover, they suggested that
during deep hypercapnia the cerebral vasculature
acts as a distended tube. As a result, there is a linear
transmission of the arterial pulse wave through the
vasculature, and the arterial and intracranial pres
sure pulsations have nearly identical contours [1].
Unlike previous approaches, we have noted that the
salient increase of the baseline of the intracranial
pressure during positive pressure inhalation during
normocapnia is not present during deep hypercapnia
(see Fig. 1) [2]. Moreover, to quantify the compari
son between the intracranial and arterial pressure
signals, we have used an application of correlation
analysis in the time domain. The illustrated record
ings were obtained at 35, 60, and 80mmHg of arterial
PC02• The computed correlation coefficient for each
set of recordings was 0.41, 0.58, and 0.84 respectively.
Because these recordings were obtained during a
steady-state period in which the mean level of intrac
ranial pressure was relatively constant, it is not
surprising that the mean value of the intracranial
pressure for recordings obtained at PC02 60 and
80mmHg are about equal (see Fig. Ib and lc). For
these conditions of equilibrium, it is likely that the
absorption of cerebral spinal fluid compensated for
the increase in blood volume due to vascular dilation.
Estimates of cerebral perfusion pressure based on
the difference between arterial and intracranial pres
sure for these three conditions are not significantly
different. However, for the deepest hypercapnic
condition, it was likely that the vasculature was
maximally dilated and autoregulation was severely
reduced or absent [5]. Thus, impaired autoregulation
can occur with a relatively low value of intracranial
pressure. We have obtained similar recordings from
pediatric patients with traumatic brain injury. In par
ticular, the intracranial and arterial pressure signals
were highly correlated, yet mean intracranial pres
sure was well below 20mmHg, and the cerebral per
fusion pressure was above 60mmHg [6].
The relationship between correlation coefficient
and level of PC02 is shown in Fig. 2a. Each point

sec during inhalation and 95 to 112 pL/sec during
expiration (see Fig. 2c).
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Fig. 2. Indices of Cerebral Vascular Dilation. (a) Mean computed
values of correlation increase progressively with increasing depth
of hypercapnia. Standard error bars are within solid square. (b)
Mean diameter of arterioles and parasagittal cortical veins with
increasing depth of hypercapnia. (c) Average flow in parasagittal
cortical veins during expiration and inhalation
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For the 6 preparations with increasing level of ar
terial PC0l> the mean correlation coefficient, mean
diameter of arterioles and veins, and venous flow
increased (see Fig. 2). Standard error bars for both
the correlation coefficients and diameters of the arte
rioles and veins are within the solid squares for all
points. The mean for each level of PC02 is signifi
cantly different than the mean of the previous level
(p < 0.005). With each successive level of PC02 the
correlation coefficient increased. The lowest mean
value of the correlation coefficient is significantly dif
ferent than the highest value with a level of confi
dence of at least p < 0.05 (see Fig. 2a). Similarly, the
two smallest mean values of the diameter of the vein
are significantly different than the greatest mean di
ameter (p < 0.01). Each mean value of arterial diam
eter was significantly different than the other mean
values at a confidence level of at least p < 0.05 (see
Fig. 2b). All the mean values of venous flow during
inhalation were significantly different at least at p <
0.05. However, every other successive value of mean
venous flow during expiration was significantly dif
ferent (p < 0.005). The difference in flow between the
two phases of respiration remained relatively uni
form at 6.6 (±1.52) pL/sec ranging from 89 to 102 pL/
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represents the mean average for all animals with
each measured twice (n = 12). It should be noted that
once a steady-state condition is reached the value of
the correlation coefficient remains relatively con
stant. For example, for the steady state conditions
used to obtain the recordings illustrated in Fig. 1, the
correlation coefficient was computed on eight differ
ent 15 second epochs. The mean value and standard
deviation of the computed correlation coefficients
for each condition were 0.434 ± 0.014, 0.60 ± 0.010,
and 0.844 ± 0.005. The differences between these
mean values of the computed correlation are highly
significant at a level of conference of p < 0.005. Also,
shown in Fig. 2 are the average diameters of selected
pial arterioles and parasagittal pial veins in each
preparation for each level of arterial PCOz. These
results demonstrate that increasing the depth of
hypercapnia increases both the strength of correla
tion between the intracranial and arterial pressure
signals and the degree of dilation of the vasculature.
There is a dose dependency between both strength of
correlation and degree of dilation of the cerebral
vasculature and level of arterial PCOz. For these
preparations, a value of correlation above 0.75 is an
indicator of impaired autoregulation independent of
the level of mean intracranial pressure.
In summary, this study demonstrates that the cor
relation between the arterial and intracranial pres
sure signals becomes significantly stronger, arterioles
and superficial parasagittal veins progressively dilate,
and flow through these veins increases significantly

with increasing arterial PCOz. Flow was greater dur
ing expiration, and the difference in flow through
these veins between inhalation and expiration re
mained relatively constant for all states of dilation.
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Summary

The non-hemorrhagic mass effect of cerebral contusions is com
monly attributed to vasogenic edema and/or cytotoxic edema
(cellular swelling). We propose that a marked increase in osmola
lity within the contusion necrosis proper, in which the cellular
elements uniformly undergo shrinkage, disintegration and
homogenation, represents an important and unique mechanism
underlying the contusion edema. The present study demonstrates
in a rat model of cerebral contusion, that 1) the osmolality of the
contused brain tissue increases rapidly, 2) the increase in osmola
lity is not caused by changes in inorganic ion contents. suggesting
a metabolic production of osmoles or release of idiogenic osmoles,
and 3) the contused brain tissue strongly attracts water, provided
that blood supply is maintained. We suggest that the primary
driving force of water accumulation into contused brain tissue is
the elevated colloid osmotic potential of contusion necrosis.

Keywords: Cerebral contusions; contusion necrosis: osmolality.

Introduction

In patients with cerebral contusions, conservative
therapies have generally been advocated unless there
are hemorrhages contributing significantly to an el
evation of the intracranial pressure (ICP). Despite
intensive conservative therapies, however, some pa
tients exhibit a progressive neurological deteriora
tion and parallel elevation of their ICP within the
period of the initial 24 to 48h post-trauma [4]. Such a
non-hemorrhagic mass effect is sometimes so severe
that surgical excision of contused brain tissue is the
only therapy which can provide satisfactory control
of the ICP and avoid death. The precise mechanism
underlying the non-hemorrhagic mass effect of cere
bral contusions is not yet clearly understood.
Computerized tomography (CT) scans and
magnetic resonance imaging (MRI) have revealed
that two distinct types of edema occur in patients
with cerebral contusions: one is an early massive

edema which develops within the initial 24h post
trauma, and the other is a delayed peri-contusion
edema which becomes cleared, at more than 24 h
post-trauma (e.g., [1]). The delayed peri-contusion
edema exhibits characteristics that are consistent
with vasogenic edema [11]. T2-weighted MRI has
demonstrated that such edema spreads widely within
the white matter. Evaluation of the vascular per
meability based on 99mTc pertechnetate single
photon emission CT [2] and gadolinium (Gd)-DTPA
enhanced MRI [6,7] has revealed a peri-contusion
"halo" of 99mTc pertechnetate activity and Gd
DTPA enhancement. The delayed peri-contusion
edema is often observed, however, in the absence
of an elevation of ICP and signs of neurological
deterioration.
In contrast, the early massive edema, which is tem

porally correlated with Iep elevation and signs of
neurological deterioration, does not display the char
acteristics of vasogenic edema. Evaluation of the vas
cular permeability by 99mTc pertechnetate single
photon emission CT [2] and Gd-DTPA enhanced
MRI [7] failed to reveal any evidence of an increased
vascular permeability within the area of contusion
during the initial few days post-trauma. An immuno
histochemical study of the post-mortem brain of such
patients failed to disclose any protein extravasation
into the area of contusion during this early period
[10]. Many studies have demonstrated the develop
ment of microthrombosis and a profound decrease in
blood flow within the peri-contusion area in experi
mental animals (e.g., [9,10]), as well as in patients
[1,2]. The area affected by microthrombosis spreads
progressively into the surrounding area until 12-24 h
post-trauma, and numerous swollen cells are ob-
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served in this area. These findings suggest that the
early massive edema is, at least partially, cytotoxic in
nature.

In the present paper, we discuss another mecha
nism for the non-hemorrhagic mass effects of cere
bral contusions. An area affected by contusion
necrosis, as a direct consequence of mechanical
impact (contusion necrosis proper [8]), is already
evident as early as at 3h post-trauma [3]. The cellular
elements in this well-demarcated area, both neuronal
as well as glial cells, uniformly undergo shrinkage,
and then disintegration, homogenation and cyst for
mation. Unlike the cells in the area surrounding the
contusion necrosis proper, they never exhibit swelling
[8]. We test the hypothesis that elevated osmolality
within this area plays an important role in the non
hemorrhagic mass effects of cerebral contusion.

Methods

Experimental data were obtained from cerebral contusions pro
duced with a controlled cortical impact injury model in the rat.
Impact was applied to the lateral aspect of the frontal lobe perpen
dicularly to the contour of the cortical surface (penetration depth,
3mm) with a rod of 5mm in diameter at 6m/s. Massive intracere
bral hemorrhages were rarely produced and, data from animals
with such hemorrhages were excluded. In some animals, isolation
of the frontal lobe with transection was performed immediately
post-trauma to examine the effects of interruption of the blood
supply to the contused brain tissue. Animals were divided into 3
groups: Group 1 (contusion only), Group 2 (isolation of the frontal
lobe only), and Group 3 (contusion and isolation of the frontal
lobe). The isolation alone is equivalent to complete focal ischemia.
These procedures were performed under nitrous oxide and
halothane anesthesia and infiltration of xylocaine into the wound
edge. The craniotomy site was sealed tightly with a silicone
plate glued to the skull and the wound was closed after the
experimental insult. The animals were then allowed to recover
from the anesthesia.
The animals were sacrificed by decapitation under barbiturate
anesthesia at varying intervals post-trauma. The osmolality
(mmol/kg' wet tissue) and water content of the contused brain
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tissue obtained from the center of the cerebral contusion were
determined by vapor pressure osmometry and specific gravimetry,
respectively (n = 45). In separate subgroups of animals, the con
tents of water (%), Na\ K+ and cr (mmol/kg·wet tissue) within
the contused brain tissue were determined by dry/wet weight mea
surement and high performance liquid chromatography, respec
tively (n = 10). In other subgroups of animals, the ICP was
monitored from the cisterna magna for 12-24 h (n = 15) while
nitrous oxide and halothane anesthesia was continued.

Results

The osmolality of the brain tissue underwent a
marked elevation in all groups (p < 0.01 at 6 and 12 h
post-trauma; Table 1). The increase in osmolality was
significantly lower in the Group 1 animals, as com
pared to that in the Group 2 and 3 animals (p < 0.05
at 12h post-trauma; Table 1). In contrast, the specific
gravity of the brain tissue decreased clearly only in
the Group 1 animals (p < 0.01 at 6 and 12h post
trauma; Table 1). The decrease in specific gravity in
the Group 1 animals was highly significant as com
pared to the Group 2 and 3 animals (p < 0.01 and
0.05, respectively, at 12 h post-trauma; Table 1). The
less marked increase in osmolality observed in the
Group 1 animals can be accounted for by this con
comitant decrease in specific gravity (increase in
water content), indicating that osmotically active
substances are produced similarly in all the groups
but water is accumulated only in the contused brain
tissue in which blood supply is maintained. Consis
tent with these findings, the most pronounced in
crease in ICP was observed in the Group 1 animals,
reaching a maximum level (>20mmHg) at 12h post
trauma.
In the Group 1 animals, a large increase in Na+ (p

< 0.05 at 6h post-trauma) was observed concomi
tantly with the increase in % water content (p < 0.03
at 6h post-trauma; Table 2). It was noted, however,

Table 1. Changes in Osmolality and Specific Gravity of Brain Tissue after Trauma and lor Isolation Ischemia

Group Pre-insult 6 h post-insult 12h post-insult

Osmolality (mmol/kg' wet tissue)
Contusion 311.4±11.3 406.6 ± 18.9' 402.8 ± 15.1'
Isolation 319.5 ± 9.3 415.2 ± 16.6' 438.4 ± 20.3'
Contusion + isolation 310.0 ± 9.0 424.0 ± 21.0' 445.0 ± 29.0'

Specific gravity
Contusion 1.043 ± 0.003 1.035 ± 0.005' 1.031 ± 0.005'
Isolation 1.042 ± 0.004 1.042 ± 0.003 1.041 ± 0.002
Contusion + isolation 1.042 ± 0.001 1.039 ± 0.003 1.037 ± 0.003

Comparison with contusion

p < 0.05
P < 0.05

p < 0.01
p < 0.05

Mean ± SD. n =5 for each group at each time point.
'p < 0.01 as compared to pre-inSUlt (unpaired t test).
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Table 2. Changes in Water Content and Inorganic Ion Concentrations of Brain Tissue after Trauma (Contusion Only)
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Ion contents (mmol/kg' wet tissue)
Na+ + K+ + cr
Na+ + K+
Na+
K+

cr
Water content (%)

Pre-trauma

181.9 ± 29.8
139.1 ± 18.3
46.5 ± 6.5
92.7 ± 11.9
42.8 ± 11.5

79.7 ± 1.3

6h post-trauma

193.1 ± 53.1
144.7 ± 35.7
66.4 ± 13.7
78.3 ± 22.0
48.4 ± 17.4

83.6 ± 2.6

Difference

+42.8%

+4.9%

Significance

NS
NS
P < 0.05
NS
NS

P < 0.03

Mean ± SD. n = 5 for each time point. NS not significant.

that K+ decreased in parallel to the increase in Na+
(Table 2). In addition, cr did not increase as much as
Na+. As a result, the net change in inorganic ions was
in total very modest. The combined Na+ and K+
content of the brain tissue was maintained at a level
(144.7 mmol/I) which was approximately the same as
that of the plasma (144.0mmolll), although a non
significant small increase was observed in the con
tused brain tissue. Such an increase (4.0%) was in a
range comparable to the increase in water content
(4.9%).

Discussion

When the cell membrane is disrupted and intracel
lular colloid substances are allowed to pass through,
these substances become osmotically inert and the
cells may shrink. The cellular shrinkage observed in
the area of contusion necrosis proper [8] may be at
tributable to such a mechanism. The process of cellu
lar disintegration and homogenation within the area
of contusion necrosis proper, can be detected in pa
tients as the formation of a fluid-blood interface on
CT scans or MRI, which represents the sedimenta
tion of red blood cells within the well-demarcated
softened necrotic tissue. This type of fluid-blood in
terface is not uncommonly detected in contusion
hemorrhages, if we examine the CT scans or MRI
carefully [5]. The interface began to become visible
at as early as at 12h and was clear at 48h post
trauma, suggesting that the process of cellular disin
tegration and homogenation progresses very rapidly.
Under such circumstances, the contused brain tis

sue can be regarded as though it consists of a single
huge extracellular space having a high colloid
osmotic pressure. Thus, water in the plasma compart
ment is directly faced by a high colloid osmotic pres
sure. In addition, the concentrations of various

inorganic ions within the extracellular space undergo
drastic alterations because of mixing of extracellular
and intracellular ions. This implies that the ion
pumps of the capillary endothelial cells have to sub
stitute for the function of the ion pumps of the cell
membrane of the brain tissue for controlling the
brain volume.
Furthermore, the present study has revealed that
1) the osmolality of the contused brain tissue in
creases rapidly, 2) the increase in osmolality is not
caused by changes in inorganic ion contents, suggest
ing an increase in colloid osmotic pressure through
the metabolic production of osmoles and/or a
release of idiogenic osmoles, and 3) the contused
brain tissue strongly attracts water, provided that the
blood supply is at least partially maintained. These
events should stimulate further the ion pumps of the
capillary endothelial cells for controlling the brain
volume. We have examined the vascular permeabil
ity at 12 h post-trauma by slow infusion of Gd-DTPA
and delayed MRI [6]. We have observed only a slight,
if any, enhancement in the white matter surrounding
the contusion in some cases. A more striking finding
was the enhancement of the necrosis area, which was
noted to a greater or lesser extent in all of the cases.
Enhancement of the necrosis area with delayed
MRI implies that there is a large pressure gradient
between the necrotic brain tissue and damaged
capillary wall, and bulk flow of water towards the
contusion necrosis proper rather than the surround
ing white matter.
The water accumulation in the contused brain tis
sue may be due either to the elevated extracellular
colloid osmolality or to failure to equilibrate the in
creased osmolality with ion pumps. We propose that
the primary driving force of water accumulation into
contused brain tissue is the elevated colloid osmotic
potential of the contusion necrosis, and this repre-
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sents an important and unique mechanism underly
ing the contusion edema. The beneficial influence of
surgical excision of contused brain tissue on the out
come is commonly explained by an increase in space
compensation. We believe also that excision of the
contusion necrosis does facilitate or secure an elimi
nation of the mechanisms of water accumulation.
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Summary

The involvement of the cholinergic basal forebrain in the control
of ICP and the cerebrovascular bed was investigated by simulta
neous measurement of CBF, BP, ICP and ETC02in rats and cats.
Single unit spikes were also continuously recorded during ICP
changes in the dorsomedial hypothalamic nucleus (DMH) of cats.
Glutamate or acetylcholine (Ach) microinjection into the
magnocellular basal nucleus (nucleus basalis Meynert: NBM, sub
stantia innominata: SI) of rats or the DMH of cats caused per
sistent increases in ICP associated with slightly decreased BP.
Microinjection of Ach into the NBM or the DMH also induced
consistent increases in CBF in the cerebral cortex. Spike activities
in DMH neurons increased before and during spontaneous lCP
elevation. The firing rate of the DMH neurons increased in phase
with the plateau wave-like ICP variations elicited by micro
injection of Ach into the cholinoceptive pontine area or the
contralateral DMH.
Glutamate-or Ach-induced increases in ICP resulted from an
increased CBV in response to a reduced cerebral vasoconstrictor
tone. Activity within the cholinergic basal forebrain, as well as the
central noradrenergic system, contribute to ICP changes and may
be the intrinsic neuronal origin of the plateau waves occurring in
some pathological conditions.

Keywords: Cholinergic basal forebrain; control of ICP; locus
coeruleus complex.

Introduction

Episodic elevation of intracranial pressure (ICP), the
so-called "plateau waves" [5], may be caused by per
sistent intracranial hypertension or cerebral vasomo
tor reaction [2]. Plateau waves are associated with an
increased cerebral blood volume (CBV) [10] due to
dilatation of the cerebral blood vessels, and result
from an intact autoregulation responding to changes
in cerebral perfusion pressure [11]. Previously we
have investigated the function of noradrenergic cell
groups (locus coeruleus complex: LC, medullary re
ticular formation: MRF) and the cholinoceptive pon
tine area (CPA) in the generation of plateau waves

[6-8]. This study investigated the involvement of the
cholinergic basal forebrain in the control of ICP and
the cerebrovascular bed.

Materials and Methods

Twelve cats with kaolin-induced hydrocephalus under chloralose
anesthesia and eight normal rats were used for the experiments.
The animals were immobilized with pancuronium bromide and
artificially ventilated. The ICP was continuously monitored using a
Camino fiber optic transducer inserted into the white matter of the
right occipital lobe. The systemic blood pressure (BP) and end
tidal CO2 concentration (ETC02) were measured continuously.
The cerebral blood flow (CBF) was measured by the hydrogen
clearance method. In the first series of experiments glutamate or
acetylcholine (Ach) was injected through microinjection needles
into the magnocellular basal nucleus (nucleus basalis of Meynert:
NBM, substantia innominata: SI) of the rats or the dorsomedial
hypothalamic nucleus (DMH) of the cats. In the second series
of experiments single unit spikes using tungsten microelectrodes
were continuously recorded during spontaneous or induced
ICP variations in the DMH of the cats. The frequency of consecu
tive discharges was measured during 1, 3 or 5sec periods. The
neurons were identified using a reference point at the end of the
experiment.

Results

Insertion of the injection needle into the DMH of the
cats evoked an increase in ICP associated with a
transiently slightly increase in BP. Microinjection of
Ach into the DMH of the cats produced a persistent
increase in ICP with a marked decrease in BP, and
induced a remarkable increase in CBF (from 35ml/
IOOg/min to 49.3ml/IOOg/min). However, there were
no measurable changes in ETC02 concentration dur
ing the induced ICP variations (Fig. Ie). Microinjec
tion of glutamate or Ach into the NBM and SI of the
rats caused consistent increases in ICP associated
with slightly increased or decreased BP, respectively
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Fig. 1. Changes in cerebral blood flow
(CBF). intracranial pressure (ICP),
systemic blood pressure (BP), and
end-tidal CO2 concentration (ETC02)

after microinjection of glutamate or
acetylcholine (Ach) into the cholinergic
basal forebrain of rats (A, B) or the
dorsomedial hypothalamic nucleus of
cats (C)

(Fig. lA and B). Microinjection of glutamate or Ach
into the NBM of the rats also induced consistent
increases in CBF in the cerebral cortex (from 26ml/
lOOg/min to 41.5ml/lOOg/min and 46ml/lOOg/min to
59ml/lOOg/min, respectively).

The spike activities in the DMH neurons related to
the spontaneous ICP variations are shown in Fig. 2A.
The firing rate increased in phase with the plateau
wave-like ICP elevation. The spike frequency in
creased about 30sec before the rising phase and de-
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creased sharply about 15 sec before the falling phase.
There were no remarkable changes in BP during the
plateau wave. Ach microinjection into the CPA
caused consistent increases in ICP associated with
slightly decreased BP. The spike activities in the
DMH neurons associated with the ICP increase are
shown in Fig. 2B and C. Tonic DMH-neuron dis
charges gradually increased about 10sec before the

ICP began to increase. There were almost no
changes in the ETC02 concentrations during these
ICP changes (Fig. 2A). Some DMH neurons de
monstrated no suppression or promotion of spike
activities during increased ICP caused by Ach micro
injection into the CPA. Activation of the NBM or the
SI of the rats or the DMH of the cats by microinjec
tion of glutamate or Ach produced a consistent
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increase in ICP associated with an increase in CBF
(Fig. 1). The firing rate of the DMH neuron on the
left was increased in phase with the plateau wave-like
ICP elevation caused by Ach microinjection into
the DMH on the right (contralateral) (Fig. 2C). The
spike frequency increased about 15 sec before the
rising phase and decreased about lOsec before
the falling phase.

Discussion

Cerebral blood vessels receive adrenergic innerva
tion from at least two sources: the cervical sympa
thetic system, and the medulla oblongata (MRF),
pons, and midbrain (LC) which directly affect the
intramedullary arteriole walls. Previously, we found
that spontaneous LC neuron activity was clearly
suppressed during plateau waves, the spontaneous
activities of MRF neurons were suppressed during
increased ICP, and the spikes in CPA neurons were
synchronized with plateau waves [7,8]. Our previous
studies have also demonstrated that CPA neurons
suppress activities in both LC and MRF neurons,
which form the central noradrenergic system [8].
Therefore, activation of CPA neurons would result
in reduced activity in the central noradrenergic
system, and so an increase in CBV would occur in
response to dilatation of the cerebral vessels. The
plateau waves would thus result from the increase in
CBV [2,3,5-10]. The present study showed that
activation of the cholinergic basal forebrain (NBM,
SI, DMH) caused increases in both ICP and CBF.
Ach-induced ICP and CBF changes may result
from increased CBV in responses to reduced cere
bral vasoconstrictor tone. Activation of the intra
cranial cholinergic fibers originating in the NBM
releases Ach in the cortex, which results in vasodila
tion and increased rCBF in the cortex [12]. Local
metabolites are considered to be important in regu
lating rCBF. However, the regulation of rCBF by the
central cholinergic nerves seems to be independent
of regional metabolism [1,4,12]. In our study, the
DMH neurons fired in phase with the plateau wave
or ICP increase. Therefore, DMH neurons show a
discharge pattern very similar to CPA neurons. The
previous and present results suggest that activity
within the cholinergic basal forebrain, as well as the
CPA, LC, and MRF, contributes to ICP changes and
provides an endogenous neuronal basis for the pla
teau waves observed in some pathological conditions

such as disturbed cerebrospinal fluid absorption

(kaolin-induced hydrocephalus).
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Summary

Slow vasogenic waves are characterised by sudden rises and falls in
both the mean ICP and its cardiac pulsatile amplitude for periods
of up to an hour. On reviewing the on-line computer records of a
series of 200 consecutive head injured patients, some 650 waves
with increases in mean ICP of at least 15 mm Hg were recognized.
The mean ICP, pulsatile amplitude, perfusion pressure, arterial
pressure and pulse rates which had been generated every minute
were reviewed in each of a 100 randomly selected waves in the
hopes of allocating them into defined groups according to precipi
tating factors. We had expected to find that the majority of waves
were precipitated by a preceding fall in cerebral perfusion pres
sure as a result of a transient arterial hypotension. Only in 19 of
the 100 waves did this sequence become apparent and in the
remainder, no recognizable precipitating factors were found. In 21
of the records, there was a fall in ICP of at least 5mm Hg before
the onset of the pressure wave.

Keywords: Cerebral perfusion pressure: vasogenic waves.

Introduction

During the last 20 years, two computerised monitor
ing systems have been in use in the Intensive Care
Unit at Pinderfields Hospital. We have endeavoured
over the years to take advantage of the additional
information obtained by continuous analysis of
changes in the waveform. Cardiac pulsatile ampli
tude is affected by both the pulsatile component of
cerebral blood volume and on changes in the cere
brospinal elasticity. We have taken a particular inter
est in following the changing relationship between
this amplitude and the ICP mean and this has pro
vided valuable information about the current states
of compensatory and auto-regulatory reserves [1,2].
Computerised signal processing has many advan
tages over conventional chart recorders. Not only
does it provide averaging and compression for trend
recognition (3) but it also allows easy access for ret-

rospective surveys. For this study, it has been conve
nient to transfer all the ICP records onto the hard
disc of a lap-top computer, which has provided an
excellent opportunity to review all the vasogenic
waves recorded in patients with head injury during
the last 8 years.
Both Lundberg in Sweden and lanny in France
independently published their observations about
these spontaneous and acute elevations in ICP in
1960. This phenomenon is associated with transient
falls in cerebral perfusion pressure (CPP) and it
has been suggested that it might occur as a result
of an intact or almost intact auto-regulatory response
to a preceding small fall in CPP [5]. There was
evidence at that time that a gradual decline in sys
temic arterial pressure would cause vasodilatation
by auto-regulation and the subsequent rise in ICP
reduced the CPP which in turn initiated this
vasogenic wave proper.
The purpose of this study is to review the changes
just before and during these waves in the hopes of
confirming Rosner and Becker's observations during
the early eighties [5].

Method

In a consecutive series of 200 patients with severe head injury, ICP
monitoring was set up within 4 hours of injury in 92% of the
patients. An external transducer with fluid filled ventricular or
subdural catheters have replaced the Camino system which in
earlier years had intolerable zero drifts. ICP and arterial wave
forms were sampled at a frequency of 18Hz. The amplitude of
the cardiac pulsewave was calculated every 8 seconds using a 128
Fast Fourier Transform. The mean ICP, CPP, amplitude, arterial
pressure and heart rate were stored in a circular buffer to allow
the generation of one minute averages to provide a continuously
updated graphical display and an archive.
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The archive of data from the last 200 patients consists of one
minute mean values of these physiological variables and were
reviewed on the lap-top computer. The vasogenic waves with el
evations of 15 mm Hg or more were identified and counted. 100
waves were then randomly selected for statistical evaluation. Five
time points on each wave were visually identified. The first point is
5 minutes prior to the steep rise in mean ICP and amplitude. The
second point is at the onset of the wave. The third and fourth time
points are at the peak of the ICP and the trough of the CPP,
respectively and the fifth point is at the end of the wave when the
ICP has fallen to near to its original pressure. The 5 time points
along with the values of each of the 5 parameters for each time
point were then transferred to a data base for subsequent distribu
tion histogram analysis.
In addition, all the 200 patient records were transferred to a

statistical package to audit the overall distribution of rcp and CPP
values. The conditional averages of the amplitude as a dependent
variable were plotted against the independent variable CPP in
data bins 10mm Hg wide and also against ICP in data bins
5mmHg wide.

Results

For 11% of the time CPP was less than 60mmHg.
For 27% of the time in this group of 200 patients, it
was less than 70mmHg. The mean ICP was above
25mmHg for 19% of the time.
There were 650 vasogenic waves with rapid eleva
tion of ICP of at least 15mmHg and with concurrent
rise in amplitude. The rise in mean ICP varied from
10 to 70mmHg. 41% had a rise of between 10 and
20mmHg and 37% of between 20 and 30mmHg. In
the remainder, the rise was above 30mmHg. The
pulsatile amplitude increased by Q-3mmHg in 17%,
by 3-6mmHg in 41% and by more than 6mmHg in
42%.
60% of the records showed that the peak in ICP
and the trough in CPP occurred at the same time
(Fig. 1). There were 19 records out of a 100 who had
the maximum reduction in CPP 4 minutes or more
before the ICP peak, and it is reasonable to presume
that on these occasions, the fall in CPP precipitated
the rise in ICP. In 7 records, the CPP trough occurred
4 minutes or more after the ICP peak. 77% had
reached the peak before the midpoint in time be
tween the beginning and the end of the wave and
58% had reached the peak within 20 minutes. The
rcp wave was shorter than 30 minutes in 81% of the
records but 2 did extend just beyond an hour. 43% of
the falls in CPP were for up to 20mmHg and in 45%,
there were falls of 2Q-40mmHg with the remainder
showing reductions in excess of 40mmHg.
During the rcp rise, the arterial pressure rose at
least 15mmHg in 22 patients but it fell by at least that
amount in 2 patients. The heart rate rose by more

Fig. 1. An example of a typical vasogenic wave showing the
parameter values at each of the time points (1, 2, 3, 4, & 5) used
in this study. The rcp peak and CPP trough of this wave occur at
the same time

Fig. 2. Frequency histogram of pressure waves and empiric regres
sion of amplitude plotted against CPP

than 15 beats per minute in 9 records and fell below
15 beats per minute in 4. On reviewing the changes
during the 5 minutes prior to the onset of each pres
sure wave, we were rather surprised that there was an
equal chance of a fall in perfusion pressure occurring
prior to the wave as a rise and in 56% of the records,
there was no significant change. Conversely, preced
ing falls in ICP did occur in 21% of the waves and
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there was never a preceding rise. There was a greater
chance of a fall in blood pressure (18%) than a rise
(4%).
Despite our earlier add hoc observations that pres
sure waves became less frequent if the CPP is main
tained [4] we were only able to confirm this in this
study in the minority. Fig. 2 shows the frequency
histogram of pressure waves along with the empiric
regression of the conditional averages of the ampli
tude as a dependent variable plotted against the in
dependent variable of CPP. As the CPP falls from
llOmmHg to 80mmHg, the amplitude rises slightly,
when it falls further from 80mmHg to 40mmHg it
rises rapidly and there is a break point at 40mmHg
below which the amplitude falls with progressive
loss of auto-regulation. The wave frequency histo
gram failed to show the expected critical threshold
CPP level of 80mmHg above which waves would be
abolished.
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Summary

Using ICP measurements and the bolus injection technique dy
namic parameters of the cerebrospinal fluid system as there are
pressure-volume-index (PVI) and resistance to CSF outflow
(Rout) were investigated in a new model of diffuse closed head
injury (CHI) in the rat. It was found that in the absence of brain
oedema and ICP alterations an increase in PVI and Rout was
present in the early (4 h) period following head injury. This may be
indicative for a reduction in cerebral blood flow and cerebral blood
volume, both shown previously to occur after CHI. Furthermore
an early impairment of CSF absorption mechanisms is evident.
To answer the question, whether bolus injection techniques are
advisable for clinical routine and whether results might have a
predictive value, further investigations covering longer observa
tion intervals and in the presence of secondary insults to the brain
are necessary.

Keywords: Closed head injury; CSF dynamics; pressure-volume
index (PVI).

Introduction

With the introduction of the impact acceleration
model by Marmarou et al. [1,4] a type of closed head
injury (CHI) with diffuse and global tissue damage
can be studied in the rat. Earlier investigations have
shown that during the first hours following CHI there
is no marked development of brain oedema or rise
in ICP, if secondary insults like hypoxia and hypo
tension are avoided [3,10]. However, the influence
of CHI on dynamic CSF parameters in the early
postraumatic period remains to be further eluci
dated. We, therefore, analysed in a controlled setting
the behaviour of ICP, pressure volume index (PVI),
resistance to CSF outflow (RoUl ) and ICP pulse wave
amplitude (A) in the four hours following experi
mental CHI.

Materials and Methods

30 Lewis rats (367 ± 35 g) were investigated. 15 animals respec
tively were either subjected to CHI according to the previously

described set-up [4] by dropping a weight of 500 g from a height
of 1.5 m or served as controls undergoing sham treatment
without trauma (ST). Animals were anaesthetised using ketamin!
xylazin i.p. initially, followed by a continuous ketamin i.v.-infusion
(40 mg/kg/h) breathing spontaneously throughout the study.
A catheter was placed in the subfrontal subdural space to measure
ICP and to apply bolus injections of 0.05 ml saline 10min before
CHI and 15 min, 1h, 2 h, 3hand 4h after CHI. ICP data were
stored with a sampling rate of 20 Hz on a Pc. Animals were
sacrificed and brains subjected to either determination of
brain water content (wet-dry weight method) or to spectro
photometric evaluation of Evans Blue extravasation (2 mg/kg i.v.
prior to CHI). ICP readings were used to calculate PVI and Roul as
explained by Marmarou e( at. [5] and for determination of pulse
wave amplitude (A) immediately before bolus injections. Arterial
blood pressure (ABP) was recorded discontinuously from the
femoral artery.
For comparison of results at different times (t) relative changes
after trauma Llx = ((Xl - xp,,)!xp,,) *100 [%] were used in order
to correct for different pre-trauma-baselines (pre). Statistical
analysis was performed using commercially available software.
Friedman's two way ANOVA followed by Wilcoxon signed rank
test was applied on paired, Mann-Whitney U test on unpaired
data. Differences were regarded as significant if p < 0.01. Data are
represented as mean ± SD.

Results

There was no immediate mortality following CHI.
Two animals died after 1hand 3h, respectively and
data were excluded from further analysis. Skull frac
tures were not detected. In 6 control animals the
quality of ICP readings was insufficient. Hence val
ues for L1ICP, L1PVI, L1Rou1 and L1A were derived from
13 CHI and from 9 ST animals. Animals responded
to CHI with transient apnoea (up to 20s), con
vulsions and transient loss of corneal reflexes. CHI
was prompted by a short rise of ABP (maximum
IS0-200mmHg) followed by a period of mild
hypotension (50-70mmHg) returning to baseline
(S0-100mmHg) within 5min remaining stable fur-
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ther on. Animals breathing rates were in the upper
normal range (9O-110/min).
Regarding the investigated parameters ST and
CHI animals did not show any differences in the
measured and calculated pretrauma baseline values.
Furthermore, no significant changes or consistent
trends were observed during investigation in any of
the parameters in ST rats. However, following CHI
all parameters except ICP showed obvious alter
ations during the 4 hours observation period, with
LlPVI and LlRout changing significantly (p = 0.003 and
p = 0.0004, respectively). As Fig. 1 displays LlPVI
increased immediately after CHI to a maximum of 30

± 17% at 15min and remained elevated thereafter
(15-18%). LlRout started to rise at Ih and increased
continuously up to 4h (maximum 217 ± 234%) after
CHI (see Fig. 2). LlA was enlarged as a trend at 3h
and 4h (57 ± 93% and 68 ± 97%, respectively), how
ever, without reaching statistical significance due to
great interindividual variations. ICP showed a ten
dency to decrease after CHI for 2-3 h; however, there
were again great variations. Brain water content was
slightly but not significantly lower (p < 0.05) follow
ing CHI than in ST animals (78.06 ± 0.53% vs. 78.80
± 0.24%, respectively). No significant Evans Blue
extravasation could be detected in either group.

Discussion

O+--,...--r-

pre 15 min 1h 2h 3h 4h

Time of bolus injection

pre 15 min 1h 2h 3h 4h

Time of bolus injection

The impact acceleration model of acute closed head
injury has been studied intensively with respect to its
morphological changes, effects on blood-brain bar
rier integrity and changes of perfusion indices as well
as of static CSF parameters (ICP) [1,3,4,6,7,9-11].
However no acute changes of CSF dynamics have
been investigated yet. We, therefore, measured for
the first time changes of PVI and Rout, which can
be obtained by bolus injections without elaborate
technical equipment, making the method available
also to clinical routine in patients with ventricular
catheters.
The most prominent finding was the immediate
increase of PVI by 30% after trauma. PVI remained
elevated for 4 hours. At the same time ICP did not
change significantly from pre-trauma baseline levels.
Since our animals did not experience secondary brain
insults like hypotension or hypoxia we did not expect
significant ICP increases as a sign of brain swelling in
the first hours. Earlier studies in the same model
focusing on haemodynamic changes have shown a
general hypoperfusion as early as 15min after CHI
[9] and a decreased cerebral blood volume (CBV) 2
hours after CHI [3]. Similar results of a local and
general decrease in cerebral blood flow (CBF) were
seen in other models of head injury as well [2,8,12].
Thus, we interpret the increase of PVI as a result of
a posttraumatic decrease of CBF and/or CBV. Fur
thermore, we regard the observed tendency to lower
ICP values after CHI as another indicator of reduced
CBV.
The resistance to CSF absorption (Rout) seems to
be unaffected initially with no change at 15min but a
progressive increase at 1h. Most likely this is a result
of traumatic subarachnoid haemorrhage and of intra-
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Fig. 2. Changes of Rout after CHI in trauma animals (L'>Ro")'
Beginning at 1 h there is a progressive increase of Rout probably
as a result of trauma induced intracranial bleeding. * Indicates
significant changes at p < 0.01

Fig. 1. Changes of PYI after CHI in trauma animals (L'>PYI).
There is an immediate increase of PYI after CHI by 30% probably
as a result of reduced cerebral blood volume and hypoperfusion.
*Indicates significant changes at p < 0.01
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ventricular bleeding that was observed macroscopi
cally at autopsy of the animals. A persisting increase
of Rout could contribute as one factor to the develop
ment of intracranial hypertension following CHI.
Brain water content was rather slightly decreased
and no extravasation of Evans Blue could be de
tected. This is in agreement with the findings of
others [3,10] and together with the unchanged ICP,
supports the conclusion that there is no significant
development of brain oedema in the early phase
after trauma in this model.
In conclusion, this study suggests that the rela
tively simple bolus test can reveal disturbances of
dynamic CSF parameters in the early posttraumatic
period and might thus serve as a simple indicator of
posttraumatic hypoperfusion. Furthermore, an early
dysfunction of CSF absorption may be detected.
It remains to be investigated to which extent these
dynamic parameters change, if the initial trauma is
augmented by secondary insults (hypotension and
hypoxia) and how far these changes might be predic
tive for the development of intracranial hypertension
later on.
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Summary

Objective of this study was the characterization of traumatic brain
injury induced by a "Controlled Cortical Impact" with magnetic
resonance imaging techniques. The impact was applied to the
intact dura of the left hemisphere in Sprague-Dawley rats. The
pneumatic impactor was accelerated to a velocity of 7mls con
tusing the left temporo-parietal hemisphere to a depth of 2 mm.
Posttraumatic hemispheric swelling and water content were deter
mined gravimetrically, Evans Blue extravasation photometrically,
and volume of ischemia by TIC-staining and planimetry. Mag
netic resonance imaging was performed by a Bruker biospec 24/40,
90min, 24 and 72 h post trauma using a TIw RARE sequence, a
T1w sequence, before and after application of contrast agent, and
a set of diffusion weighted images for calculation of ADC-maps.
Data analysis was performed using a cluster algorithm enabling to
interpret corresponding image pairs simultaneously. TIw imaging
indicates the maximum edema about 24 h post trauma. Blood
brain barrier damage, detected by Tlw imaging, is more predomi
nant in the early posttraumatic phase. The cluster algorithm
detects different edema components: from the necrotic core to the
perifocal vasogenic rim. MRI in combination with the cluster algo
rithm will hopefully be a valuable tool in testing neuroprotective
agents.

Keywords: Brain edema; cortical impact; magnetic resonance
imaging.

Introduction

Significance, ongm, and nature of posttraumatic
brain edema are still under debate [1,2]. The role of
a cornucopia of mediators involved in aggravation
and maintenance of secondary brain damage is
extensively discussed. Accused are, among others,
excitatory amino acids, free radicals, Ca2+ [3].
Neuroprotective drugs, designed to inhibit their de
teriorating effects, have to be proven with regard to

their efficacy. The Controlled Cortical Impact Injury
(CCII) models human contusions best and is there
fore invaluable to test potential neuroprotective
agents for traumatic brain injury. Magnetic reso
nance imaging (MRI) is a noninvasive diagnostic tool
enabling one to characterize the time course of brain
edema and to detect blood-brain barrier disruption
by extravasation of an i.v. administered contrast
agent. Beside this morphological information MRI
is capable of elucidating pathophysiological aspects
using diffusion weighted imaging (DWI). A relative
signal enhancement in diffusion weighted images,
together with a decrease of the so-called apparent
diffusion coefficient (ADC), which is calculated from
a set of DWI with increasing diffusion weighting, is
supposed to be characteristic of cytotoxic edema [4].
Simultaneous data analysis of these various image
qualities with a cluster algorithm facilitates data in
terpretation substantially.
The CCIl-model, analysed with MRI and inter
preted with the cluster algorithm was presently used,
together with histopathological investigations, to
characterize brain edema, providing a basis for test
ing neuroprotective drugs.

Materials and Methods

Animal Model

For the study, 28 Sprague Dawley rats (250-330g b.w.) were used.
The animals were anesthetized by inhalation of a mixture of



304

NzO: 0z, 2: 1 and 2% isoflurane. Body temperature was main
tained at 37°C. A medial skin incision was performed over the
skull and the temporal muscle was partially resected for temporo
parietal trephination in this region, leaving the dura intact. Using
a computer-controlled pneumatic impactor [5] of 7mm in diam
eter with a convex tip surface, a standardized cortical impact injury
was applied to the cortex. Reaching a depth of 2mm, the impactor
was accelerated to a velocity of approximately 7ms- I . The trephi
nation defect was subsequently filled with dental cement, the skin
incision was sutured.

Histological Examinations

Animals used for histological analysis were sacrificed 24 h post
injury to remove the brain. Posttraumatic hemispheric swelling
and water content were determined gravimetrically (n = 8).
Ischemic tissue was visualized by 2,3,5 triphenyltetrazolium chlo
ride (TIC) staining of serial brain cuts of 2mm (n = 4). The areas
were planimetrically measured and the volume of ischemia and
tissue infarction was calculated. Blood-brain barrier damage was
assessed by extravasation of i.v. Evans Blue (1 ml/kg b.w. of a 2%
solution, given 1 hour before sacrifice) using fluorescence micros
copy and photometry (n =8).

NMR experiments were performed by a 100Mhz BIOSPEC sys
tem (Bruker, Karlsruhe, F.R.G.) with a 40cm horizontal magnet
(n =8). The system was equipped with an actively shielded gradi
ent coil system (maximum gradient: 50mT/m). A crossover sur
face coil, 50mm in diameter was used. Animals were anesthetized
by rompun®/tilest®, breathing spontaneously. Body temperature
was monitored and kept at 36.5-37.5°C. To prevent movement
artifacts the animals were placed in a stereotactic frame. A set of
T2-weighted images (RARE: TR = 3,300 ms, TE = 30ms, Rare
factor = 8, FOV = 80mm, slice thickness (SD) = 2.0 mm, number of
accumulation (NA) =8) was acquired to quantify the extension of
posttraumatic edema. Tl-weighted imaging (SE: TR = 500 ms, TE
= 12.2 ms, NA = 6) was performed before and after injection (2, 10,
20,30,45, 60 min pj.) of 30011mol Gd-DTPA/kg b.w. in a lateral
tail vein for detection of blood-brain barrier damage 90min and
24 h after CCII. For diffusion-weighted imaging a STEAM se
quence was used (STED: TR = 1,000ms, 0= 7.5 ms, "" = 240ms, SD
= 2mm, b = 0,500,1,000,1,500, 2,000s/mmz, max. grad. strength:
40mT/m, NA =4). The apparent diffusion coefficients (ADCs)
were calculated to generate ADC-maps.

Image analysis was performed by a Silicon Graphics Indy
R4000 with a histogram-based segmentation algorithm allowing
volumetry of the lesion and the simultaneous interpretation of
corresponding image pairs [6].

Results

Histological Studies

The impactor induced a unilateral hemorrhagic con
tusion leading to a posttraumatic swelling 24 hours
after CCII of 14.3 ± 3.1%. Brain water content in
creased to 82.5 ± 0.5% in the lesioned hemisphere
compared to 79.9 ± 0.2% in the control hemisphere.
Following TTC staining, the average ischemic tissue
volume was 56.7 ± 19.2mm3• There was a moderate
uptake of Evans Blue into the lesioned hemisphere
24h p.t.
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MRI-Studies

In T2-weighted images the total edema volume was
determined within the lesioned hemisphere. The
edema volume increased from 35 ± 9mm3 90min p.t.
to 57 ± 3mm3 24h p.t. and decreased to 30 ± 5mm3

at 72 h p. t. Tlw postcontrast images revealed Gd
DTPA uptake indicating blood-brain barrier damage
that was more pronounced 90min p.t. than after
24h p.t. Maximal signal enhancement was observed
30min after injection of the contrast agent. In the
DWI the relative contrast of the lesion to unaffected
regions became more prominent with increasing dif
fusion weightening. The following mean ADC
values, 90min p.t., were calculated:

non-traumatized cortex:
0.63 ± 0.07 *10-3mm2S-l

traumatized cortex:
0.32 ± 0.03 * 10-3mm2S-l

Data Analysis

A histogram-based image analysis was used to differ
entiate the lesion into various regions by clustering
image pairs in different regions within the clustered
image pairs of T2w images and ADC maps, T2w- and

Fig. 1. Histogram of the intensities of a T2-weighted image and a
corresponding ADC-map: the edema core (grey) and rim (white)
are segmented. The frequencies of intensity pairs are represented
in a grey level coded manner (white = high frequencies, dark grey
= low frequencies)
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Discussion

Tlw and Tlw images and ADC-maps. Thereby, a
perilesional rim, a core region embedding a cylindri
cal subregion in the direction of the impact was
identified.

Fig, 2, TI·weighted image (A) and ADC-map (D), 90min after
trauma, used for generating the histogram in Fig. 1 Image (D)
shows a region of decreased signal intensity indicating the pre
dominant cytotoxic edema component. Core-region (B, E) and
edema-rim (C, F) segmented out of the histogram, are high lighted
in both images

CCII produces significant posttraumatic brain swell
ing and edema which is both of cytotoxic and
vasogenic nature. Cluster analysis of MRI data is, in
context with histological examinations, a valuable
tool for characterization of edema components
and their distribution as well as the time course of
edema development. Thus, it opens new avenues
for therapeutical studies focusing on novel
neuroprotective substances.

Conclusion

perilesional zone is specified by lower T2 intensities
and less decreased ADC-values. This might be ex
plained by relative ischemia, A cylindrical cone
within the core region, aligned to the direction of the
impact, is marked by further decreased ADC-values
and increased T2 intensities, probably indicating
necrosis, as seen in hematoxylin eosin stainings.

In the infralesional region a small area of increased
ADC-values is indicative of vasogenic edema. Never
theless, the cytotoxic edema component is prevailing
in this experimental model.
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Edema generation and resolution in this model are
reflected by T2w imaging showing a maximum about
24h p.t., corresponding to the gravimetrically deter
mined posttraumatic swelling of 14,3 ± 3.1%. The
time course of the blood-brain barrier defect is
traced by Tlw postcontrast imaging, There is a re
markable blood-brain barrier disruption 90min p,t.,
which at 24 h p.t. is less pronounced, as additionally
verified by Evans Blue extravasation.
The ADC value is assumed to distinguish between
cytotoxic edema, indicated by a lower diffusional
rate of water in ischemia leading to a decreased
ADC, and vasogenic edema, reflected by increased
ADC-values. The ADC-map (Fig, 2D) 90min p.t.
delineates a region of markedly decreased ADC
values, corresponding to the ischemic lesion, de
tected by TTC-staining. In a cluster analysis of a T2w
image and an ADC-map this region can be distin
guished as core (Fig, 2B, 2E) and a perilesional zone
(Fig, 2C,F), In relation to the core region, this
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Summary

A simplified model of intracranial dynamics is used to reproduce
the intracranial pressure (ICP) time pattern in 20 patients with
severe brain damage during PVI tests. A comparison of model
responses and clinical tracings was achieved by minimizing a least
square criterion function and adjusting just 5 parameters. These
are: the CSF outflow resistance, the intracranial elastance coeffi
cient, the autoregulation gain and time constant, and the basal
values of arteriolar compliance. Based on the value of the
autoregulation gain, the patients were classified into two groups:
those with damaged autoregulation (8 out of 12) and those with
preserved autoregulation (12 out of 20). Finally, analysis of the
correlation between parameter estimates provided suggestions on
the combination of parameter changes which may have the greater
impact on ICP in the individual cases. Once these parameters have
been identified, they may become possible targets for therapeutic
interventions.

Keywords: Pressure-volume-index (PVI).

Introduction

Pressure-Volume Index (PVI) tests were first intro
duced by Marmarou et at. in the mid-seventies [1], as
a method to derive quantitative information on in
tracranial dynamics in patients with severe brain
damage. These tests consist of injecting or withdraw
ing small amounts of saline into or from the cranial
cavity, and in monitoring the consequent intracranial
pressure (ICP) time pattern. PVI tests are frequently
used in neurosurgical intensive care units to estimate
two important parameters: the cerebrospinal fluid
(CSF) outflow resistance, which summarizes the sta
tus of CSF circulation pathways, and the PVI, which
is an index of the intracranial storage capacity.
Recently, however, using a multi-compartment

mathematical model of intracranial hemodynamics
and CSF dynamics, we suggested that the ICP time

pattern following volume perturbations may also
contain important information on the action of cere
brovascular regulatory mechanisms [3]. Results of
this study emphasize that the strength and time con
stant of cerebral autoregulation may be estimated
with sufficient accuracy using PVI tests.
The model adopted in the previous study, how
ever, was too complex and computationally onerous
to be of practical usefulness in routine clinical condi
tions. Hence, we recently developed a drastically
simplified mathematical model, in which the main
relationships between ICP, cerebral blood volume
(CBV), CSF and autoregulation are incorporated
with a minimum of mathematical details [4].
In this work, the simplified model is applied to the
analysis of PVI tests in patients with severe brain
damage. We have two main purposes: i) to show that
the main parameters characterizing intracranial
dynamics can be estimated in each patient, through a
comparison of model response and clinical data; ii)
to evaluate the correlation between parameter esti
mates in order to derive information on the combina
tion of parameters which have the greater impact on
ICP in the individual cases. Once these parameters
are known, they may become possible targets of
therapeutic interventions.

Method

ICP monitoring was instituted in comatose trauma patients
admitted to an intensive care unit. The measurement was done
through a system composed of a ventricular catheter, a monitoring
line commercially available (Cordis Intraventricular Pressure
Monitoring Catheter with Stopcock 910-127) and a disposable
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Fig. 1. Upper panel: comparison between a clinical ICP tracing
(dashed line) and model simulation curve (continuous line) in a
patient of the first class during a bolus injection and a bolus with
drawal maneuver. Lower panel: 5% indifference regions showing
the correlation between arteriolar compliance (Can), CSF out
flow resistance (Ro), intracranial elastance coefficient (Ke) and
autoregulation gain (G). The axes report the parameter percent
age changes

than 0.2 of the basal value. The basal value of
autoregulation was established "a priori" as the value
which warrants approximately a constant cerebral
blood flow (CBF) in the range SQ-1S0mmHg). As a
consequence of the low autoregulation gain, active
changes in CBV are negligible in these patients, and
cerebral vessels behave passively. Hence, the time
pattern of ICP usually exhibits a monotonic trend; it
progressively decreases toward the initial level fol
lowing bolus injection, and increases following bolus
withdrawal. An example of best fitting between
model response and clinical tracing in a patient of
this group is shown in Fig. 1.

Second group - Patients were classified in this
group when the estimated autoregulation gain was
higher than 20% of the basal value. This value war
rants a partial maintenance of CBF, and the occur
rence of active changes in CBV prevailing over
passive volume recoil. As a consequence of active
vasodilation and vasoconstriction, these patients usu
ally exhibit a paradoxical response to PVI tests: i.e., a
secondary delayed ICP increase following injection,
and a secondary delayed ICP lessening following
withdrawal. Moreover, while the amplitude of the
paradoxical response is mainly related with the
autoregulation gain, its time pattern reflects a bal
ance between the autoregulation time constant and
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A good reproduction of the ICP time pattern during
several consecutive bolus injection and withdrawal
maneuvers was achieved in all the 20 patients exam
ined. Moreover, in most cases the accuracy of param
eter estimates was satisfactory, with a coefficient
of variation of the estimates generally smaller than
20%.
Based on the numerical value of the auto
regulation gain, the patients were then approxi
mately classified into two distinct groups: those with
impaired autoregulation (first group, 8 patients out
of 20) and those with preserved autoregulation (sec
ond group, 12 patients out of 20). The characteristics
of the two groups are briefly commented below.

First group - Patients in this group were character
ized by a strongly reduced autoregulation [lower

Results

transducer (Monitoring Kit Abbott, MK 5-04DTNVF) connected
to a Siemens monitor (SIRECUST 1281 mod. 8791137). Arterial
pressure was simultaneously measured through a catheter inserted
into the radial artery. Arterial CO2 pressure and arterial oxygen
content were carefully controlled in each patient. ICP and arterial
pressure data were sent to a Macintosh Hcx computer through an
AD converter (MacLab, World Precision Instruments), sampled
at a rate of 20Hz and stored in the hard disk. The silicon catheter
was positioned in the Surgical Room: it was inserted into the
frontal horn of a lateral ventricle and tunneled for about 5cm
under the scalp. All the pressure lines were filled with sterile
saline; the transducer was zeroed, having the external acoustic
meatus as a reference point. The pressure-volume maneuver con
sisted in the injection or withdrawal of 1 to 4ml of saline, accord
ing to the bolus technique described by Marmarou et ai. [1]. In all
the maneuvers, the injection rate was approximately ±0.66 mils.
Data obtained in 20 patients from the PVI tests were low-pass
filtered and then analyzed by means of the mathematical model
described in Ursino and Lodi [4]. The main biomechanical and
physiological factors considered in the model are: i) the hemody
namics of the arterial-arteriolar cerebrovascular bed, described by
means of a hydraulic resistance and compliance, both actively
regulated; ii) the CSF production and reabsorption processes, both
mimicked as passive phenomena; iii) the non-linear pressure
volume relationship of the craniospinal compartment, simulated
through a mono-exponential characteristic; iv) the cerebral venous
vascular bed, which behaves as a Starling resistor. Finally,
autoregulation of arterioles is simulated by means of a first order
differential equation arranged in series with a sigmoidal static
characteristic. The latter accounts for the existence of upper and
lower autoregulation limits.
A comparison of model simulation curves and ICP clinical trac
ings was achieved in each patient by using an automatic least
square minimization algorithm, and adjusting just five parameters.
These are: the CSF outflow resistance, the intracranial elastance
coefficient (inversely related to the PVI), the gain and time con
stant of CBF autoregulation, and the basal arteriolar compliance
(related to arteriolar blood volume). In order to elucidate the
mechanisms responsible for ICP changes in each patient, the cor
relation between parameters was also evaluated by computing the
covariance matrix of the estimates.
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Discussion

The results of this work show that a simple theoreti
cal model, including some aspects of cerebral hemo-
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dynamics, autoregulation and active CBV changes, is

able to reproduce both traditional monotonic ICP

time patterns (Fig. 1) and paradoxical responses (Fig.
2) quite well. Moreover, in all cases the estimated
parameters lie in the range reported in the clinical
literature. This observation contributes to validate
the model, and supports the hypothesis that infor
mation on cerebral autoregulation can be extracted
from PVI tests through appropriate computer simu
lation techniques.
An important new aspect of this work, which

might be of great value in clinical studies, consists
in the evaluation of indifference regions. These
show the directions of maximum and minimum
ICP sensitivity to parameter changes, hence can
contribute to discover the particular mechanisms
responsible for ICP alterations in the individual
subjects.
The ellipses of Fig. 2 suggest that, in patients with
preserved autoregulation, the active CBV changes
have a detrimental effect on ICP, through a mecha
nism analogous to Rosner's vasodilatory cascade (2).
In fact, the shorter axis of the ellipse shows that
an increase in cerebrovascular compliance (which
means to have greater CBV changes) may induce
significant ICP alterations if associated with a small
increase in CSF outflow resistance, a small increase
in autoregulation gain or a small increase in intracra
nial elastance (which means a smaller PVI). By con
trast, in patients with impaired autoregulation, CBV
plays only a minor role in developing intracranial
hypertension, or may even contribute to buffer ICP
changes through its passive decrease. In fact, follow
ing the direction of the greater axis (Fig. 1), one can
observe that increasing vascular compliance compen
sates for an increase in CSF outflow resistance and
for an increase in autoregulation gain, and it is poorly
correlated with changes in the intracranial elastance
coefficient.
In perspective, discovering the directions of pa
rameter changes which have the greater impact on
ICP may be exploited in the clinical practice, to avoid
improper maneuvers for the patient, and to design
more appropriate therapies against acute intracranial
hypertension.
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the rate of CSF outflow. An example of ICP time

pattern in a patient of the second group is shown in
Fig. 2.
Finally, analysis of the correlation between the
parameter estimates permits us to detect the combi
nation of parameter changes which have the greater
impact on ICP in the individual cases. This is attained
by computing the so-called €-indifference regions.
These are regions in the parameter space where pa
rameters can change simultaneously without causing
excessive changes in ICP (below a given tolerance c).
If a small tolerance is considered (for instance € =

5%) the regions are elliptic in shape. The greater axis
of the ellipse represents the direction of minimum
ICP sensitivity to parameter changes, whereas the
smaller axis is the direction of maximum sensitivity.
Some examples of indifference regions, obtained by
changing two parameters together, and leaving the
remaining parameters at the estimated value, are
shown in the lower panels of Figs. 1 and 2. It is
evident that the directions of maximum and mini
mum ICP sensitivity are different in the two groups
of patients, indicating that the mechanisms causing
ICP changes are different.

Fig. 2. Upper panel: comparison between a clinical ICP tracing
(dashed line) and model simulation curve (continuous line) in a
patient of the second class during two bolus withdrawal and two
bolus injection maneuvers. Lower panel: 5% indifference regions
showing the correlation between parameter estimates. The mean
ing of symbols is the same as in Fig. J
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Summary

Reports from our laboratory have shown that regional brain tissue
pressure (RBTP) gradients develop in response to supratentorial
but not posterior fossa extradural masses. We undertook this ex
periment to discover the mechanism of this differing response.
RBTP was measured in the right and left frontal lobes (RF, LF),
temporal lobes (RT, LT), midbrain (MB), and cerebellum (CB) of
ten pigs. Balloons were expanded in the epidural space at C2 to
occlude the subarachnoid space. A temporal extradural mass was
expanded incrementally. The C2 balloon was deflated after tem
poral mass expansion. Expansion of the cervical balloon resulted
in a homogeneous rise in RBTP. Expansion of the temporal mass
resulted in the development of small RBTP gradients with the
following relationship: RT> LT = LF > RF = CB > MB. In com
parison with a previous series of animals without cervical balloons,
animals in this series demonstrated higher global ICP in response
to equal size masses and smaller RBTP gradients. Cervical balloon
deflation resulted in decreased global ICP and increased RBTP
gradients. The development of RBTP gradients in response to
expanding supratentorial masses therefore appears to be at least
partially dependent upon the presence of a normal communication
between the supratentorial space and the spinal subarachnoid
space.

Keywords: Spinal subarachnoid space: tissue pressure gradients.

Introduction

To characterize the regional brain tissue pressure
(RBTP) response to intracranial masses in various
locations, we performed a series of experiments sys
tematically examining RBTP in the presence of fron
tal, temporal, and posterior fossa extradural masses.
In the presence of a frontal or temporal mass, RBTP
gradients develop in which the RBTP is highest adja
cent the lesion [3,4]. In response to a posterior fossa
mass, however, no such gradients occur [5]. The
present study was undertaken in order to discover
the mechanism of this differing response.

Materials and Methods

The experimental procedure described below was approved by
the Indiana University-Purdue University at Indianapolis Animal
Resource Committee. This procedure with minor modifications
has been previously described [3]. Ten common domestic pigs
weighing 9-14 kg were anesthetized, intubated, and paralyzed.
Intraparenchymal ICP monitors were placed in the right (RF) and
left (LF) frontal lobes, right (RT) and left (LT) temporal lobes,
and midbrain (MB) [3]. Monitors were placed directly into the
cerebellum 1cm inferior and to the left of the inion.
Right temporal extradural masses were created using the previ

ously described protocol [4]. A high cervical intraspinal mass was
also created by making a small midline laminotomy between C1
and C2. After opening the ligamentum f1avum, a 5 Fr Foley
catheter was advanced into the epidural space to the level of the
C2 body.
After a stable baseline had been achieved, the cervical balloon
was inflated to totally occlude the spinal canal. The temporal mass
was then expanded by 1cc over one second. Expansions were
repeated at five minute intervals until a volume of 2cc had been
attained in five animals, and until a volume of 6cc had been
attained in the remaining five. The cervical balloon was deflated
and pressures recorded for an additional five minutes. The experi
ment was then terminated and the animals were sacrificed and
autopsied in order to confirm monitor and mass placement.
All pressure measurements were collected, using a computer, at

50 msec intervals as described previously [3,4]. From the data, the
maximum pressure in each brain region at each mass volume, as
well as at subsequent time intervals, was extracted from the data.
Comparisons were made between brain regions using the two
tailed t-test for paired samples. Comparisons between data from
this series of animals and a prior series [4] were made using the two
tailed t-test for unpaired samples. The level of statistical signifi
cance was set at p < 0.05.

Results

RBTP data for the entire series of animals is shown
in Table 1. Prior to expansion of the cervical balloon,
RBTP was slightly, but significantly, higher in the LT
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than in the RF, LF, MB or CB. Cervical balloon

expansion resulted in a nearly homogeneous rise in
RBTP. After cervical balloon expansion, RBTP was
slightly, but significantly, higher in the temporal
lobes and slightly, but significantly lower in the MB
and CB.
Subsequent temporal mass expansions in the de
velopment of small but definite RBTP gradients. Af
ter temporal mass expansion to a volume of 2cc, the
RBTP values had the following relationship: RT >
LT = LF > RF = CB > MB. Significant differences
were seen between all regions except between the
RF and MB and between the LF and LT. In five
animals the experiment was continued to higher mass
volumes. After mass expansion to 5cc in these ani
mals, the RBTP relationship was the same as that
seen at lower mass volumes. Significantly higher
pressures were seen in the RT compared to the MB
or CB, and in the LT compared to the RF, MB, or
CB.
After temporal mass expansion, the cervical bal
loon was deflated (Fig. 1). The resultant drop in
RBTP was significant in all brain regions at both
mass volumes. The gradient between RT and CB
rose from 1.74 to 4.34mmHg after deflation at 2 cc,
and from 7.26 to 27.08mmHg after deflation at 6cc.
The rise in RT-CB gradient was significant after
deflation at 6cc.
The results of the present study were compared
with the results of a previous study which was identi
cal except that a cervical balloon was not utilized [4].
Prior to temporal mass expansion but after expan-
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sion of the cervical balloon, RBTP in all regions was

significantly higher in the present study. At a mass
volume of 2cc, RBTP was significantly higher in the
present study in all regions, except for the RT. At a
mass volume of 6cc, RBTP was significantly higher in
the CB in the present study. Significantly lower gradi
ents (3.13 vs. 8.74mmHg) between the RT and CB
were seen in the present experiment at a mass vol
ume of2cc. Lower RT - CB gradients were also seen
in the present experiment at a mass volume of 6cc,
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Fig. 1. Chart displaying mean maximum RBTP for each brain
region for the group of animals that underwent mass expansion to
a volume of 6cc. This illustrates the effect of cervical balloon
expansion, equilibration to a new higher baseline, temporal mass
expansion, and release of the cervical balloon. Note the lower
overall RBTP values and larger RBTP gradients after deflation of
the cervical balloon

Table 1. RBTP Data (mm Hg)

All animals RF LF RT LT MB CB

Begin 10.94 10.87 11.37 11.79 10.26 10.94
Cervical balloon up 29.34 30.45 32.81 32.63 30.01 31.22
Temporal mass Occ 20.04 20.68 21.20 21.37 19.23 20.31
Temporal mass 1cc 20.83 21.78 22.36 22.24 19.67 20.84
Temporal mass 2cc 28.07 29.96 31.83 30.25 26.25 28.07

Animals in which temporal mass expansion was stopped after 2 cc
Cervical balloon 14.36 14.41 19.00 14.69 9.37 11.45
Down

Animals in which temporal mass expansion was stopped after 6 cc
Temporal mass 3cc 36.24 40.37 42.06 39.50 34.21 35.37
Temporal mass 4cc 50.05 54.51 56.67 55.82 46.24 47.89
Temporal mass 5cc 59.35 63.16 68.50 66.44 52.58 54.40
Temporal mass 6cc 65.81 69.07 76.39 73.78 57.19 59.39
Cervical balloon 52.03 53.83 56.39 52.35 32.63 23.87
Down



312

though this difference did not reach statistical signifi

cance (14.10 vs. 36.79mmHg, p = 0.053).

Discussion

Through a systematic study in a pig model, we have
attempted the characterize the RBTP response to
experimental epidural masses in different locations.
The first and second series of experiments, utilizing
frontal and temporal epidural masses, revealed that,
in the presence of masses in these locations, RBTP
gradients develop with a fairly consistent relation
ship: RBTP is highest in the brain regions closest to
the mass and lowest in the most remote regions [3,4].
Other experiments, involving an epidural poste
rior fossa mass, did not result in the formation of
RBTP gradients, even with ventricular or cisternal
CSF diversion. The only clue as to the mechanism of
this differing response was the observation that a
large gradient developed between the lumbar CSF
pressure and intracranial pressure early in mass ex
pansion [5]. We hypothesized that the lack of RBTP
gradient formation might be at least partially due to
occlusion of the CSF pathways at the level of the
foramen magnum by the mass and resultant exclu
sion of the pressure-buffering capacity of the spinal
subarachnoid space from the craniospinal axis.
To test this hypothesis, the present series of experi
ments was undertaken. Starting with an experimental
model, the temporal extradural mass, that was
known to produce large and reproducible RBTP gra
dients, we added a second balloon, at the level of C2,
to isolate the spinal subarachnoid space from the
intracranial space. The experimental protocols were
otherwise identical.
With expansion of the temporal balloon, RBTP
gradients developed with the following relationship:
RT> LT =LF > RF =CB > MB. This relationship
was the same relationship as that seen in animals
without the cervical balloon except that the relation
ship between the MB and CB RBTP was reversed.
The reason for this is unknown. When the cervical
balloon was deflated, there was a significant drop in
RBTP in all brain regions and a significant increase

C. E. Wolfta and T. G. Luerssen: Brain Tissue Pressure Gradients

in the gradient between supratentorial and infra
tentorial RBTP. When the RBTP values for the
animals with and without cervical balloon were
compared, the animals with cervical balloons had
higher overall RBTP and lower RBTP gradients.
The results suggest that the presence of a normally
patent spinal subarachnoid space is at least partially
necessary for the development of RBTP gradients in
the presence of a temporal extradural mass. Other
authors have reported that the spinal CSF space
accounts for 30-32% of the compliance of the
craniospinal axis [1,2]. Apparently this pressure buff
ering capacity, when present, is not equally effective
on all brain regions. Brain regions more remote from
the mass appear to be more effectively buffered than
those adjacent the mass. Because this effect is not
uniform, we propose that there may be at least func
tional compartmentalization of intracranial CSF. We
also suggest that the lack of gradient formation with
a posterior fossa mass is due to obstruction of CSF
flow and pressure transmission at the foramen mag
num by the mass. Because the pressure gradients in
the present series of experiments were attenuated
but not obliterated, there must exist one or more, as
yet to be elucidated, factors which contribute to the
formation of RBTP gradients.
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Summary

Resolution of vasogenic brain edema was examined using the
infusion edema model in rabbits. Texas Red-albumin (MW
66,000 D) and sodium fluorescein (MW 376D) dissolved in
artificial cerebrospinal fluid (aCSF) were infused into the white
matter of the left frontal lobe of the brain. To quantify the edema
fluid cleared by the ventricular system, ventriculo-cis!ernal per
fusion was performed with aCSF. A closed cranial window, im
planted above the left parietal brain, served for studying
resolution of the artificial edema fluid via the subarachnoid space.
CSF-samples were collected in 30 minutes-intervals and analysed
with a spectrophotometer. Clearance of edema fluid was ex
amined under low (2-5mmHg), medium (9-12mmHg), or high
(14-17mmHg) intracranial pressures (ICP). In the low pressure
group, both edema fluid markers were found in the ventriculo
cisternal and subarachnoid perfusate at 60 and 90min, in the group
with moderately increased ICP at 90 and 120 min, respectively. In
the high ICP-group both fluorescence dyes appeared not less than
90min in the ventricular system, while no increase at all could be
found in the subarachnoid space. Our results imply that resolution
of edema fluid via both the ventricular system and the subarach
noid space depends on the actuallCP level.

Keywords: Resolution; vasogenic brain edema.

Introduction

Resolution of vasogenic brain edema occurs mainly
via bulk flow along a hydrostatic pressure gradient
from the site of fluid entry to compartments with
lower pressure [5]. Previous studies have shown that
part of the edema fluid is reabsorbed into the cere
bral ventricles or taken up by the vascular system
[3,6-8]. Little is known, however, whether and to
what extent clearance of edema fluid into the sub
arachnoid space is involved, and how the actual ICP
level influences reabsorption of the edema fluid into
the CSF compartments. The aim of the present study
was to quantitatively analyze the clearance of experi-

mental vasogenic edema fluid into the ventricles and
the subarachnoid space under three different ICP
levels, utilising fluorescence indicators of different
molecular size and excitation and emission wave
lengths for labelling of the edema fluid.

Materials and Methods

New Zealand white rabbits (n = 29) were used as experimental
animals as described previously [9). Briefly, anesthesia was in
duced with thiopental, and continued with alpha-chloralose
(50mg/kg). After tracheostomy the animals were mechanically
ventilated. The body temperature was regulated by a heating pad
and kept at 38.0°C during the whole experiment. The arterial
blood pressure was continuously recorded, while blood gases were
studied every hour. For surgical preparation the animals were
placed in a stereotactic device. The skin overlying the skull was
surgically opened in the midline. For administration of mock
edema fluid an infusion cannula was stereotactically inserted into
the white matter of the left frontal lobe, a second cannula into the
right lateral ventricle serving as inflow line for the ventriculo
cisternal perfusion at a rate of 3ml/h. An outflow cannula was
implanted into the cisterna magna after preparation of the atlanto
occipital membrane. By adjustment of the height of the cisternal
outflow tube the ICP could be modified. For superfusion of the
subarachnoid space a closed cranial window was implanted over
the left parietal cortex as previously described in detail [2), and the
brain cortex was permanently superfused with mock CSF (3 ml/h).
After termination of the surgical preparation, ventriculo-cisternal
perfusion and superfusion of the subarachnoid space commenced
at the same time, 30 min before the onset of edema infusion. The
cisternal outflow tube was adjusted to a given height depending on
the ICP level which was desired (group l: 2-5 mm Hg, n = 11;
group 2: 9-12 mm Hg, n = 11; group 3: 14-17mmHg, n = 7).
Vasogenic edema was induced by infusion of 1mM sodium
fluorescein (MW 376D) and 0.9mM Texas Red-albumin (MW
66,000) dissolved in artificial CSF at a rate of lOOIlI/h over 5 hrs
into the white matter. CSF-samples were collected from the begin
ning of edema infusion in 30 minutes-intervals for 8 hours. Clear
ance of edema fluid into both perfusates was calculated by
analysing the CSF-samples with a fluorescence spectrophotometer
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Table 1. Clearance of Fluorescence Markers of Edema Fluid at Different ICP-Levels

E. Wrba et al.

ICP- Resolution \time\
480minlevel via ... marker\ 30min 120min 210min 300min 390min

Group 1 NaFI 0.2 ± 0.2 6.4 ± 2.0 8.3 ± 2.4 8.6 ± 2.3 10.3 ± 2.6 10.7 ± 2.7ventr.
11.3±3.2 15.5 ± 4.0 16.6 ± 3.7 21.6 ± 4.4 23.0 ± 4.7(low system TeRe 0.5 ± 0.4
1.9 ± 0.9 3.1 ± 1.4 3.0 ± 1.2 3.5 ± 1.3 3.7 ± 1.4ICP, subar. NaFI 0.5 ± 0.4

TeRe 0.7 ± 0.6 2.1 ± 0.8 3.7 ± 1.6 3.8 ± 1.4 4.3 ± 1.4 4.7 ± 1.5n = 11) space

NaFl O±O 2.4 ± 1.4 4.6 ± 2.3 6.4 ± 2.8 8.2 ± 3.5 8.6 ± 3.8Group 2 ventr.
4.0 ± 2.0 8.1 ± 3.2 11.2 ± 3.8 14.4 ± 4.8 15.7 ± 5.3(medium system TeRe 0.1 ± 0.1
1.1 ± 0.9 1.9 ± 1.1 2.3 ± 1.4 2.4 ± 1.4 2.4 ± 1.4ICP, subar. NaFI O±O

n = 11) TeRe O±O 1.4 ± 1.3 2.6 ± 1.5 30 ± 1.7 3.2 ± 1.7 3.2 ± 1.7space

NaFI O±O 1.0 ± 0.7 1.0 ± 0.5 1.2 ± 0.5 1.7 ± 0.8 2.2 ± 1.2Group 3 ventr.
2.1 ± 1.3 2.2 ± 1.2 2.5 ± 1.3 3.5 ± 1.8 4.7 ± 2.7(high system TeRe O±O

ICP, subar. NaFI O±O 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.1
n = 7) TeRe O±O 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.2 0.3 ± 0.2space

The proportion of both fluorescent dyes reabsorbed via the ventricul~r system or the subarachnoid space, respectively, is given as
cumulative amount in % of the total amount of label infused up to the time of sampling (mean ± SEM). .
ventr. system ventricular system; subar. space subarachnoid space; NaFI sodium fluorescein; TeRe Texas Red-albumm.

using different filter sets for the two fluorescence dyes (sodium
fluorescein: exc.: 485 nm, em.: 515 nm; Texas Red-albumin: exc.:
590nm, em.: 650nm).

Results

The mean ICP in group 1 was 1.9 ±1.0mmHg, while
10.5 ±1.0mmHg in group 2, and 14.9 ±0.5 mmHg in
group 3, respectively. Both fluorescence labels
started to appear in the cerebral ventricles at 60min
following onset of edema infusion in group 1 (low
ICP), whereas at 90min in group 2 (medium ICP),
and group 3 (high ICP), respectively. The three
groups differed as to the edema clearance kinetics
of both fluorescent dyes with regard to the actual
ICP-level, demonstrating the most rapid ventricular
clearance in group 1. A similar dependence of the
clearance efficiency on the ICP was found in the
subarachnoid space, although the differences were
not as striking as in the ventricular system. Virtually
no fluorescence markers at all could be found in the
subarachnoid perfusate in group 3. The total amount
of marker clearance and the time of their appearance
in the subarachnoid space and the ventricular system
was found to depend on the actual ICP-level. The
results are given in Table 1.

Discussion

The present findings demonstrate and confirm that
vasogenic edema fluid is cleared via both the ven
tricular system and the subarachnoid space. The
proportion of clearance of edema fluid into the sub-

arachnoid space was smaller as compared to the
ventricular reabsorption. The total amount of edema
fluid reabsorbed into the ventricles as well as the
subarachnoid space was found to be dependent on
the ICP. The reabsorption of the edema is mainly
attributable to bulk flow of the fluid along a hydro
static pressure gradient from the site of the edema
towards the ventricular system [5], which was also
found in this study. There was no differential clear
ance behavior of the low- and the high-molecular
weight edema marker, as concluded from the similar
clearance kinetics of both labels. Obviously, the
clearance does not depend on diffusion mechanisms,
which is at variance with respective conclusions of
Ohata et al. [4] using FITC-dextran of different
molecular size as edema label.

In conclusion, the present findings show that
edema fluid is reabsorbed via the ventricular system
and the subarachnoid space, although the latter route
appears to be less significant, especially at higher
ICP-levels. Thus, reduction of the ICP acquires a
great priority for the therapy of traumatic brain
edema to enhance reabsorption of the edema fluid.
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Summary

Jugular saturation (SivO,) monitoring was performed in 26 SAH
patients to evaluate the incidence of normal (0.56-0.74) and
pathological SivO, values in this population and to describe its
time course in the first 12 days. We also attempt to quantify the
influence of systemic and cerebral hemodynamics on SivO, and to
assess the relationship between cerebral iniury volume measured
on CT scan and SivO,. Mean SivO, was 0.66 ± 0.07 (354 samples,
median 0.67, range 0.43-0.89). 73% of the observations (259/354)
were in the normal range. On serial measurements, we identified
only 37/354 (10%) desaturation episodes (D.E.). ICP was signifi
cantly higher during low SivO, observation (p = 0.008). No statis
tical differences were noted regarding the influence of MAP, CPP,
PaCO" PaO, on SivO, but during D.E., lower PaCO, and CPP
were more frequently observed. CT scan lesions >25 ml were asso
ciated initially with lower SivO, values and with higher values at
second CT.

Keywords: Jugular saturation; subarachnoid hemorrhage.

Introduction

In subarachnoid haemorrhage (SAH) patients mor
tality and morbidity are at first mainly related to the
bleeding and, later, to the development of cerebral
ischemia. Ischemic damage is caused not only by va
sospasm but also by alterations in cerebral hemody
namics after SAH, such as poor collateral circulation
due to low perfusion pressure with high ICP, impair
ment of autoregulation in whole brain and ischemia
at the onset of the hemorrhage. SAH, with and with
out vasospasm, produces significant decreases in
cerebral blood flow (CBF) and cerebral metabolic
rate (CMR02). Clinical, CT scan, and pathological
features suggest that delayed cerebral ischemia
after SAH is a multivascular or diffuse process in
most patients [3]. Remarkably, literature reports
[6-9,11,12] of CBF studies showed a global CBF
and CMR02 reduction, inversely proportional to

the clinical grade (lowest flow and metabolism in
the higher grades HH IV-V). Nevertheless, these
alterations are also described in patients without
neurological deficits. Apparently, therefore, SAH
from a ruptured aneurysm affects the perfusion of
the brain as a whole and it is not a focal problem.
A primary goal in neurosurgical intensive care is to
minimize, or even prevent, secondary brain damage,
generally ischemic, after an acute cerebral insult. To
prevent and to treat such a phenomenon we need to
detect it. Sjv02 is usually monitored in the intensive
care setting as an estimate of global cerebral oxy
genation since it is a practical bedside technique
for evaluating CBF/CMR02 ratio (Fick's principle).
An Sjv02

2 55% is considered critical for adequate
cerebral perfusion, and it reliably indicates cerebral
hypoperfusion that may eventually proceed to
ischemia. Therefore, SjvOz may be effective in the
SAH patient, to understand if any impairment in
global cerebral supply or consumption occurs and
also to target our therapeutical manoeuvres.
In this study, investigation of Sjv02 in SAH
patients was performed to evaluate the incidence
of normal Sjv02 (0.56-0.74), desaturation events
«0.56) and elevated Sjv02 (>0.74), and to describe
Sjv02 time course. We also attempt to quantify the
influence of systemic and cerebral hemodynamics
on Sjv02, and to assess the relationship between
cerebral injury volume measured on CT scan and
Sjv02•

Materials and Methods

Data gathered on 26 patients (16 female, 10 males; mean age 52 ±
15y., range 20-80y.), in which cerebral oxygenation with SivO,
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Table 1. Mean of Principal Physiological Parameters of Our Population

SjvO, MAP rcp CPP CVP PaCO, PaO, Hb Na Temp
% mmHg mmHg mmHg mmHg mmHg mmHg mg/dl mEq/L Co

Mean 0.66 101.4 20.9 79.4 7.08 35.8 133.4 10.3 143.6 37
SO 0.07 8.3 13 14 2.9 3.4 24 1.3 5.2 0.9

was monitored, were retrospectively analyzed (Table 1). All were
admitted to our ICU from December 1994 to March 1997 follow
ing cerebral aneurysm bleeding. Hunt&Hess grading at ICU ad
mission was: I-II 7 patients (27%), III 6 (23%), IV-V 13 (50%).
Mean GCS was 9 (median 9, range 3-15). Treatment was
ultraearly endovascular (during the first angiography) in 9 patients
(35%), early clipping «48hrs) in 14 patients (54%); 3 patients
(HH IV-V) received only medical treatment. All patients were
managed with a standardized protocol that included euvolemia,
normo/hypertension, normal reology, normonatremia, nor
mocapnia, adequate blood oxygen content and normotermia.
Intracranial pressure (ICP) was monitored in 17 patients (65%)
by a ventriculostomy or by a Codman intraparenchimal
microtransducer. Cerebral perfusion pressure (CPP) was derived
(CPP = mABP - ICP). SjvO, was monitored by fiberoptic or
conventional P.E. catheters. In 82% of our cases the jugular ipsi
lateral was cannulated to the lesion side; in patients with bilateral
or midline lesions (18%) we selected the angiographically identi
fied predominant jugular (Table 2). The correct catheter tip posi
tioning was checked with a 2 projection X-ray. SjvO, was
monitored up to 12 days. SjV02 blood samples (totally 354
samples) were drawn at 6-hour intervals and immediately ana
lyzed by a Co-oximetry (Radiometer Osm 3 Co-oximeter). In
addition, at the same time of Sjv02determination, the following
parameters were recorded: arterial and jugular blood gas analysis,
mean arterial pressure (MAP), ICP, central venous pressure
(CVP), Hb concentration, natremia and temperature.
CT scan at entry and a scan performed in a subacute period (on
day 7 ± 2) were evaluated for the presence of any parenchymal
lesion. Quantification of the total volume of injured parenchyma is
liable to be semi-quantitative and subjective. Keeping this in mind,
we decided to utilize the Cavalieri's direct estimator described by
Clatterbuck. All summary data are expressed as mean ± standard
deviation (SO). Mean values of the physiological measurements
were compared by analysis of variance followed by Fisher's LSD
post hoc test when multiple comparisons were made. Differences
in proportions were analysed with the Chi-square test.
Outcome was evaluated at ICU discharge expressed as "obeying
simple commands", "not obeying (still in coma)", "died".

Results

Principal physiological parameters of our population
are described in Table 1.

Incidence of Normal and Pathological Sjv02 Values

Mean Sjv02 was 0.66 ± 0.07 (354 samples, median
0.67, range 0.43-0.89). 73% of the observations (259/
354) were in the normal range.
On serial measurements, we identified only 37/354
(10%) desaturation episodes (D.E.). Nine patients

Table 2. Mean Values for ICP, MAP, CPP, PaCO" PaO,
According to the SjvO, Level (Low, Normal, High)

ICP* MAP CPP PaCO, Pa02
SjvO, mmHg mmHg mmHg mmHg mmHg

Low 21 ± 10 105 ± 12 83 ± 18 35.3 ± 4.4 1131 27
Normal 15 ± 8 102 ± 13 83 ± 13 36.2 ± 4.4 130 ± 42
High 17 ± 13 100 ± 12 83 ± 14 36.5 ± 4.8 133 ± 54

(34%) presented at least one desaturation episode at
some time during the monitoring course; however, 5/
9 presented only 1 D.E.; in 2/9 were identified 2-5
episodes, 2/9 more than 5 desaturations. In 58/354
samples Sjv02 was high (17%). Mean ICP was 20.9 ±
13mmHg. Higher ICP values were recorded in the
first day (mean 29.6 ± 14mmHg) followed by mean
values in a range between 13 and 18mmHg (day 2
12). Higher values were recorded in HH IV-V
grades. An ICP3 20mmHg accounted for 14% of ICP
observation in HH I-II, 30% observation in HH III
and 35% in HH IV-V. CPP mirrored the ICP trend.
Mean CPP, remaining MAP constantly high during
the observation period, was lower in day 1 with a
mean value of 67.2 ± 23mmHg), rose on day 2 at 79
± 15mmHg and remained in a high range, i.e. 80
93mmHg, from day 3 to day 12. All the patient were
adequately oxygenated and normocapnic. Both
normal CVP and Hb indicated adequate circulating
blood volume. Natremia was in the upper normality
range (mean 143mEq/l).

Time Course in the First 12 Days

In Fig. 1 are summarised the time course of Sjv02
and CPP. As described in Fig. 1, mean Sjv02 values
were within 0.62 and 0.69. The time course of more
severe patients is interesting. HH V patients pre
sented mean value on day 1 in the low saturation
range (0.54 ± 0.7), followed by a steep rise toward
high Sjv02 (>0.75), reaching a plateau on day 3
(mean 0.78 ± 0.2).
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Fig. 1. Sjv02 and CPP time course in the first 12 days
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On second CT mean volume was higher, increased
to 43 ± 57ml. Associated Sjv02 (0.71 ± 0.8) is statisti
cally higher compared to the first CT (p < 0.05). no
lesions were detected, on second CT, only in one
patient (ICP 4.2mmHg; Sjv02 0.69); in presence of
lesion <25 ml Sjv02 was 0.67 ± 0.9 and if lesion vol
ume was >25 ml mean Sjv02 and ICP were respec
tively 0.74 ±0.5 and 22 ±24mmHg.
Eight patients died (31%) and 18 patients did obey
commands (69%) at ICU discharge.
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Discussion

Influence of Systemic and Cerebral Hemodynamics
on Sjv02

We investigated the influence of systemic and cere
bral hemodynamics on Sjv02 values. In Table 2 we
reported mean values for ICP, MAP, CPP, PaC02,
Pa02 according to the Sjv02 level (low, normal,
high). ICP was significantly higher during low Sjv02
observation (p = 0.008). No statistical differences
were noted regarding the influence of MAP, CPP,
PaC02 Pa02 on Sjv02 but during desaturation epi
sodes, lower, but not significantly different, PaC02
and CPP values were more frequently observed
(Table 3).

Cerebral Injury Volume Measured on CT Scan
and Sjv02

We measured all lesions (hypo/hyperintense) on first
CT scan and on a second done in a subacute phase (7
±2 days) utilizing the Cavalieri's direct estimator [1]
method. Mean lesion volume on first CT was 24 ±
27mi. Mean Sjv02 closer to the first CT scan was 0.64
± 0.9. We classified patients in three groups: without
lesions, lesion <25 ml, greater than 25 ml. In patient
without any lesion on first CT, ICP was 9 ± 4mmHg
and Sjv02 was 0.63 ±0.1; in presence of lesion <25 ml,
ICP rose to 20 ± 12mmHg and Sjv02 was 0.67 ± 0.6.
If volumes were >25 ml, ICP was higher (29 ±
15mmHg) and Sjv02 was statistically lower (0.59 ±
0.6) (p < 0.05).

Sjv02 is an expression of the relative balance
between cerebral oxygen delivery and CMR02• It
might be useful in SAH patient to understand if CBF
and CMR02 are unbalanced. We analysed Sjv02 in
a 26 patients population. Mean Sjv02 in our SAH
population was 66.6 ± 0.73%. This value is very close
to mean Sjv02 in healthy volunteers suggesting that,
in the majority of our observations, CBF and
metabolism were coupled. This does not necessarily
imply that levels of both, CBF and metabolism, are in
a normal range. Subarachnoid hemorrhage produces
significant global decreases in CBF and CMR02
more marked in patients with more severe neurologi
cal deficits. The causes remain partly obscure. The
reduction in CMR02 may be due either to depression
of the mental activity (damage to the brain stem and
the reticular formation) or cellular damage. More
over aneurysm rupture provokes a short-lasting
severe increase in ICP, securing hemostasis; the ad
verse effect is a marked reduction in the cerebral
circulation which may produce ischemic damage and
CMR02 decrease.
In the present study, abnormal reduction of Sjv02
was only observed in 10% of total serial measure
ments. These data resemble previous reports.
Voldby [13] found no cases with abnormally low
Sjv02 in 31 patients and, in a more recent study, low
Sjv02 was observed in only 5 of 42 patients [7]. The
real incidence of D.E. could be underestimated. Our
population was intensively treated in order to main
tain low ICP, normal PaC02, adequate cerebral per-
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fusion pressure and oxygen transport. Moreover our
analysis comes from retrospective data, collected at
six-hour periods and shortlasting desaturations may
probably have passed unnoticed without continuous
SjvOz monitoring. We didn't utilize for the analysis
data coming from continuous monitoring due to
poor quality data obtained with fiberoptic jugular
catheters. At least one desaturation episode was re
corded in nine (34%) patients in our study popula
tion. However, the majority (5/9) presented only 1
desaturation episode; in 2/9 were identified 2-5 epi
sodes and 2/9 more than 5 desaturations. Unexpect
edly, 3/4 of patients with multiple episodes did obey
commands at ICU discharge. These 4 patients with
multiple D.E., like the remaining patients except HH
V, didn't present any characteristic Sjv02 time
course. HH V patients presented lower saturation in
the first observations, followed by a steep rise of
SjvOz to supernormal values. Early desaturation
could be the expression of a still maintained meta
bolic requirement not adequately met by CBF. Re
markably, if the SjvOz pattern moves to fixed high
saturation, it probably might express the develop
ment of cerebral infarction with no Oz extraction.
All HH V died.
Single observations of low SjvOzwere statistically
associated with higher ICP. During D.E., although
non statistically significant, PaC02 < 30mmHg (16%
observations vs 8.9% in non desaturated) and CPP <
60mmHg (13% observations vs 3% in non
desaturated) were more frequently observed. SjvOz
is the alarm that these condition could be danger
ously reducing cerebral blood supply and they have
to be treated if possible. During cerebral aneurysm
surgery also, Moss [10] described desaturation due to
mean arterial pressure below 80mmHg; MAP in
creases were associated with SjvOz normalisation.
First and second CT scan were statistically differ
ent for associated SjvOz values. Larger lesion vol
umes (>25 ml) were associated in the first CT scan
with low SjvOzvalues and higher ICP. Conversely, in
the second CT larger lesions were coupled with high
SjvOz but lower ICP. Again, low SjvOz in the early
phase may reflect a temporary perfusion problem.
Literature reports lower SjvOzvalues only in patients
with large intracerebral hematoma or intraventricu
lar haemorrhage and high ICP. When a critical point
in Oz extraction is reached, ischemia develops and
higher SjvOz are observed.
SjvOzmonitoring is a valuable tool in identifying a
situation in which a global imbalance between CBF
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and CMROz is present. In our SAH patients popula
tion desaturations episodes were not very frequent.
However, the association with high ICP, lower CPP
and PaCOz, indicates that conditions that could
reduce cerebral blood flow, may produce global im
balance between CBF and CMROz' Low SjvOzvalue
are an alarm signal and they have to be treated, if
possible, in order to avoid the development of cere
bral infarction.
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Summary

We report on the incidence of complications of 172 internal jugu
lar vein retrograde catheterizations (IJVRCs) performed on 126
patients. Standard cannulation and X-ray control of the catheter
tip placement were performed. Difficulties encountered during the
manouvre were registered. Patients with a jugular catheter in place
for more than one day had neck echography on catheter removal
and one week later. Carotid artery puncture occured in 20 (12%)
cases and lymphatic vessel puncture in one. In 13 (8%) cases
IJVRC failed due to difficulties in advancing the guide. X-ray films
documented catheter misplacement in 39 (23%) cases: loop into
the internal jugular vein in 11 (6%); paravertebral venous plexus
cannulated in one; other extracranial jugular afferent cannulated
in 4 (2%); catheter tip into the jugular lumen in 10 (6%); catheter
tip beyond the jugular bulb in 13 (8%). First neck echography
documented: one perivascular hematoma (absent one week later);
3 (4%) jugular vein thrombosis (2 asymptomatic and absent one
week later; one symptomatic and still evident one week later).
Positive neck echography was not associated with difficulties,
length of catheterization, diameter of the catheter.
IJVRC is a simple and safe procedure with a low incidence of

serious complications.

Keywords: Complications; jugular vein.

Introduction

From its proposal in 1927 [1], internal jugular
vein retrograde catheterization (IJVRC) for jugular
bulb blood sampling has been increasingly used in
neurosurgical intensive care unit (nICU) patients
to evaluate cerebral venous oxygen saturation [2].
The incidence of possible early and late complica
tions of this technique has not yet been clearly
established.

In this prospective study we report on the inci
dence of complications related to 172 IJVRC per
formed in 126 patients.

Methods

IJVRCs performed in patients admitted to the nICU of S. Raffaele
Hospital between August 1994 and March 1997 were prospectively
studied.
IJVRCs were performed in comatose patients in whom intracra
nial pressure was monitored by experienced nICU physicians and
following a standard technique [9]. During the manouvre, patients
were kept supine on the horizontal plane and no rotation of the
neck was performed.
For the purpose of the present study we assumed that an IJVRC
was performed if the guide wire was inserted through the search
ing needle, whether or not the procedure could be succesfully
fulfilled.
When possible, an attempt was made to identify the internal

jugular vein in which the cerebral blood drainage was prevalent
("dominant" jugular vein). This was accomplished during routine
cerebral angiograhy or CT scan imaging. In the absence of any
evidence of "dominance" we decided to attempt cannulation on
the right side first.
After IJVRC the placement of the catheter tip was documented
by means of antero-posterior and lateral skull X-ray films. In the
anteroposterior projection, the tip should be placed just medial to
the mastoid bone, at the level of its base, and curved slightly
medially [3]. In the lateral projection the tip should be placed
above the level of C2 [2].
At the end of the procedure the physician involved in it was

asked to fill in a form documenting every possible difficulty en
countered during the manouvre.
Catheter patency was maintained by a heparinized saline (2UI
ml) flush at 2ml/hour.
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Patients with a jugular catheter in place for more than one day
had neck echography on catheter removal and one week later.
Catheters that have been in place for more than one day were
cultured after removal.
Continuous variables are expressed as mean (SD).
Analysis of variance and chi-square tests have been used where
appropriate.

Results

IJVRC was indicated on clinical grounds [2] on
130 patients admitted to our nlCU during the time
span of this study. In 4 (3%) of them IJVRC was not
even attempted because of anterior neck traumatic
injuries.
IJVRCs have been performed on 126 patients
(caucasian; 103 (60%) males; age 42 (18%) years),
who were admitted to our nlCU because of serious
central nervous sistem injury: there were 62 (49%)
head injuries, 29 (23%) subarachnoid hemorrhages,
26 (21%) operated on arterovenous malformations
or brain neoplasms, 6 (5%) other spontaneous
intracranial hemorrhages, 3 (2%) cerebral abscesses.
In 47 (37%) patients the "dominant" internal jugular
vein was radiologically identified and was invariably
the right one.
We studied 172 IJVRCs.
IJVRCs were on the right side in all but 15 (9%)

cases, in which failure to advance the guide wire (1
case) or the occurrence of previous prolonged right
side cannulation (14 cases) prompted us to perform
IJVRC on the left side.
An Opticath fiberoptic catheter was positioned
through a 14-G introducer in 18 (10%) IJVRCs. By
the end of May 1995 we abandoned the use of
fiberoptic catheters in favour of 16-G (124 (72%)
IJVRCs) or 18-G (30 (18%) IJVRCs) one-lumen
catheters.
Inadvertent ipsilateral carotid artery puncture

with the searching needle occured during internal
jugular vein search in 20 (12%) cases: succesful
IJVRC could always be eventually accomplished
after adequate external compression of the neck
over the damaged artery. No arterovenous fistula
nor prominent hematoma occured in these cases.
In one case the diagnosis of inadvertent lymphatic

vessel puncture was made, because milky white
yellowish fluid could be aspirated from the searching
needle. Also in this case the neck was compressed
and correct IJVRC was eventually performed.
In 13 (8%) cases IJVRC failed due to difficulties in
advancing the guide wire through the searching
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needle. Correct right IJVRC could be accomplished
at a further attempt in all but one case, in which the
contralateral (left) jugular vein was cannulated
without problems.
After the insertion of the catheter X-ray films
documented catheter misplacement in 39 (23%)
cases. In 11 (6%) cases the catheter tip turned
caudally after making a loop into the internal
jugular vein (IJVRC was succesful at a further at
tempt in all of these cases); in 1 case a paravertebral
venous plexus was inadvertently cannulated (IJVRC
was not attempted again; however no complication
ensued in this patient); in 4 (2%) the catheter was
erroneously advanced into another extracranial
jugular afferent (IJVRC was not attempted again
in 1 of these, while it was succesul at a further
attempt in 3). In 23 (13%) cases misplacement could
be corrected without further cannulation: in 10 (6%)
the caheter had to be slightly advanced, since its tip
was into the jugular lumen, and in 13 (8%) it had to
be slightly retracted, since its tip was beyond the
jugular bulb.
No pneumothorax occured due to IJVRC
manouvres.
In our series retrograde internal jugular vein cath
eters were in place for several days (min. 1, max, 13
days).
Neck echography was performed at the moment of
catheter removal and one week later in the 80 (63%)
patients. The second scheduled neck echography,
one week later, could be accomplished in 74 (59%)
patients.
In one patient the first neck echography docu
mented a perivascular hematoma, which was no
more apparent one week later.
Neck echography documented internal jugular
vein thrombosis in 3 (4%) patients at the moment
of catheter removal. Two of these patients were
completely asymptomatic and no sign of jugular
thrombosis could be evidenced by the second
echography one week later. On the other hand the
third patient presented a warm and red oedema of
the soft tissues surrounding her right jugular vein,
which could be felt as a stiff rope behind. Neck
echography was still positive one week later in this
patient. Unfortunately no further follow-up was
possible for this patient.
In no patient with subsequent positive neck
echography any of the aforementioned difficulties in
cannulation occured. These patients did not differ
significantly from echography-negative patients
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either as to length of catheterization or as to diam
eter of the catheter employed (p > 0.05).
Catheter tip cultures were positive due to con
tamination [15] with Staphylococcus Aureus or
Epidermidis in 13 patients out of 80 (17%). None of
these met the criteria for the diagnosis of catheter
related septicaemia [15], since none had positive
concomitant blood cultures obtained from separate
venipuncture.

Discussion

When dealing with invasive monitoring, a high level
of suspicion must be maintained in order to fre
quently assess to what extent patients can benefit
from doctors' intervention.
Jugular bulb blood sampling permit cerebral
venous monitoring and can be easly accomplished by
IJVRC [2]. This has become common practice in very
many nlCUs worldwide and the interest in it is still
increasing. The present study does not address the
topic of the benefits of IJVRC, but wishes to con
tribute to the assessment of the potential risks of this
invasive practice.
Trendelemburg position and rotating the patient's
head can virtually make the search for the jugular
vein easier. On the other hand the adverse effect of
these practices on intracranial pressure is well known
[6] and we performed IVRC with the patient's head
midline and flat on the horizontal plane.
Moreover head rotation >400 has been demon
strated to increase the risk of inadvertent carotid
artery puncture during internal jugular vein
cannulation, due to increased overlap of carotid
artery and internal jugular vein [7]. Notwithstanding
the neutral head position, in our series the incidence
of inadvertent carotid artery puncture is relatively
high (12%), when compared with internal jugular
vein anterograde cannulation series. In the majority
of these the incidence of carotid puncture ranges
from 3% to 15% [10,12,13] although a pediatric
series [11] reports a 23% incidence.
Since misplacement of the catheter tip was dis
closed by X-ray films in 23% of our cases, we argue
that radiographic confirmation of catheter tip loca
tion is essential. Most authors do agree with this
statement [3-5,9], while others do not [8].
A previous pediatric series of IJVRC in 123
patients [4] reported a 3% incidence of carotid punc
ture and a 3% incidence of misplacement of the cath
eter at X-ray control. In another series [8] of lJVRC
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in 100 neurosurgical patients carotid artery puncture
occured in 2% but catheter misplacement was not
routinely assessed. We are not aware of other pub
lished IJVRC series.
Our series reports on the practice of IJVRC as it is
routinely performed in most European nlCUs. The
experienced physician performing the manouvre was
always the doctor in charge for the patient at the time
when the IJVRC was required. Although "a priori"
identification of different degrees of skill and experi
ence among the attending physicians was impossible
in our series, our data clearly indicated that specific
complications, such as carotid puncture, occured ex
ceedingly often to specific doctors. The latter should
be considered a valuable result in the perspective of
training members of thenICU team.
Although seldom symptomatic, thrombosis is
known to occur frequently where central venous
catheters have been in place. A phlebography study
[14] demonstrated that on catheter removal some of
the catheter related thrombi can become detached in
blood or removed with the catheter itself. For this
reason we performed neck echography on catheter
removal in 80 patients. Seventifour of these patients
had a second echographic examination of the neck
one week later. We arbitrary decided not to perform
neck echography in patients whose jugular catheter
was in place for less than 24 hours, since the risk of
thrombosis should be exceedingly low in this group
of patients. Dead patients had no postmortem jugu
lar vein examination: this represents a limitation of
the present study.

It is noteworthy that 2 out of 3 jugular thrombosis
were diagnosed only by the first echography and
were otherwise completely asymptomatic. Unfortu
nately the third patient, in whom prominent symp
toms and repeated echographic diagnosis ensued,
was lost at follow up. It shoul.d be stressed that
neither the occurrence of complications during
IJVRC nor the duration of catheterization were asso
ciated with a positive neck echography.
Although contamination of the catheter could be
demonstrated in 13 patients out of 80 (17%), no cath
eter related septicaemia occured in our series [15]. In
our opinion, full aseptic precautions in inserting the
catheters and in subsequent nursing playa key role
in this setting. However, no infusion of parenteral
nutrition or drugs is ever performed through jugular
retrograde catheters: this helps in reducing the inci
dence of serious catheter related infections [15]. On
the other hand frequent handling of the catheter and
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blood sampling through it should increase the risk
[15].

In summary, our data provide evidence that
IJVRC is a simple and safe procedure with a low
incidence of serious complications. We strongly
recommend the routine X-ray control of correct
catheter tip placement.
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Summary

To investigate the accuracy of unilateral jugularvenous monitor
ing, we performed bilateral jugularvenous monitoring in 22
comatose head injured patients. Fiberoptic catheters were placed
upstream in both internal jugular veins and advanced into
the jugular bulbs. Arterial and bilateral jugularvenous blood
samples were obtained simultaneously for in vitro determination
of jugularvenous oxygen saturation (SJO,), arterial minus
jugularvenous lactate content difference (AJDL) and modified
lactate-oxygen-index (mLOI). Ischemia was assumed, if one of
the following pathologies occured at least unilaterally: SJO,
< 55%, AJDL < -0.37 mmol/L, mLOI > 0.08. The mean and maxi
mum bilateral SJ02 differences varied between 1.4% to 21.0%,
and 8.1% to 44.3% respectively. The bias and limits of agreement
(mean differences ±2SD) between paired samples were -0.4% ±
12.8%. Regarding AJDL bias and limits of agreement were 
0.01 mmol/L ± 0.18 mmol/L. At best 87% of defined ischemic
events could be evaluated by monitoring at the side of predomi
nant lesion or, in diffuse injuries, at the side of the larger jugular
foramen in CT scan (CT approach). We conclude. due to the wide
limits of agreement in bilateral SJO, and AJDL the reliability of
unilateral jugularvenous monitoring in patients with intracranial
pathology is questionable. For diagnosing ischemia the CT ap
proach has the highest sensitivity and is therefore recommended.

Keywords: Jugular bulb; oxygen metabolism.

Introduction

Monitoring of global cerebral hemodynamics and
metabolism based on the Fick principle provided a
lot of information concerning the pathophysiology of
severe head injuries and has become an important
tool for clinical management. Cerebral venous blood
samples for oxygen saturation monitoring as well as
for all derived calculations are usually obtained from
unilateral jugular bulb catheterization. However, as
recently demonstrated, marked differences can occur
in patients suffering from severe head injuries [14].

To investigate the accuracy of unilateral jugu
larvenous monitoring and to determine the appro
priate side, we performed bilateral jugularvenous
monitoring in 22 comatose head injured patients.

Materials and Methods

After approval by our local ethics committee, 22 patients with
Glasgow Coma Scale (GCS) scores <8 upon admission were
enrolled in the study. All patients were managed according to our
standard intensive care protocol which is aimed at preventing
cerebral ischemia [11]. Fiberoptic catheters were placed upstream
in both internal jugular veins and advanced into the jugular bulbs.
Catheter positions were verified by x-ray in anteroposterior and
lateral projections or by CT scan. Whenever the SJO, monitors
appeared to show significant changes, and additionally in 6 hours
intervals, arterial and bilateral jugularvenous blood samples were
drawn simultaneously for in vitro determination of jugularvenous
oxygen saturation (SJO,), arterial minus jugularvenous lactate
content difference (AJDL) and modified lactate-oxygen
index (mLOI). To avoid contamination of the samples with
extracerebral blood, jugularvenous blood was slowly withdrawn
(ca. 2ml/min). All blood samples were analysed in vitro for SJ02,
cerebral extraction of oxygen (CEO = SaO,-SJ02) and AJDL. The
blood gases were measured on a Radiometer 520 blood gas ana
lyzer. (Fa. Radiometer, Copenhagen) To improve the accuracy of
the lactate determinations, duplicate whole blood lactate concen
trations in arterial and venous blood were determined in each case
by an enzymatic method and average values were calculated.
(Beckman CX 7, Beckman Intruments Inc., Fullerton. California,
U.S.A.). Data were excluded from analysis if the results from the
same sample differed more than 5%. The mLOI [mLOI = -AJDL
(mmol/L)/Sa02-SJO,(%) x 10] represents the ratio of the amount
of glucose metabolized anaerobically to the amount metabolised
aerobically [3]. Global as well as regional cerebral ischemia can
be diagnosed by the AJDL, or by calculating the mLOI [3,13].
Ischemia was assumed if AJDL was <-0.37 mmol/L, and/or mLOI
was >0.08. In the case of SJ02 <55% without pathological AJDL or
mLOI values, compensated cerebral hypoperfusion was assumed.
To determine the appropriate side for jugularvenous monitoring
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according to various recommendations in the literature, the inci
dence of ischemia and or hypoperfusion appearing on the actual
suggested side was compared with the maximum possible inci
dence detectable using bilateral monitoring [3,4,13]. The following
recommendations were studied: Monitoring at the side where
there was the most severe injury, or the right side in case of diffuse
lesions [13]. Monitoring at the side of predominant venous outflow
which was identified by the larger jugular foramen on a computer
ized tomography of the head [4] and monitoring exclusively at the
right side [3]. For statistical analysis bilateral SJ02 and AJDL data
were compared by the method, described by Bland and Altman
(2). To determine if the bilateral measurements are in agreement
and therefore interchangeable a plot of the difference between the
paired results from both sides against the average of the paired
results was done. The agreement between bilateral measurements
can be summarized by calculating the bias. estimated by the mean
difference, and the standard deviation of the differences as a
measure of precision. The limits of agreement (95% confidence
interval) are defined by the bias ±2SD of the differences.

Results

In 22 patients the catheters were used for 5.4 ± 2.9
days (range 2-16 days). During the study period 396
paired samples of right and left SJOzwere obtained.
Out of317 cases the corresponding AJDL and mLOI
values were determined simultaneously. With re
spect to lactate measurements the cumulative varia
tion coefficient was 3.1% ± 0.1 mmol/L. In individual
patients the mean bilateral SJOz differences varied
between 1.4% and 21.0%, and the maximum SJOz
differences were between 8.1% and 44.3%, respec
tively. 18 of 22 patients had an SJOzdifference above
10% at least once, and discrepancies greater than
20% were found in every third patient.
As shown in Fig. 1 the bias between the mean right
and left SJOzwas -0.4%, and the corresponding wide
limits of agreement were 0.04 ± 12.8%. The mean

AJDL was -0.16 ± 0.19mmol/L. The mean overall
AJDL difference (accomplished by subtracting the
smaller number from the larger one) between both
jugular bulbs was 0.05 ± 0.06mmol/L; the maximum
differences in individual patients varied greatly be
tween 0.04 and 1.52mmol/L. Using the Bland and
Altman plot for AJDL data, we found a bias of 
0.01 mmol/L and corresponding limits of agreement
of -Q.19mmol/L and 0.17mmol/L, respectively (Fig.
2). Next we investigated the reliability of unilateral
measurements in identifying patholgical values
indicative of cerebral hypoperfusion and ischemia
(Table 1). Using bilateral jugularvenous monitoring
we found a total of 134 pathologies, representing a
sensitivity of 100%. In our patient population a maxi
mum of 117 events or 87% could be evaluated if the
side of monitoring was chosen according to the so
called CT approach. Based on CT-scan the side of
predominant lesion, or in case of diffuse lesions the
side of the largest jugular foramen was selected for
jugularvenous monitoring.

Discussion

In this study, conducted on severely head injured
patients, we investigated the accuracy of unilateral
jugularvenous monitoring on parameters indicating
cerebral hypoperfusion and ischemia (SJOz, AJDL,
mLOI) as compared to bilateral measurements,
which yield the maximum information available. Re
garding SJOz in head injured patients, differences of
5% in bilateral SJOzseem acceptable; a difference of
10% is highly suspicious and differences above 15%
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Fig. 1. Distribution of individual differences between mean bilat
eral SJ02 against their average values. The solid line represents
the bias, dashed lines correspond to mean ± 2SD of the differences
(i.e. 95% confidence interval)

Fig. 2. Distribution of individual differences between mean bilat
eral AJDL against their average values. The solid line represents
the bias dashed lines correspond to mean ± 2SD of the differences
(i.e. 95% confidence interval)
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Table 1. Sensitivity of Various Recommendations for Unilateral lugularvenous Monitoring in Detecting Compensated Cerebral
Hypoperfusion and/or Cerebral Ischemia in Unilateral and Diffuse Brain Injuries

Robertson's Deardens's Exclusively
approach (13] approach [4] right side [3] CT approach

Pathology Total n Sensitivity n Sensitivity n Sensitivity n Sensitivity

SJOz< 55% 30 25 83% 24 77% 22 73% 26 87%
AJDL < -0.37mmoI/L 17 14 82% 14 82% 11 65% 16 94%
mLOI > 0.08 87 69 79% 72 83% 67 77% 75 86%

n =number of pathologies detected.

are unacceptable [14]. We found a mean bilateral
SJOz difference of 4.6 ± 4.5% which corresponds to
those reported previously in the literature [14].
Although mean bilateral differences suggest minor
discrepancies, Fig. 1 shows that the limits of agree
ment between both sides were poor. For example, if
right SJOzwas 65%, which was well within the nor
mal range, left SJOz values might have been between
52% and 78%. The lowest SJOz would suggest
hypoperfusion, while the highest value indicates
relative hyperemia. This lack of agreement would
significantly influence patient management. Global
cerebral hypoperfusion can be diagnosed by a
jugularvenous desaturation below 55% [4]. However
SJOz alone is unable to detect regional cerebral
hypoperfusion or ischemia. In this case hypoperfused
or ischemic areas with low SJOzoverlap with areas of
normal or even elevated CBF and corresponding
normal or high SJOz [1]. The resulting SJOz in the
jugular bulb represents mixing of blood drained from
these heterogenous areas and, therefore, could be in
the normal range [11]. If CBF fails to meet metabolic
demand, anaerobic metabolism occurs causing accu
mulation of lactate in ischemic tissue [5,7]. Lactate in
brain tissue and blood increases in proportion to the
severity of injury, and the point of most negative
AJDL coincides with the point of maximum brain
tissue lactate content [7]. In healthy men there is a
mean AJDL of 0.17 ± 0.1 mmollL [6]. The mean
AJDL found in our patients was nearly equal to that
value. The mean AJDL differences between both
jugular bulbs we obtained in individual patients were
usually low. However their maximum values were
marked and increased with increasing pathology (i.e.
more negative) AJDL. From the anatomical point of
view, blood entering the brain via each internal
cartotid artery is distributed almost completely to the
ipsilateral hemispere. On the venous side the large
dural sinuses in the midline drain both hemispheres,

dividing their contents at the torcular with the blood
being conveyed to the torcular via the lateral sinuses.
Thus, almost complete mixing of the venous drainage
from the two hemispheres should be expected. How
ever, the venous drainage of the brain is character
ized by high interindividual variability, because the
cross section of any given vessel in the torcular is
extremely variable and superficial cerebral veins sur
pass the torcular and join directly to the lateral and
petrosal sinuses [15]. Nethertheless, in individuals
without intracranial pathology the blood in either
jugular bulb was found as representative of the drain
age of all histological regions of the brain [8,9]. Using
Fick's equation, according to the regional coupling
between cerebral blood flow (CBF) and metabolism
(CMROz) the arterial to venous oxygen content dif
ference (AJDOz) remains constant (CBF/CMROz=
AJDOz). Consequently, the oxygen saturation in
venous blood drained from different areas of the
brain should not be significantly different. Under
these conditions, despite incomplete mixing of cere
bral venous blood, the corresponding SJOz values in
both jugular bulbs are expected to agree within
narrow bounds. However, in most severely head in
jured patients, coupling of CBF and CMROz is dis
turbed, resulting in regionally increased or decreased
CBF independent of regional metabolic demand
(10). Thus AJDOz, and consequently SJOz, will vary
markedly between different areas of the brain. Now
incomplete mixing of cerebralvenous blood causes
marked bilateral discrepancies. The final remaining
question was whether or not we could at least
prospectively identify the more appropriate side for
diagnosing cerebral hypoperfusion and/or cerebral
ischemia. For each different pathology investigated,
the CT approach for selecting the appropriate side
showed the highest sensitivity (Table 1). One might
assume that these data support sufficient accuracy of
unilateral monitoring, provided that the objective is



Jugular Bulb Monitoring

detection of cerebral ischemia. However, it must be
kept in mind that even a single ischemic episode may
cause cerebral infarction associated with poor neuro
logical outcome [12]. Some of the possible limitations
such as inappropriate positioning of the catheter tip
and additional extracerebral contamination should
also be addressed. In our study, the correct position
ing of both catheter tips high in the jugular bulbs just
below the skull base was always confirmed by radio
graphy and venous sampling via the catheters was
performed slowly (i.e. about 2mllmin). We did not
measure cerebral blood flow and, therefore, evidence
about absolute interhemispheric differences in
CMR02 and cerebral lactate production, as well as
the true mixed cerebral venous oxygen saturation
cannot be given. Nethertheless, even unilateral
occurence of pathological values in SJOb AJDL
and mLOI indicates at least regional disproportion
of cerebral oxygen delivery and consumption and
therefore requires therapeutic intervention. How
ever, the significance of the differences in SJ02 fall
ing in the nomal range between 55% and 75% cannot
be judged by unilateral monitoring. We conclude
that in an individual patient presenting intracranial
pathology, as it is true in severe head injury, even
calculated unilateral jugularvenous monitoring has
an unpredictable risk for misleading or missing data.
Therefore, whenever data obtained from unilateral
jugularvenous monitoring are inconsistent with data
from other monitoring techniques such as CPP, ICP,
or CCT, an additional catheter should be placed
for intermittent blood sampling to evaluate the possi
bility of significant side to side differences which
would thus influence treatment.
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Summary

We evaluated 86 patients for possible normal pressure
hydrocephalus (NPH) by: 1) CSF pressure (Pcsf) monitoring and
analysis for percent of time with A or B-waves, and 2) controlled
CSF drainage for 3 days via a lumbar subarachnoid catheter. Clini
cal outcome after CSF drainage and shunt surgery was assessed as
change of clinical exam, with grades of none, minor. moderate,
or marked change. For outcome analysis in 47 patients after
shunt surgery, NPH was defined as moderate or marked clinical
improvement.
We assessed the diagnostic discrimination of percent-of-time
thresholds of A and B-waves for 38 patients. At 10%, sensitivity
for NPH is 91%, specificity is 13%, positive predictive value (PPV)
is 62%, and the false positive rate is 38%. At the 25% threshold,
sensitivity is 78%, specificity is 40%. PPV is 67%, false positive
rate is 33%, and the false negative rate is 22%. For CSF drainage
(threshold of minor improvement or better). the sensitivity is 97%,
specificity is 60%, PPV is 84%, negative predictive value (NPV) is
90%, and the false negative rate is 3%.
We conclude: 1) clinical response to controlled CSF drainage
accurately predicts the outcome after shunt surgery in patients
suspected of having NPH, and 2) A or B-waves poorly predict
which patients will respond to shunt surgery. Three days of CSF
drainage seems to encompass critical thresholds of CSF volume
removal or duration of P",f reduction necessary for neuronal func
tion to begin returning and symptoms to begin resolving in pa
tients with NPH.

Keywords: CSF Drainage; normal pressure hydrocephalus.

Introduction

Normal pressure hydrocephalus (NPH) is an impor
tant, treatable syndrome of dementia, gait apraxia,
and urinary incontinence that may represent as much
as 5% of demented patients [14]. NPH is treated by
surgical cerebrospinal fluid (CSF) shunting, often
with significant neurologic recovery [1,12,13]. The
presence of unstable CSF pressure (PCSf)' predomi
nantly B-waves, in NPH is well documented

[2,3,9,11], and the correlation of unstable Pesf with
NPH shunt responsiveness varies from 50% to 90%
[2,8,11]. Clinical response to CSF drainage via a
lumbar catheter has been reported to correlate with
response to shunting in NPH [5,7].
Since 1988 we have evaluated patients suspected
of having NPH with a strategy of: 1) initial clinical
evaluation and testing for treatable diseases with
clinical overlap, and 2) Pcsf monitoring via a lumbar
subarachnoid catheter followed by a 3-days of
controlled CSF drainage. The purpose of this report
is to compare the diagnostic accuracy of Pcsf
monitoring and controlled CSF drainage in predict
ing the clinical response to treatment with CSF shunt
insertion.

Methods

Of 103 patients referred, 86 were evaluated for NPH. Significant
coexisting diseases were either treated first, or patients were ex
cluded from further evaluation. After patients or their surrogates
provided informed consent, P"'f monitoring and controlled CSF
drainage were accomplished via a lumbar subarachnoid catheter
inserted percutaneously. The P<sr and other variables (02 satura
tion, pulse rate, respiratory excursion) were recorded continu
ously for 2 to 3 days on an 8-channel strip chart recorder or a
Macintosh computer with an analog-to-digital signal converter
and software (MacLab. ADInstruments, Inc., Milford, MA). P",f

was analyzed for resting mean pressure, abnormal wave forms,
peak pressure, and pulse pressure. Abnormal P"'f wave forms were
identified according to criteria adapted from Lundberg's original
description (10). We defined B-waves as P",f oscillations with a B
wave frequency and an amplitude (peak systolic P<sf minus
baseline systolic P"'f) of ~3 mm Hg (40 mm H20). Although P,,, was
recorded continuously, significant amounts of recording were
unsuitable for P<>f analysis because of movement artifacts. There
fore P"f was analyzed only during artifact-free epochs when the
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record indicated the transducer was properly levelled and the
patient was quiet. In most circumstances this resulted in Pcsf analy
sis only during sleep or quiet rest.
A 3-day trial of controlled CSF drainage followed Pcsf monitor
ing. Drainage rate was controlled to approximately lOcc/hour
(240cc/day), which is 1/4 to 1/2 of daily CSF production. Patients
were clinically examined for response to drainage once or twice
daily. Individualized definitions of clinical improvement were
chosen for each patient, based on the clinical exam prior to CSF
drainage. A single, broad definition of clinical improvement was
not feasible given the extreme variation in symptom severity.
Outcome after CSF drainage and shunt surgery was assessed as
change in clinical exam, rather than absolute level of clinical exam,
with grades of better or worse (none, minor, moderate, marked
change) scored as 0, ±1, ±2, and ±3. For the purposes of determin
ing sensitivity and specificity of the diagnostic tests, the definition
of NPH was moderate or marked improvement (>1) after shunt
surgery. Minor improvement, no change, or deterioration (:S;I)
were not considered NPH. This definition is based on a value
assumption that minor improvement after shunt surgery is insuffi
cient benefit compared to the risk.
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Results

We assessed the diagnostic discrimination of three
thresholds of B-wave activity (10%, 25%, 50%) for
moderate or better improvement after shunt surgery
(Table lA-C). At the 10% threshold, sensitivity is
high (91%) but specificity is low (13%), and approxi
mately 1/3 of patients with >10% B-waves did not
improve after shunt surgery. At the 25% threshold,
the sensitivity is 78%. Using this threshold, 20% of
patients who benefitted from a shunt would not have
received it, and 33% of patients who received a shunt
would not have benefitted. At the 50% threshold the
sensitivity falls to 43%, and over half the patients
who benefitted from a shunt would not have received
it and one third who received a shunt would not have
improved.

Table 1. (A-C) Comparison of Three Thresholds of % Sleep Time with B·Waves to Outcome after Shunt Surgery in NPH. (D-E)
Comparison of Two Thresholds of Clinical Response to Controlled CSF Drainage to Outcome after Shunt Surgery in NPH

Table 1AI Clinical Outcome After Shunt Table 101 Clinical Outcome After Shunt

>1, NPH S1, Not NPH >1, NPH S1, Not NPH

>1~1
I

I:'
PPV= Clinical

I I

PPV=
Sleep ICP 21 13

61.76% Outcome >1 21 2 23
91.30%

B-wave
NPV=

After CSF
Threshold 2 2 Drainage S1 11 13 24

NPV=S10%
50.00% 54.17%Trial

23 15 38 32 15 47

Sensitivity Specificity Sensitivity Specificity

91.30% 13.33% 65.63% 86.67%

Table 18 Clinical Outcome After Shunt Table 1E Clinical Outcome After Shunt

>1, NPH S1, Not NPH >1, NPH S1, Not NPH

>~%I
I I:~

ppv= Clinical

I::
ppv=

Sleep ICP 18 9 Outcome >0 31 6
83.78%66.67%

B-wave
NPV=

After CSF
NPV=

Threshold 5 6 Drainage so 9S25%
54.55% 90.00%Trial

23 15 38 32 15 47

Sensitivity Specificity Sensitivity Specificity

78.26% 40.00% 96.88% 60.00%

Table 1C Clinical Outcome After Shunt

>1, NPH :S;1, Not NPH

>-1 10 5 I::
PPV=

Sleep ICP 66.67%
B-wave

NPV=
Threshold 13 10S50%

43.48%

23 15 38

Sensitivity Specificity
43.48% 66.67%

PPV Positive Predictive Value; NPV Negative Predictive Value.
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The diagnostic discrimination of two thresholds of

clinical improvement (>1 and >0) after controlled

CSF drainage is shown in Table 1D-E. The lower
threshold of minor improvement or better (>0) after
controlled CSF drainage more accurately discrimi
nates the diagnosis of NPH than does the higher
threshold of moderate improvement or better (>1)
after controlled CSF drainage. In this selected popu
lation, 84% of patients who had minor improvement
or better after CSF drainage had NPH, whereas only
1 patient out of 10 who had no improvement after
CSF drainage had NPH. More significant is that the
false negative diagnostic rate is less with the lower
threshold (1/32 or 3%) than with the higher thresh
old of improvement after CSF drainage (11/32 or
34%).

Discussion

Our results indicate that the outcome after shunt
surgery in patients suspected of having NPH is more
accurately predicted by the clinical response to three
days of controlled CSF drainage than by evidence
of unstable Pcsf (A- or B-waves). The presence of
unstable Pcsf wave forms (predominantly B-waves) in
NPH is well documented [2-4,6,8,9,11], but the cor
relation of unstable Pcsf with clinical outcome after
shunt surgery varies from 50% to 90% (2,8,11). Our
results support previous studies showing that there
does not appear to be a direct correlation between
unstable Pcsf and clinical recovery. Thus evidence of
unstable Pcsf (A- or B-waves) may be a sensitive test
for identifying patients with impaired intracranial
compliance, but it is not specific for NPH. This can be
explained by two potential mechanisms: 1) unstable
Pcsf may persist after the neuronal injury in NPH is
irreversible, or 2) other causes of subcortical deficits
and ventriculomegaly can make Pcsf unstable.
The physiologic basis for the better accuracy of
outcome prediction with controlled CSF drainage
may be that it corrects disordered CSF circulation
just as a shunt does, and therefore provides an indica
tion of the potential for neurological recovery. Thus
the accuracy of this test also depends on detailed
observation and documentation of changes in neuro
logical function. Our results suggest that 3 days of
CSF drainage at lOcc/hour encompasses critical
thresholds of time and volume of CSF removal
necessary for reversible neuronal injury to begin to

M. A. Williams et at.: Pesf Monitoring and Controlled CSF Drainage

recover and symptomatic improvement to become

apparent in NPH.
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Summary

The value of the measurements of CSF outflow resistance (Rcsf)
relative to predicting outcome after shunting was studied, In a
group of 101 patients with mainly idiopathic normal pressure
hydrocephalus (NPH) Rcsf was obtained by lumbar constant flow
infusion, Gait disturbance and dementia were quantified using an
NPH scale (NPHS) and disability by the Modified Rankin scale
(MRS). Patients were assessed before and at I, 3, 6, 9 and 12
months after surgery. Outcome measures were differences be
tween the preoperative and last NPHS and MRS scores, Improve
ment was defined as a change of ~15% in NPHS and ~1 grade in
MRS. Intention-to-treat analysis of all patients at one year yielded
improvement of 57% in NPHS and 59% in MRS, Efficacy analysis,
excluding comorbidity unrelated to NPH, revealed positive pre
dictive values of around 80% at Rcsf <18, and between 90% and
100% at Rcsf ~18mm Hglml/min. For Rcsf ~18, the likelihood
ratios were also higher,
We conclude that the best predictor of the response to
shunting is an Resf ~I8mm Hglml/min, Since two-thirds of the
patients with Rcsf <18 showed improvement as well, these
patients should not be denied shunting.

Keywords: CSF outflow resistance; normal pressure hydro
cephalus,

Introduction

Previous studies on the prediction of outcome in
NPH patients using Rcsf measurement have shown
conflicting results with both good [2,9,10] and poor
[3,5,7,8] predictive values. Because most of these
studies were carried out in single institutions by
experienced investigators, broader applicability of
the infusion test has not yet been demonstrated.
Another limitation was that patients with "normal"
Rcsf values were usually not shunted. The purpose of

this multicentre, prospective study was to determine
the positive and negative predictive values of Rcsf
for the results of ventriculo-peritoneal shunting in
NPH patients.

Patients and Methods

Gait disturbance was quantified using a gait scale (GS), which
evaluates the presence of 10 features of gait and measures the
number of steps and seconds required for a lO-metre walk l

.

Dementia was assessed by a dementia scale (DS) comprising the
lO-word test, digit span forwards and backwards, trail making and
finger tapping. Together, gait (range 2-40) and dementia scale
(range 4-40) yielded the NPH scale (NPHS; range 6-80). The
modified Rankin scale (MRS) was used as a disability score (range
0-6),
In 5 years 101 NPH patients were enrolled, fulfilling strict inclu

sion criteria: 1) gradually developed gait disturbance of both legs,
(unexplained by other conditions) and gait scale score ~12; 2)
subcortical dementia and dementia scale score ~12; 3) MRS score
~2; 4) CT scan showing a communicating hydrocephalus without
clinically relevant parenchymal lesions and marked cortical atro
phy, Exclusion criteria were (sub)acute symptomatic NPH, age
~85 years, and severe comorbidity with restricted life-expectancy
or contraindications for surgery,
All patients underwent a lumbar constant flow infusion test

[6] and were randomized to a low or a medium-high pressure
Medos Hakim shunt, irrespective of the Rcsf value. Patients
were assessed prior to and at 1, 3, 6, 9 and 12 months after
surgery.
Outcome measures were calculated as the differences between
the preoperative and last NPHS and MRS scores. "Any improve
ment" was defined as a change between entry and last score of at
least 15% in NPHS and one grade in MRS. Intention-to-treat
analysis was performed using all the available outcome informa
tion at 12 months or at last follow-up. Patients who died were
categorized as unimproved, For efficacy analysis 17 serious events
and 15 deaths unrelated to NPH but interfering with neurological
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function were excluded. The last follow-up examination before
such an event was taken for the assessment of outcome.

Results

Five patients died of diseases unrelated to the shunt
procedure before the first follow-up and in one
patient Rcsf could not be determined, leaving 95
evaluable patients. Much comorbidity was present at
entry leading, together with the NPH signs, to a
Rankin scare of 5 or 6 in 28% of the patients.
The distribution of Rcsf values are shown in Fig. 1.
Taking 12mmHg/mllmin as the upper limit of a
normal Rcsf, 83% of patients showed increased
Rcst. These data demonstrated the presence of a
disturbance of CSF resorption in the majority of the
study population.
According to intention-to-treat analysis, of all 101
patients, 57% showed improvement in NPHS and
59% in MRS after one year. Efficacy analysis of 95
patients showed improvement rising to 76% in
NPHS and 69% in MRS.
Using improvement in NPHS after shunting as a
criterion for the diagnosis of NPH, diagnostic indices
were calculated at 6 Rcsf cut-off points. Positive pre
dictive values were appoximately 80% at Rcsf 10, 12
and 15mmHg/mllmin and between 90 and 100% at
Rcsf 18, 21 and 24mmHg/mllmin (Fig. 2). Because of
the considerable number of patients who improved
despite a negative test, the negative predictive values
were low. Sensitivity gradually decreased with rising
Rcsf values. The increase of specificity was less
gradual with a relatively high value for Rcsf 18. The
likelihood ratios (sensitivity/I-specificity) were less

A. 1. W. Boon et aL.

than 1.5 for Rcsf limits <18, compared to a ratio of 3.5

for Rcsf of 18mmHg/mllmin (Fig. 2).

Discussion

This large multicentre study is the first presented in
which all patients with idiopathic NPH were shunted,
irrespective of Rcsf values. Because we wanted to
quantify the NPH syndrome, we developed a gait and
a dementia scale. To create one outcome measure,
both scales were added to the NPH scale. Disability
was evaluated by the Rankin scale. The improve
ment rate of nearly 60% one year after shunting
compares well with previous findings [2].
Determination of Rcsf can be accomplished by
constant flow, constant pressure and bolus infusion
techniques. We recomend the lumbar constant flow
infusion as the best compromise between simplicity
and accuracy. The participants in the 4 centres easily
adopted this method.
Presently, there is no consensus on the level of
Rcsf above which patients should be shunted.
Thresholds varied from 8 to 15mmHg/mllmin [2
5,9,10]. This study offers the opportunity to better
define that limit. Calculation of positive predictive
values, sensitivity, specificity and likelihood ratios at
different Rcsf cut-off points clearly showed that good
prediction of outcome is obtained only from an Rcsf
value of 18mmHg/mllmin onwards. The negative
predictive values were quite low at all levels of Rcsf.
We propose to raise the Rcsf limit for shunting
from around 12 to 18mmHg/ml/min. If we had used
that criterion, 92% of patients would have shown
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improvement at the expense of 8% who did not.
Patients with an Rcsf below 18mmHg/ml/min and
the combination of clinical as well as CT findings
typical for NPH also should have a shunt.
Patients not improving despite an increased Rcsf
significantly more often developed comorbidity
during follow-up. Extra- and intracranial vascular
diseases in particular occurred rather frequently and
appeared to have a deleterious effect on outcome.
In conclusion, one year after shunting almost 60%
of this group of mostly idiopathic NPH patients
showed a clinically relevant improvement using
quantitative evaluation. Lumbar constant flow infu
sion proved to be manageable and reliable. An accu
rate prediction of good outcome is obtained when
the Rcsf threshold for shunting is raised to 18mmHg/
ml/min. Comorbidity was an important prognostic
factor.
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Summary

Hydrodynamic properties of hydrocephalus shunts are not
always properly characterized by the manufacturer. Therefore, the
choice of the shunt should be made, by matching performance of
the shunt to the disturbed profile of CSF circulation of a given
patient. The aim of the present shunt evaluation study is to evalu
ates all types of shunts presently in use in the U.K. and make this
information available to neurosurgeons. Ten most common
models of valves have been tested to date: Medtronik PS
Medical: Delta Valve, Flow Control Valves and Lumbo
Peritoneal Shunt, Heyer-Schulte: In-line, Low Profile and Pudenz
Flushing Valve, Codman: Medos-Programmable, Hakim
Precision, Sophy Programmable Valve, Cordis Orbis-Sigma.
Our results show the majority of valves have low hydrodynamic
resistance (exception: PS LumboperitoneaL Orbis-Sigma), which
increase by 100-200% after connection of a long distal catheter. A
few shunts with siphon-preventing mechanism (Delta, Hayer
Schulte Low Profile, Pudenz-Flushing) offer reasonable resistance
to negative outlet pressures, however, these valves may be blocked
by raised subcutaneous pressure. All programmable valves are
susceptible to siphoning. Programmed settings may be changed by
external magnetic field.

Keywords: Hydrocephalus.

Introduction

Complications related to shunt functioning may be
very heterogeneous in nature [4]. It is estimated that
50% of complications are directly or indirectly
caused by shunts' inadequate hydrodynamic per
formance. Further, technical data provided by the
manufacturer are frequently fragmentary and
misleading. Moreover, various shunt evaluation
programs [1-4] revealed that some of the shunts
may fail to work according to the manufacturer's
specification.
The aim of the UK Shunt Evaluation Laboratory
(funded by the Medical Devices Agency, an Execu-

tive Agency of the Department of Health) is to assess
the shunt's hydrodynamic properties independently
of the manufacturer, to evaluate whether the shunt
works according to the manufacturer's technical data
and whether to determine the shunt complies with
the new international standard (ISO/DIS 7197).
Finally, our data are intended to help neurosurgeons
to correlate the type of shunt to the specific presenta
tion of the patient (clinical, pressure-volume com
pensation, CT, MRI, psychometric, etc.). Ten types
of shunts (at least 3 samples from each type) have
been studied to date, using a fixed protocol which
including 2-3 months of rigorous, computer con
trolled tests. The results, are of immediate relevance
to the neurosurgeon.

Material and Methods

Ten models of shunts were tested (see Table 1) according to a
protocol based on ISO/DIS 7197 standard. Three identical, com
puter controlled rigs (described in details in [3]) working indepen
dently of each other. As are tested simultaneously time. The
protocol for shunt testing includes long-term evaluation of three
shunts of the same performance level for a minimum of 28 days.
During this period the shunt's pressure-flow performance and
hydrodynamic resistance are evaluated. The effects of siphoning,
external pressure, differential pressure, pulsation, presence of
residual resistance to CSF outflow, temperature and presence of
graded particles in reagent are tested. Further optional tests may
be performed (4-5 weeks) to compare how different performance
levels of shunt affect the measured hydrodynamic parameters.

Results

The summary of the performance parameters includ
ing hydrodynamic resistance, mean intracranial pres-
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Table 1. Summary of Most Important Parameters of the Tested Shunts

PS PS Heyer- Heyer-

Medical Heyer- Medical Codman- Schulte Schulte Codman Cordis

CSF-Flow Schulte Lumboperi Hakim PS Medical Low Pudenz Medos Sophysa Orbis-

Control In-line toneal Precision Delta Valve Profile Flushing Programmable Programmable Sigma

Programming no no no no no no no yes yes no

Number of 4 (low-low 2 (3: valve of 18 3 (8

performance only in performance intermedia

levels Button 1.5 is now te steps in

Valve available) valve SU8)

Resistance 1.5 (0.5) 7.5 (1.3) 25 (6.2) 14 (0.5) 1.9 (0.2) 2.9 (1.2) 1.7 (0.3) 14 (0.34) 2.8 (0.9) Very high

without distal

catheter (in

mmHgl

(ml/min))

Resistance 3.1 (1.1) 9.3 (1.7) NA 5.1 (1.1) 3.8 (0.5) 5.6 (2.1) 5.2 (2.1) 5.1 (0.83) 5.6 (2.1) Very high

with distal

catheter

Expected 1.2 (I-I) 4 (I) 28 0.5 (v-I) 2 (level 1) 3.5 (m) 3.9 (m) from 3 to 22 from 6 to 15 from 7

average ICP 3.5 (I) 104 (m) 3.1 (I) 6 (level 2) 9.1 (I) 8.7 (I) (programmable) (programmable) to 25

in horizontal 7.2 (m) 19 (h) 5.2 (m-I) 124 (h) 12 (h) (variable)

body position 10.5 (h) 7.1 (m-h)

(for different 10 (h)

performance

levels'; in

mmHg)

Expected NA(I-I) -19 (I) around 0 -22 (v-I) around 0 around 0 around 0 form -20 to -1 from -17 to-8 from -15

average ICP -20 (I) -13 (m) -19 (I) (for shunt (for shunt (programmable) (programmable) to 2

in vertical -IS (m) -5 (h) -17 (m-l) with ASD) with ASD) (variable)

body position -13 (h) -15 (m-h) Without Without

(30 em -13 (h) ASD: ASD:

siphoning; for -19.5 (I) -19.1 (I)

different -13.9 (m) -14.3 (m)

performance -10.6 (h) -11 (h)

levelS'; in

mmHg)

Performance levels. m medium. I low. h high. v-I very low. m-I medium low. m-h medium high. I-tlow-Iow.

sure simulated in the horizontal and vertical posi
tions are presented in Table 1. Pressure-flow per
formance curves are presented in Fig. 1. Short
characterization of performance of all tested valves is
listed below:

Medtronic PS Medical CSF-Flow Control Valve

The CSF-Flow Control Shunts are classicly differen
tial valves, which intend to stabilize intraventricular
pressure after implantation. The valve allows the
drainage rate to increase when the body position is
upright, thus, drainage rate may become very high as
this shunt has low hydrodynamic resistance. In pa
tients likely to develop clinical complications related
to overdrainage, implantation of Delta Valve instead
of CSF-Flow Control Valve should be considered.
The closing pressure is defined as a range (4-

5mmHg wide) rather than the strict value and my
fluctuate in time.

Heyer-Schulte In-line Valve

The operating pressure is specified as a range rather
than a definite value, which may range between 5.3
8.5mmHg for Medium Pressure Values. The valves,
particularly Medium and High Pressure have high
hydrodynamic resistance. This may be contradictory
for application in patients presenting with high
vasomotor-induced fluctuations of intracranial pres
sure. The high hydrodynamic resistance may limit an
overdrainage in upright position. This shunt is poten
tially safer from this point of view than other
differential-pressure valves. However, overdrainage
is still possible, particularly in patients presenting
with gross ventricular dilatation.
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Medtronic PS Medical Lumboperitoneal Shunt

The shunt has a high resistance and a high opening
pressure. This helps to maintain a physiological level
of CSF drainage in the vertical position, but may lead
to underdrainage in the horizontal position. There
fore, the shunt will drain insufficient CSF when
patients are bed bound for long periods. The shunt
increases both its opening pressure and its resistance
with time (leading to possible underdrainage). Resis
tance to drainage of CSF may increase when the
shunt is blocked by particles of a diameter greater
than 25 microns. Once the shunt is blocked, there is
little facility for external flushing to clean the shunt of
debris. Therefore the shunt can be regarded as a

temporary measure, able to drain CSF, over a limited

period.

Codman Hakim-Precision Valve

This device is a classic differential valve, intended to
stabilize intraventricular pressure after implantation.
Five fixed performance levels offer flexibility in the
treatment of hydrocephalus of various types. The
valve shares some design features developed for the
Codman-Medos Programmable Valve. The valve,
having low hydrodynamic resistance, allows the
drainage rate to increase when the body position
is upright. In patients likely to develop clinical
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Medtronic PS Medical CSF Flow Control Hayer-Schulte In-Line Valve
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complications related to overdrainage, implantation
of an anti-siphon device should be considered.

Medtronik PS Medical Delta Valve

This shunt incorporates a Siphon Control Device
(SCD) preventing CSF overdrainage in vertical body
position. The SCD has been designed to minimize
the effect of tissue fibrosis while remaining sensitive
to changes in atmospheric pressure. External pres
sure may affect the performance of the SCD compo
nent. The SCD may stop all CSF drainage unless the
patient is supine. Similar to the CSF Flow Control
Valve the closing pressure may fluctuate to values
lower than specified, particularly when the valve is
tested without distal drain.

Heyer-Schulte Low Profile Valve (with Anti-Siphon
Device)

The Heyer-Schulte Low Profile Valve with Anti
Siphon Device is a classic differential valve incorpo
rating a mechanism preventing overdrainage related
to posture. Three fixed performance levels offer flex
ibility in the treatment of hydrocephalus of various
types. Differences between hydrodynamic properties
of Heyer-Schulte Low Profile Valve with the Anti
Siphon Device and PS Medical Delta Valve are prac
tically negligible. The shunt may be blocked by raised
subcutaneous pressure. It probably works predomi
nantly in horizontal body position, as the physiologi
cal value of intracranial pressure in vertical body
position is negative.

Heyer-Schulte Pudenz-Flushing Valve with ASD

The Heyer-Schulte Pudenz Flushing Valve is a
classic differential burr-hole valve optionally incor
porating a mechanism preventing posture-related
overdrainage, the same as used in the Low Profile
Valve. The shunt is available in three fixed perfor
mance levels. Hydrodynamic properties are the same
as in Heyer-Schulte Low Profile Valve.

Codman-Medos Programmable Valve

This shunt can be programmed in 18 precise steps
from 3 to 20cmH20. The flow through the valve is
sensitive to negative hydrostatic outlet pressures.
This may cause overdrainage, particularly in the
ventriculo-peritoneal arrangement. The valve setting

Z. Czosnyka et ai.

should be adjusted in small steps (max. 4cmH20).
An isolated valve exhibits extremely low resistance
to fluid flow. Therefore, its function should be
considered not in isolation but in combination with
the distal catheter, peritoneal or atrial, with care
ful thought given to any shortening of the cath
eter. When necessary, implantation of a siphon
preventing device in-line with the valve may be
considered. The shunt may be accidentally re
programmed by strong dynamic magnetic field.

Sophy Programmable Pressure Valve

The shunt can be programmed in 3 precise steps.
Precision of 5 intermediate steps is lower (available
only in model SU8). Air bubbles, as in almost all
contemporary valves, may disturb fluid drainage.
They can be removed by gentle pumping of proximal
reservoir. The Sophy valve, unlike valves with an
elastic chamber, is a little more difficult to free of air
bubbles. The flow through the valve is sensitive to a
posture-related negative hydrostatic outlet pressure.
This may cause acceleration of CSF drainage, par
ticularly in the ventriculo-peritoneal mode. Similarly
to the Codman-Medos valve an isolated valve offers
an extremely low resistance to fluid flow. The shunt
may be accidentally re-programmed by magnetic
field.

Cordis Orbis-Sigma Valve

Pressure-flow curve indicates the shunt's ability to
stabilize the drainage rate. The intracranial pressure
(ICP) after shunt implantation may be as high as
24mmHg or may fluctuate. High ICP does not
indicate shunt malfunction, as the shunt stabilizes
drainage not pressure. The valves have very high
hydrodynamic resistance. This may contradict its ap
plication in patients presenting with high vasomotor
induced fluctuations of ICP. The high hydrodynamic
resistance decreases the rate of drainage in upright
body position. Therefore, the shunt is potentially
safer from the point of view of complications related
to overdrainage than other classic-differential
constructions.

Discussion

The majority of tested valves had a non-physiologi
cally low hydrodynamic resistance (with the excep
tion of Orbis-Sigma, PS Lumbo-Peritoneal and
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Heyer-Schulte In-Line). This may result in

overdrainage both related to posture and during
nocturnal cerebral vasogenic waves. A long distal
catheter increases the resistance of these valves by
100-200%. A few shunts (Delta, LowProfile and
Pudenz-Flushing with Anti-Siphon Devices) offer a
reasonable resistance to a negative outlet pressure,
hence may potentially prevent complications related
to overdrainage. Drainage through valves without
siphon-preventing mechanism is sensitive to body
posture. This may produce grossly negative intracra
nial pressure after implantation. In most of silicone
diaphragm valves closing pressure varied and
reached values lower than specified by the manufac
turer (exception: Heyer-Schulte Pudenz Flushing
Valve). Valves with an siphon-preventing device may
be blocked by raised subcutaneous pressure. All pro
grammable valves are susceptible to overdrainage in
the upright body position. Programmed settings may
be changed by external magnetic fields. Most shunts
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are very sensitive to the presence of small particles in
drained fluid. In conclusion, this study show the

behaviour of a valve, is of immediate relevance to
the surgeon and may not be adequately described in
the manufacturer's product information.
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Cine Phase-Contrast MR Imaging in Normal Pressure Hydrocephalus
Patients: Relation to Surgical Outcome

S. M. Egeler-Peerdemanl, F. Barkhof2, R. WalchenbachIJ
, and J. Valk2

Departments of 1Neurosurgery and' Radiology, University Hospital Vrije Universiteit, Amsterdam, and 3Department of
Neurosurgery, University Hospital, Leiden, The Netherlands

Summary

Phase-contrast cine MR flow imaging through the aqueduct was
used to establish the diagnosis of normal pressure hydrocephalus
(NPH), and to predict outcome after shunting. From 1990-199416
patients, who were participants in the Dutch Normal Pressure
Hydrocephalus Study [3], were studied. The patients included in
this study met clinical and CT-scan criteria as described in this
study, underwent cine phase-contrast MR imaging prior to place
ment of a CSF shunt, and had a follow-up 12 months after the
operation. Claustrophobic patients, patients with a pacemaker or
extremely agitated patients were excluded. Normal Flux was calcu
lated in each patient, as the average difference in caudal and rostral
flux (Fd;ff) + 2 times standard deviation (0.97 cc/sec) [2]. The clinical
outcome was measured with a modified scale of activities of daily
living (ADL) as described by Rankin. Of the 16 patients, 8 could
not be evaluated due to restlessness during MR measurements,
disabling cerebral vascular accidents or death before the end of the
follow-up period. Of the remaining 8 patients, 5 had a normal flux,
of which only one improved. Two patients had a FJM twice the
normal range, which improved in both patients. One patient had no
measurable flux, consistent with an aqueduct stenosis: he too im
proved. Overall, there was a concordance of MR findings with final
outcome after shunting in 7 out of 8 patients. This pilot study,
therefore, supports the need to futher evaluate flow with MR imag
ing techniques to select patients with shunt responsive NPH.

Keywords: Cine phase-contrast; normal pressure hydrocephalus:
shunt responsive NPH; surgical outcome.

Introduction

Normal pressure hydrocephalus (NPH) is a disorder
characterized by a triad of clinical symptoms which
include gait disturbance, mental deterioration and
urinary incontinence [1], in combination with com
municating hydrocephalus as seen with computed
tomography (CT)-scan. Prediction of the possible
improvement of the symptoms by a shunting proce
dure is difficult. Patients with a known cause of the
disease (e.g. previous subarachnoid hemorrhage or
infection) respond better than the idiopatic cases.

Since the incidence of shunt responsive NPH is low,
and the benefit-harm ratio is low [6], there is a need
for a paraclinical predictor. Magnetic resonance
(MR) imaging of NPH patients shows ventricular
enlargement without cortical atrophy. It has been
suggested that patients with an increased flow-void in
the aqueduct respond more favorably to shunting
than those who do not (4). The presence of a f1ow
void phenomenon in the aqueduct is a qualitative
measure, which is influenced by many acquisition
parameters, and often may be difficult to quantify.
Phase-contrast cine MR flow imaging provides
a simple way to better characterize CSF flow.
Quantative measurements can be obtained non
invasively with high spatial and temporal resolution.
Normal values of CSF flow in the aqueduct have
been described with this method [2]. Previously in
creased values have been associated with NPH [5].
The aim of this study was to determine the
piausability of using phase-contrast cine MR flow
imaging through the aqueduct as a method to estab
lish the diagnosis of NPH and to predict outcome
after shunting.

Materials and Methods

Between 1990 and 1994 a total of 16 patients from our hospital
participated in the Dutch Normal Pressure Hydrocephalus Study.
All patients were included based on clinical and CT-scan criteria
according to this study protocol [3]. They were assesed by a gait
scale, a dementia scale and the modified mini mental state exami
nation. The modified Rankin scale (MRS) was used as a handicap
score to determine general outcome. It was extended to a seven
point scale by inserting a grade 4, defined as moderate disability
and needing assistance for less than 50% of the day. A communi
cating hydrocephalus as seen with a CT-scan was also one of the
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MR flux normal MR flux abnormal

Table 1. MR Imaging Findings Related to Outcome
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proved. One patient had no measurable flux through
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this patient too markedly improved. Two patients
had a Fdiff of more than twice the normal range; both
of them improved (Fig. 1).
Overall, MR imaging was in concordance with the
general outcome in 88% of cases (Table 1).
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Of the 16 patients, 2 could not be assesed due to
restlessness during the flow measurements. Four pa
tients died of non-shunt related problems before the

inclusion criteria. All 16 patients underwent cine phase-contrast
MR imaging before placement of a CSF shunt. Claustrophobic
patients, patients with a pacemaker or extremely agitated patients
were excluded from this study.
The follow-up period was 12 months. The primary clinical
outcome was the modified Rankin scale as a score to determine
general outcome. An improvement of one point on the scale was
considered to be a favourable outcome.
Phase contrast MR imaging was performed at 0.6 T in an
oblique plane perpendicular to the aqueduct at the level of the
inferior colliculus. A cardiac-gated gradient-echo technique was
used [TR 52ffE 32/NEX 2/FA 45] with an inplane resolution of
1mm and a slice thickness of 5mm. Maximum velocity encoding
was set at 20 cm/sec. According to the heart rate, 9-16 images were
obtained throughout the heartcycle. The volume displacement per
slice, called flux, was measured by multiplying the average velocity
within the aqueduct with its area (cc/sec). The difference between
the maximal rostral and caudal flux (Fdif,) was used as the outcome
variable. Normal flux, measured in a previous study [2] was deter
mined to be within the mean Fdiff and 2 standard deviations (=0,45
+ 12 x 0,27)) or 0,97 cc/sec. Any flux higher than this value was
considered abnormally elevated; absence of flow was also consid
ered abnormal.
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Cine MR CSF Flow Study in Hydrocephalus:
What are the Valuable Parameters?
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Summary

To evaluate the changes of intracranial cerebrospinal fluid (CSF)
dynamics in hydrocephalus, we studied the various parameters of
cine phase contrast (PC) magnetic resonance (MR) CSF flow
images in cases of acutely progressive hydrocephalus, comparing
them with those in normal CSF circulation.
The MR images were obtained with 1.5 T unit using the 2 dimen
sional cine PC sequence with cardiac gating in 10 non-obstructive
hydrocephalus (NOH), 3 obstructive hydrocephalus (OH), and 10
controls. The temporal velocity information from the anterior and
posterior cervical pericord spaces, third and fourth ventricles, and
aqueduct were plotted as wave form. The wave forms were ana
lyzed for configurations, amplitude parameters (Smax, Smin, Sdif),
and temporal parameters (R-S, R-SMV, R-D. R-DMV). The sta
tistical significance of each parameter was examined with paired
t-test. All patients with OH underwent endoscopic thrid ven
triculostomy, whereas all NOH underwent shunting procedures.
In 5 ROIs, distinct reproducible configuration features were

obtained at aqueductal and cervical pericord spaces. Statistically
significant differences between control and hydrocephalus only in
temporal parameters were determined. In NOH, the graph
showed R-DMV shortening (p < 0.01) at anterior cervical pericord
space. In OH, there were R-DMV shortening (p < 0.05) at anterior
cervical pericord space, R-SMV shortening (p < 0.02) at posterior
cervical pericord space. Also the level of obstructions could be
determined in all OHs.
The analysis of MR CSF flow images may give us valuable
information on the site of obstruction, explaining the cause of
hydrocephalus, thus deciding the necessity of shunting procedures
using in vivo images.

Keywords: Cine MR CSF flow; hydrocephalus: phase contrast.

Introduction

Evaluation of CSF flow was accomplished by the
use of cardiac gated gradient echo MR technique
[3,7,8,12,13]. The qualitative cine MR allows a rapid
and dramatic evaluation of both normal and abnor
mal patients in a visual form. Quantitative evaluation
via phase reconstruction permits a more precise map-

ping of the flow patterns and is more senSItive in
detecting fluid motion and allows calculation of CSF
velocity [12]. Our investigation was undertaken to
characterize and quantify CSF flow at key locations
in the neuraxis of normal and abnormal situations by
means of PC cine MR.

Methods

We studied 10 patients (mean 47.6 years) with NOH, and 3
patients (mean 35.3 years) with OH. All NOHs underwent
shunting procedures, and all OHs underwent endoscopic third
ventriculostomy. All patients fulfilled the following criteria: a
history of progressive dementia, gait disturbance, and/or urinary
incontinence; hydrocephalus on CT and MRI (Table 1). Mean
Evans index was about 0.32 in NOH and 0.40 in OH. We
also examined 10 healthy volunteers (mean 30.4 years): 6 men
and 4 women, none of whom had any history of neurological
disease; none was taking medication, and all had a normal brain
MRI.
Using a 1.5 (GE Signa, GE Medical Systems, Milwaukee,
USA) super-conducting magnet, head and spine cine images were
obtained in the mid-sagittal and axial plane. All the CSF flow
studies were cardiac gated and a reduced flip angle (15 degrees)
gradient echo technique, with a TR determined by the patient's
R-to-R interval, and a TE of 15 ms, and a section thickness of 5
mm were used. Multiple images in the same plane were obtained
during each R-to-R interval. Intracranially, we examined prima
rily the aqueduct of Sylvius, the third ventricle, fourth ventricle,
dorsal and ventral pericord spaces. The analysis of PC images
alone was not sufficient to assess the subtle physiologic details
of the CSF flow. Further precision was obtained by plotting the
temporal velocity information from the images as a waveform.
The following velocity and temporal parameters were also evalu
ated [13]: maximum systolic signal intensity (Smax), maximum
diastolic signal intensity (Smin), difference between Smax and
Smin (Sdif), R-wave to onset of CSF systole (R-S), R-wave to
Smax (R-MSV), R-wave to onset of CSF diastole (R-D), and R
wave to Smin (R-MDV) (Fig. 1). The results of volunteers and
patients were compared by the paired t test or Mann Whitney
rank-sum test.
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Table 1. Clinical Summary of Obstructive and Non-Obstructive Hydrocephalus

Case Sex Age Diagnosis Etiology Evans index Operation GOS

1 M 10 NOH meningitis 0.32 VP shunting V
2 M 20 NOH meningitis 0.34 VP shunting III
3 M 32 NOH meningitis 0.39 VP shunting V
4 M 35 NOH hemorrhage 0.3 VP shunting V
5 M 60 NOH hemorrhage 0.29 VP shunting V
6 M 67 NOH unknown 0.29 VP shunting V
7 M 70 NOH hemorrhage 0.3 VP shunting V
8 F 50 NOH hemorrhage 0.29 VP shunting V
9 F 61 NOH hemorrhage 0.31 VP shunting V
10 F 71 NOH unknown 0.32 VP shunting V
11 M 1 OH congenital 0.52 3rd ventriculostomy V
12 M 45 OH cbll tumor 0.34 3rd ventriculostomy V
13 M 60 OH cbll tumor 0.35 3rd ventriculostomy V

GOS Glasgow outcome scale (l dead, 11 vegetative, 1lI severely disabled, IV moderately disabled, V normal); M male; F female; NOH
non-obstructive hydrocephalus: OH obstructive hydrocephalus; cbll cerebellum; VP shunting ventriculo-peritoneal shunting 3.

250

'R-SMV,

, Vdif

3"

-100

-150

200 Vma.

-1100 •••••.•••.., •••••••••••••••....•..•....•..••••........
Vmin

100

150

-1150

Phase

Fig. 1. The graph showing CSF flow wave and the meaning of
various parameters. Smax maximum systolic signal intensity (ve
locity); Smin minimum diasolic signal intensity; Sdif difference of
Smax-Smin; R-S R wave to onset of CSF systole; R-MSV R wave
to maximum systolic signal intensity; R·D R wave to onset of CSF
diastole; R·MDV R wave to minimum diastolic signal intensity

Fig. 2. The mean CSF flow wave showing different phase shift at
various ROI in normal persons. The CSF flow wave of pericord
spaces procede that of aqueduct. (ant SAS or post SAS, anterior or
poterior cervical subarachnoid space)

Results

Normal CSF Flow

R-SMV occurred at 25.2% through the cardiac cycle,
whereas R-DMV occurred at 74.4% through the car
diac cycle (Fig. 2) at aqueduct. Flow was reversed
simultaneously in the aqueduct at 56% through the
cycle. Mean Smax and Smin were nearly equivalent:
204 (SD =124) and 212 (SD =131), respectively. The
third and fourth ventricle represented mixing cham
bers. The CSF pulsation dynamics in cervical loca
tion showed well-defined systolic and diastolic

components. R-SMV occurred at 3% (SD = 3.1%)
through the cardiac cycle, and R-DMV occurred at
66.5% (SD = 5.2%) through the cardiac cycle. Mean
Smax in the anterolateral recess was 145.1 (SD =

53.3), while Smin was 1R7.7 (SD = 60.8). Consider
able variation of the amplitude parameters (Smax,
Smin) were seen with a wide range between maximal
and minimal values. R-S in the postcord space was
either simultaneous with or earlier than in the
precord CSF space (1.4%). R-D in the postcord
space was earlier than in the precord space (p <
0.005). R-S and R-D in pericord spaces was always
earlier than in the aqueduct (p < 0.05, P < 0.0001,
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respectively) (Fig. 2). The temporal parameters were
valuable at the level of aqueduct and pericord spaces
which showed relatively constant flow, as and
compared to normal vs patients.

Alterations of Intracranial CSF Flow

Non-Obstructive Hydrocephalus (NOH)

No remarkable differences were seen between
normals and NOH with either qualitative analysis or
wave configuration analysis. Considerable variation
of the amplitude parameter was seen with a wide
range in both normals and patients. As for the analy
sis of temporal parameters, only R-DMV was signifi
cantly different between normals and patients in the
ventral pericord space (p < 0.01).

Obstructive Hydrocephalus (OH)

The level of obstruction was visible with qualitative
measures. In one case, wave configuration was typi
cally reversed like a mirror image. There was no
significant difference in amplitude parameters. The
temporal parameters, R-DMV in ventral pericord
space and R-SMV in dorsalpericord space (p <0.02),
were significantly different (p < 0.05, P < 0.02 respec
tively) (Tabe 2).

345

Discussion

The CSF flow waveforms, representing flow within a
small region of interest, have distinct configuration
and temporal patterns. Flow waveform analysis
appears to be reliable, reproducible, and sensitive
[13]. It is important for studies of CSF production and
flow to take into account the circadian variation in
CSF production, which is minimal around noon and
reaches a maximum just after midnight [9]. The mea
surements in the present study were all performed
during the afternoon. Large variations in normal
velocities should be expected in all CSF spaces. The
probable reasons for these normal variations are mul
tiple but relate most likely to the size of nearby vascu
lature, the compliance of surrounding brain/spinal
cord tissue, the anatomy of the CSF containing
spaces, the volume and vascularity of the choroid
plexus, and the systemic hemodynamics [12]. The dis
tensibility of the venous structures also playa role in
the pulse wave effects as Du Boulay has pointed out
[5,6]. Velocity measurements in the basal cisterns and
upper cervical subarachnoid space are more reliable
than the velocity measurements obtained from
smaller space such as aqueduct of Sylvius [12].
Many authors showed the peak caudal and rostral

flow in the aqueduct to be significantly increased in
NOH, compared to healthy volunteers. This has been

Table 2. Summary of Variable Parameters and Statistical Significance

Amplitude parameter Temporal parameter

Smax Smin Sdif R-SMV R-D R-DMV R-S

Aqueduct
normal 53.2 -70.7 124.9 0.25 0.51 0.74 0.95
NOH 43.9 -56.5 100.4 0.26 0.54 0.77 0.96
OH 60.2 -66.3 126.5 0.08 0.34 0.66 0.86

ant. pericord
normal 50.4 -46.6 97 0.03 0.31 0.67 0.9
NOH 45.7 -57.8 103.5 0.01 0.24 0.49' 0.76
OH 54.6 -42.1 96.7 0.04 0.2 0.6' 0.88

post. pericord
normal 47.7 -49.8 97.5 0.04 0.21 0.62 0.88
NOH 35.5 -44 95.8 0.07 0.29 0.81 0.87
OH 52 -46.2 96.4 0.04 0.19 0.56' 0.91

NOH non-obstructive hydrocephalus; OH obstructive hydrocephalus; ant. or post. pericord
anterior or posterior cervical pericord space; Smax maximal systolic signal intensity (velocity);
Smin minimal diastolic signal intensity; Sdif difference of Smax - Smin; R-SMV R-wave to
maximum systolic signal intensity; R-D R-wave to the onset of caudocranial flow; R-S R-wave
to the onset of craniocaudal flow; R-DMV R-wave to minimum diastolic signal intensity.
'Statistically significant values (p < 0.05) by paired t-test.
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suggested in previous studies using the flow void [2,4]
and velocity-sensitive phase methods [1,10,12]. Nitz
et at. [10] found a tendency towards higher flow
velocities and volumetric flow rates in NPH. Bradley
et at. [4] suggested that the finding of normal
aqueduct CSF dynamics in patients suspected of
having NPH probably indicates that they have
central atrophy rather than NPH, and should not be
shunted. Unfortunately, our results showed substan
tial variation of amplitude parameters in normals and
patients, and could not give us valuable information
relative to hydrocephalus. Similar observations have
been previously documented [7,12]. We believe that
temporal parameters of the flow waveforms may
have clinical applications due to prior experiments
which show changes in temporal parameters of CSF
pressure waveforms with altered craniospinal dy
namics [11,13]. In both NOH and OH, R-DMVs
were significantly shortened (p < 0.05) in the anterior
pericord space. Additionally, R-SMV was signifi
cantly shortened only in OH (p < 0.01). This means
that there are considerable changes in configuration
of flow-waves, especially in phase shifting. These may
be explained by early diastolic recoil due to increased
extraventricular CSF volume in NOH, by shortening
of arterial input and reduced capacitance due to
increased intracranial pressure.
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Summary

Prediction of outcome after shunt-therapy in chronic hydro
cephalus syndrome is uncertain. Pathology reveals an impairment
of cerebral blood flow (CBF). Based on this, we evaluated CBF
and its significance for the assessment of prognosis.
In 21 patients (mean age 69 years) selected for surgery, CBF was
measured by PET eSO-H20) before, about one week and 7 months
(n =14) after shunting. CBF was computed by a I-compartmental
model in the territories of the ACA, MCA and PCA. One PET
slice in the height of the maximum projection of both cellae me
diae was chosen. CBF data were standardized by cluster analysis.
Three CBFClusters with significantly different CBF levels prior
to shunting in the ACA, MCA and PCA territory, respectively,
referred to the sample average (38.2ml/lOOml/min) were found.
These CBFClusters differed in clinical outcome: almost 50% and
90% of patients improved clinically in CBFCluster I, with a perfu
sion level lower than average, after one week and 7 months, re
spectively. In contrast, patients of CBFCluster II with an average
perfusion did not improve.
CBF changes 7 months after shunting related to global CBF
before surgery showed a relationship with the clinical course.
Clinical outcome corresponded with preoperative global CBF
values. Cerebral blood flow lower than average forecasts clinical
improvement. Our results suggest that measurement of CBF adds
to the indication for surgery.

Keywords: Cerebal blood flow; chronic hydrocephalus; PET
methodology.

Introduction

Despite well-known symptomatology in the chronic
hydrocephalus syndrome, outcome after surgery is
unsatisfactory, especially in the idiopathic form. This
complicates therapy in the individual in respect of
the considerable risks of shunt surgery.
There are some clues for an impaired cerebral
blood flow from pathologists [2,4] and also from clini
cians [7], that the chronic hydrocephalus syndrome is
frequently associated with cerebrovascular disease
(CVD). As a consequence, it is questioned whether

CBF measurement prior to and post surgery helps
in selecting patients who are most likely to improve
after surgery. Recent investigations by SPECT [1,10]
and Xenon-CT [3] in chronic hydrocephalus syn
drome showed a typical regional perturbation ofCBF.
In the present study CBF was computed by PET
methodology, a tool to get absolute CBF values [9].

Methods

21 patients (11 female and 10 male) with indication for shunt
surgery were investigated based on symptomatology and imaging.
In the equivocal cases, epidural ICP long-term measurement and
CSF volume-pressure testing was carried out in 18 and ten pa
tients, respectively. The ages ranged from 49 to 81 years (mean
69.8 years). History revealed no cause of hydrocephalus in 18
patients. In three cases, the chronic hydrocephalus syndrome
was suspected to be secondary to a moderate head injury and
surgery and radiation of a high-grade astrocytoma and exstirpa
tion of a plexus-papilloma. Surgery was performed by ventriculo
peritoneal shunting. Based on the results of the CSF-pressure
testing, medium pressure valves (PUDENZ-SCHULTE®) or pro
grammable valves (HAKIM-MEDOS®) were implanted in 15 and
six patients, respectively. Symptomatology prior to surgery was
graded according to the intensity of symptoms and the degree of
the patient's functional impairment according to a modification of
the classification of Stein and Langfitt [8]. The criterion of clinical
outcome was classified in ordinal fashion by a four-point score.
Clinical improvement and no clinical improvement or deteriora
tion were considered if the horizontal sum of symptom scores
resulted in ~3 and <3, respectively. Cerebral blood flow was mea
sured by PET (SIEMENS ECAT 951131®) before and one week
after surgery. PET studies were repeated seven months after
shunting in 14 patients, 7 patients got lost from follow-up. PET
offers quantitative CBF computation based on a I-compartmental
model approach using tracer activities (3.7 GBq ISO-H20) in arterial
blood and brain tissue. Tissue activity was measured dynamically
over five minutes by parametric flow maps [9]. One representative
PET-slice was selected that runs parallel with the orbitomeatal
plane in the height of the maximum diameter of both cellae me
diae. Cortical cerebral blood flow was assessed in regions of inter
est marking the territories of the ACA, MCA and PCA. Global
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Fig. 1. Cerebral blood flow (cluster-related). CBF is given as mean
± 1 standard error of the mean. Dashed line indicates the global
CBF sample mean. Light grey: global CBF prior to surgery; dark
grey: CBF change 7 days after shunt surgery (n =21 patients);
black: CBF change 7 months after shunt surgery (n =14 patients).
All CBF changes are related to CBF before surgery
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5.3) than sample average, respectively. These levels
reached statistical significance. Changes in global
CBF early after surgery could be regarded as negli
gible for CBFCluster I (+2.8 ±6.8) and II (+3.9 ±8.9),
although both groups had a considerable increase
and also decrease in overall perfusion in the indi
vidual case. CBFCluster III had a drop in CBF (-18.5
± 12.8). In late CBF measurement overall perfusion
tended to increase in patients of CBFCluster I (+4.4
± ILl), whereas CBF decreased in CBFCluster II
(-4.6 ± 7.1) (Fig. 1). No statistical differences in
age and intracranial pressure levels between
CBFClusters were obvious prior to surgery. Ven
tricular dilatation was moderate in most patients of
CBFCluster I, whereas in CBFCluster II marked
ventricular enlargement was presented (Table 1).
Grading of symptoms according to Stein and Langfitt

Gait or motor disturbances were predominantly
found in 15 patients. In only two patients a mental
disorder was presenting. 13 patients had urinary in
continence. Concomitant CVD of a different degree
could be verified in 13 patients by history (TIA,
PRIND, stroke) and imaging (CCT, MRT). Ven
tricular dilation was moderate or marked in 10 and 11
patients, respectively. Areas of periventricular lu
cency were found in 13 CCT. In long-term measure
ments (at least 48 hours) ICP ranged from 4 to
27mmHg (mean 15mmHg). Volume pressure test
ing results revealed, showed median CSF resorption
of 12mmHg/ml/min and a median pressure response
to 8ml NaCl of 22mmHg. Early after surgery eight
of 21 patients improved clinically (38%). After a pe
riod of seven months nine of 14 patients (64%) had
definitely improved.
Preoperative global blood flow ranged from 20.2 to
69.2 (mean 38.2). Cluster analysis revealed the pre
sumed stratification. Its existence became evident
when a three-cluster solution was chosen resulting in
significantly different perfusion levels in the ACA,
MCA and PCA territory. In the PCA territory high
est perfusion levels could be observed; however,
regional CBF differences within CBFClusters were
negligible. Considering the global CBF, CBFCluster
I, II and III revealed a perfusion level lower than
(29.8 ± 6.2), close (42.3 ± 3.5) to and higher (63.3 ±

Results

blood flow was calculated by averaging regional CBF of both
hemispheres. Regional CBF prior to and short after surgery
showed great deviations and gave the impression of a stratifica
tion. To objectify this, CBF data were analysed by WARD's mini
mum variance cluster analysis to find different groups of similar
blood flow pattern, denoted as CBFClusters. For statistical analy
sis p < 0.05 was regarded as significant. The data are expressed as
the means ± the standard deviation of the mean. If not otherwise
noted units of CBF are ml/100 ml/min.

Table 1. CSF Parameters

CBFCluster Age ICP Ventricle size (YS) VS change

I 69 ± 10 14.4 ±6.9 58/42/12 88/12/8
II 69 ± 7 13.6 ± 4.3 33/67/6 50/50/4
III 75 ±2 14.5 ± 7.8 33/67/3 */*/1

years mmHg

Age and ICP data are given as mean ± 1 standard deviation. Ventricular size (VS) data
separated by slashes are percentage of moderate dilation, percentage of marked dilation, and
number of patients rated before surgery. YS change data 7 months after surgery separated by
slashes are percentage of marked reduction in YS, slight reduction in YS, and number of
patients rated. Asterisks indicate one patient not rated.



Cerebral Blood Flow in Chronic Hydrocephalus 349

Table 2. Early and Late Outcome (Cluster-Related)

Data separated by slashes are percentage of clinical improvement
(bold), percentage of patients with no clinical improvement, and
number of patients rated. Asterisks indicate one patient not rated.

CBFCluster

I
II
III

7 days, n = 21

50/50/12
17/83/6
33/67/3

7 months, n = 14

89/11/9
0/100/4
*/*/1

here describes the influence of CSF circulatory disor
ders and cerebrovascular disease on CBF in either
cluster. We further assume that a CBF lower than
average is likely on indication of pronounced CSF
circulatory disorder which could benefit from artifi
cial CSF drainage resulting in a restoration of CBF
and subsequent clinical improvement. Measurement
of CBF offers a reasonable tool to complete diagnos
tics in chronic hydrocephalus syndrome.

[8] showed that the median severity score was at the
same rank in every CBFCluster. The distributions,
however, seemed to differ in shape. In CBFCluster I
about 50% of clinical improvement (6/12 and 4/9
patients) could be verified one week after surgery.
Seven months later, the majority of CBFCluster I
patients had definitely (8/9 patients) improved in
contrast to CBFCluster II patients who showed only
a transient recovery from symptoms. CBFCluster III
has not been considered because of a low sample size
(Table 2).

Discussion

The present study suggests that global cerebral blood
flow is decisive for prognosis and might add to
surgery indication. Clincial outcome corresponds to
perfusion levels prior to surgery: a relatively low per
fusion before surgery indicates a positive outcome
(CBFCluster I), and the beneficial effect from shunt
ing in those patients became evident after seven
months. Poor outcome is to be expected when per
fusion is on average (CBFCluster II). Furthermore,
CBF data later after surgery revealed a relationship
with the clinical progress: global cerebral blood flow
tended to increase in patients who showed further
clinical improvement (CBFCluster I) seven months
post surgery contrary to those patients who did not
recover from symptoms (CBFCluster II). As we are
faced with elderly patients with a concomitant
cerebro-vascular disease, CBF should draw ones at
tention. It is commonly accepted that both aging [5]
and CVD [6] affect global and regional cerebral
blood flow. In our data, however, blood flow was not
related to age. We assume that the cluster solution
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Summary

In order to clarify the flow dynamics of cerebrospinal fluid (CSF)
in normal pressure hydrocephalus (NPH), a phase-contrast cine
magnetic resonance (MR) imaging technique with retrospective
cardiac gating was used to measure the quantitative flow velocity
of CSF in the aqueduct in patients with NPH after subarachnoid
hemorrhage (SAH-NPH group, n = 17), idiopathic NPH (I-NPH
group, n = 2), asymptomatic ventricular dilatation or brain atrophy
(VD group, n =7) and healthy volunteers (control group, n =19).
Intracanial pressure (ICP) and pressure volume response (PVR)
were also measured during the shunt operation in six of the SAH
NPH group. The maximum CSF flow velocity (Vmax) in the aque
duct was significantly larger in the SAH-NPH group (9.21 ±
4.12cm/sec, mean ± SD) than in the control group (5.27 ± 1.77, P <
0.001) and the VD group (4.06 ± 1.81, P < 0.005). Vmax was not
different between the control and VD groups. There was a positive
correlation between the PVR and the peak CSF flow velocity in
the SAH-NPH group. These findings suggest that the changes of
CSF flow velocity in the SAH-NPH group might be caused by a
moderate decrease of intracranial compliance. The CSF flow study
using MRI is useful to differentiate NPH from brain atrophy or
asymptomatic ventricular dilatation and also to estimate the in
tracranial compliance.

Keywords: CSF flow; normal pressure hydrocephalus; phase
contrast cine.

Introduction

The driving force of both intracranial pressure (ICP)
pulse wave and pulsatile movement of cerebrospinal
fluid (CSF) is cerebrovascular and brain pulsation
is synchronized with the heart beat [11,13]. Since
ICP pulse wave changes in various intracranial
pathologies [1,7,15], CSF flow movement may also
be affected by changes of intracranial conditions.
Therefore, there is a possibility that non-invasive
observation of CSF flow movement using magnetic
resonance imaging (MRI) could be used to estimate
the pathophysiology of hydrocephalus.

The recent development of MR systems and imag
ing techniques makes it possible to perform quantita
tive analysis of CSF flow velocity [3,4,16]. The
increase of CSF flow velocity in the aqueduct has
been demonstrated in patients with normal pressure
hydrocephalus (NPH) [5,9,12,17]. We have already
shown the possibility that the CSF flow pattern might
be affected by changes of the compliance of the
craniospinal cavity [8,14].
In order to clarify the CSF flow dynamics in NPH,
we performed quantitative analysis of CSF flow ve
locity and flow pattern in the aqueduct using a phase
contrast cine MR imaging technique and estimated
whether the MRI study was useful for the diagnosis
ofNPH.

Materials and Methods

Patients and Healthy Volunteers

We studied 45 cases including patients with NPH after SAH
(age range: 43-81 years, mean age: 63.3 years, SAH-NPH group,
n = 17), idiopathic NPH (36-76, 56.0, I-NPH group, n = 2),
asymptomatic ventricular dilatation or brain atrophy (49-79, 70.0,
VD group, n = 7) and healthy volunteers (25-81, 45.8, control
group, n = 19).

MRI Study

On a 1.5 T MR system (Philips Gyroscan ACS II, Netherlands), the
quantitative flow data were obtained from two-dimensional phase
contrast images using a gradient echo (TI-FFE) pulse sequence
with retrospective cardiac triggering techniques which enabled
continuous measurement through the cardiac cycle [12,18]. This
sequence was used with parameters of 20-23 I 12-15 msec (TRI
TE), acquisition matrix of 256 x 256 or 128 x 128, flip angle of 20
degrees, slice thickness of 3mm, number of heart phases of 20 and
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Fig. 1. Maximum flow velocity (Vmax), and interval between the
rostral and caudal peaks (Vr-Vc interval) of the time-velocity
curve of CSF in the aqueduct

FOV (field ofview) ofl50. Velocity encoding gradient was set to 5
20cm/sec in parallel with the aqueduct, and the region of interest
(ROI) for the velocity measurement was placed on the axial plane
which crossed the aqueduct at right angles.
Maximum CSF flow velocity (Vmax) in the aqueduct was calcu
lated as an average of the absolute values of rostral peak (Vr) and
caudal peak (Vc) flow velocity. The interval (Y-X) between rostral
peak (X) and caudal peak (Y) time, which were corrected by R-R
interval of electrocardiogram (ECG), were used for estimation of
CSF flow pattern (Vr-Vc interval) (Fig. 1). These parameters were
compared between the groups.

Iep and PVR Measurement

During the shunt operations, intracranial pressure (ICP) and pulse
pressure (PP) of ICP pulse wave in the lateral ventricle were
recorded in six patients of SAH-NPH group. Pressure-volume
response [PVR; ICP changes after a bolus injection of saline (5 mil
5 sec) to the lateral ventricle] was also obtained as an index of
the intracranial compliance. PaC02 was kept within normal range
during the measurement (36.8 ± 1.8 mm Hg).

Statistics

Shapiro-Wink W test and unpaired t-test were used for the statis
tical analysis, and data were considered significant at the level of
p < 0.05. Data are shown in mean ± SO.

Results

CSF Flow Velocity and Pattern

The maximum flow velocity (Vmax) was significantly
larger in the NPH group (9.21 ± 4.12 em/sec) than in
the VD group (4.06 ± 1.81, p < 0.005) and the control
group (5.27 ± 1.77, P < 0.001). Vr-Vc interval with
R-R correction in the NPH group (0.44 ± 0.08) was
significantly longer than in the VD group (0.37 ±0.05,

Fig. 2. Relationship between pressure volume response (PVR)
and the peak CSF flow velocity (Vmax) in the SAH-NPH group.
There was a positive correlation between the PVR and the Vmax
in the SAH-NPH group

p < 0.05) and the control group (0.34 ± 0.06,
p < 0.0005). These parameters were not different
between the control and VD groups. Patients with I
NPH (Vmax: 7.00 ± 2.12, Vr-Vc interval: 0.46 ± 0.04)
were excluded from the statistics because they were
only two cases.

CSF Flow Velocity, ICP and Compliance

There was a linear correlation between the PVR and
the Vmax in the SAH-NPH group (Fig. 2). However,
there was no relationship between Vmax and mean
ICP or PP.

Discussion

The present study clearly revealed changes of maxi
mum flow velocity and the pattern of CSF flow in the
aqueduct in patients with NPH after SAH. Bradley
suggested that the CSF flow velocity in the aqueduct
increased in patients with NPH because aqueductal
flow void phenomenon was most pronounced in
them [2]. Recent quantitative analysis also shows
that CSF flow increases significantly in patients with
NPH [5,12], corresponding to our results. However,
there has been no report showing changes of the CSF
flow pattern, e.g. an increase of the interval of the
rostral and caudal peaks in patients with NPH.
Gideon showed that there were no significant dif
ferences in the shapes of the time-velocity curves
between idiopathic NPH and normal cases [5]. Nitz
reported two NPH cases whose caudal peaks of CSF
flow velocity were delayed at 40-50% of cardiac



352

cycle compared with health subjects with the caudal
peak at 30-40%. Nitz did not conclude that the dif
ference was significant because of the small number
of the cases [12].
In our study, most of the subjects with NPH were
not idiopathic NPH but NPH after SAH. There
might be a possibility of some pathophysiological dif
ferences among them, and they cannot be compared
simply. Though the reason for changes of CSF flow
pattern in our patients with NPH after SAH is not
clear, we consider the possibility that SAH causes
changes in the nature of intracranial components,
including brain tissue, resulting in changes of pulsa
tile movement of the brain and its transmission.
However, the I-NPH group, which included only two
cases, had the same tendency of changes in the Vmax
and Vr-Vc interval as the SAH-NPH group.
Ohara suggested that the occurrence of signal void
phenomenon in the aqueduct was related to the dif
ferent elastance in the intracranial and intraspinal
cavities [14]. Kudo supported his hypothesis based
on the fact that neonates and infants with small in
tracranial elastance had a decrease of CSF pulsatile
movement at cervical subarachnoid spaces [6]. It has
been shown that the pulse pressure of ICP was larger
in NPH than that in normal controls, which suggested
NPH had relatively small intracranial compliance
compared with the controls [10]. On the other hand,
there is a report that patients with brain atrophy,
whose intracranial compliance is relatively large,
have hardly any flow void in the aqueduct [2]. In the
present study, Vmax of the VD group was signifi
cantly smaller than Vmax in the NPH group. Wachi
also showed a decrease of CSF pulsatile movement
after removal of CSF by lumbar puncture [19].
Therefore, there is a possibility that the small intra
cranial compliance is a factor which increases CSF
flow velocity and changes the flow pattern in patients
with NPH. This hypothesis is now supported by a
linear correlation between the PVR and the Vmax in
the SAH-NPH group in the present study.
From these findings, we believe that there is a

negative correlation between the intracranial compli
ance and maximum flow velocity of CSF in the aque
duct when the compliance is large or moderately
small. However, this hypothesis may not be applied
in cases where there are some obstructions in the
CSF flow pathway. Aqueductal flow void was not
observed in an obstructive hydrocephalic case [13].
On the contrary, if compliance is very small, with a
lack of compensatory capacity of ICP, CSF would

M. Mase et at.

no longer move freely and flow velocity might be
reduced.
We clarified the characteristic changes of CSF flow

dynamics in the aqueduct in patients with NPH. Esti
mation of CSF flow study could differentiate NPH
from brain atrophy. We suggest that CSF flow study

using MRI is useful for the preoperative diagnosis of
NPH. Although further investigation is needed, CSF
flow study may become an essential preoperative
examination.
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Magnetic Resonance Imaging, Unstable Intracranial Pressure and Clinical
Outcome in Patients with Normal Pressure Hydrocephalus
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Summary

To identify features on magnetic resonance imaging (MRI) scans
that are associated with unstable intracranial pressure (ICP) and
outcome after CSF shunting in patients with NPH, we reviewed
MRI scans of 17 patients who had continuous ICP monitoring
performed prior to ventriculo-peritoneal shunt insertion. We
evaluated the association between periventricular/deep white mat
ter lesion burden, focal impingement of the corpus callosum,
aqueductal CSF flow void, and B-waves with outcome after shunt
ing. The change in neurological function between pre- and post
CSF shunting evaluation was scored according to a standard scale
(range -3 or +3). Patients were divided into those with clinical
improvement (score> 0) or without improvement (score::; 0) after
shunt surgery. Focal impingement of the corpus callosum was
more frequent in patients who improved after CSF shunting com
pared to those without improvement (8 of 13 vs 0 of 4. P = 0.05).
Patients with focal impingement of corpus callosum had more B
wave time than those without impingement (60.5% vs 24.7%, P =

0.02). Focal impingement of corpus callosum on MRI may be
associated with unstable intracranial pressure in patients with
NPH and may be useful in identifying patients who will benefit
from CSF shunting.

Keywords: Clinical outcome; corpus callosum; magnetic resonance
imaging; normal pressure hydrocephalus.

Introduction

Normal pressure hydrocephalus (NPH) is a progres
sive form of dementia accompanied by gait distur
bance and urinary dysfunction [1]. Recent studies
have demonstrated periods of unstable intracranial
pressure waves in patients with NPH using continu
ous intracranial pressure (ICP) monitoring [2,3].
Preliminary data suggests that CSF shunting is most
beneficial in patients who have unstable intracranial
pressure waves during continuous ICP monitoring
[4]. We reviewed our experience with NPH patients
who underwent ICP monitoring and magnetic
resonance imaging (MRI) to determine features that
may identify patients with NPH who have unstable

intracranial pressure and may benefit from CSF
shunting. We evaluated the relationship between
white matter lesion burden, aqueductal CSF flow
void and corpus callosum impingment on MRI (all
reported to be increased in patients with NPH [5]),
with the prevalence of unstable pressure waves
during ICP monitoring.

Methods

We reviewed the ICP recordings and MRI scans of patients who
underwent ICP monitoring for the diagnosis of NPH at the Neuro
sciences Critical Care Unit at the Johns Hopkins Hospital. Only
MRI scans performed within 12 months of the ICP monitoring
were included in the analysis. All MRI images were evaluated by
one of the investigators (AQ), who was unaware of the clinical
and ICP monitoring findings. Analysis of hyperintensities was
performed on the T2-weighted images using the system used
by Ylikoski et al. [6] and Fazekas et al. [7]. Periventricular
hyperintensities were rated in eight areas: adjacent to frontal
horns, ventricular body. trigone, occipital horns in both hemi
spheres. In each, periventricular hyperintensities were rated from
oto 3: O. no hyperintensity: 1, mild (punctate, small foci); 2, mod
erate (cap, pencil lining); and 3, severe (nodular band, extending
hyperintensities). The hyperintensities in the centrum ovale in
cluding watershed areas were rated similarly in the eight areas
from 0 to 3: 0, no hyperintensity; 1, mild (punctate, small foci); 2,
moderate (beginning confluent); 3 severe (large confluent areas).
The total score reflecting the white matter lesion burden was
calculated by adding the scores from the eight areas of per
iventricular and deep white matter. The CSF flow void sign in the
aqueduct of Sylvius, defined as loss of signal in flowing CSF rela
tive to more stationary CSF in the ventricles, was graded as present
or absent. Focal impingement of corpus callosum was recorded as
present or absent [5]. Fig. 1 demonstrates focal impingement of
corpus callosum in a patient with NPH. ICP monitoring was per
formed in all patients with a lumbar catheter for 48 hours. B-waves
were defined as rhythmic or semi-rhythmic oscillations of 1 to 2
cycles per minute with an amplitude (peak systolic minus baseline
systolic) <':3 mm Hg (40cm H20). The prevalence of unstable ICP
(B waves) was expressed as percentage of time with B waves over
total time of artifact free ICP recording. Patients were clinically
evaluated before and after shunting procedure by a neurologist
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(MAW). The change in neurological function which included gait
and cognition was scored according to a standard scale (range -3 or
+3). Patients were divided into those with clinical improvement
(score> 0) or without improvement (score ~ 0). The association
between periventricular/deep white matter lesion burden, focal
impingement of corpus callosum, aqueductal CSF flow void, and
B-waves with outcome after shunting were analyzed with EPllnfo
5.0. Means and frequencies were compared with analysis of vari
ance (ANOVA) and chi-square method respectively.

Results

There were 17 patients (11 men and 6 women) who
underwent ventriculoperitoneal shunt insertion after
ICP monitoring for the diagnosis of NPH from 1990
through 1996 and who had a recent MRI scan prior to
ICP monitoring. The mean age was 75.8 ± 5.9 years.
The MRI features are shown in Table 1. Focal im
pingement of the corpus callosum was more frequent
in patients who improved after CSF shunting (8/13 vs
0/4, P = 0.05). There was no difference in the preva
lence of B waves, periventricular and deep white
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matter burden, or the presence of aqueductal CSF
flow void between groups. Patients with focal im
pingement of corpus callosum had more B-wave time
than those without (60.5% vs 24.7%, P = 0.02) shown
in the Fig. 2.

Discussion

Our results demonstrate that focal impingement of
the corpus callosum was frequently associated with
B-waves and favorable response to CSF shunting in
patients suspected of having NPH. Our study sug
gests that MRI appearance in patients with NPH may
help identify patients who may respond to CSF
shunting.
Dorsal flattening and thinning of the posterior
corpus callosum is recognized in other forms of
hydrocephalus [10] and is attributed to static and
intermittent pulsatile expansion of the ventricles.
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Fig. 1. Focal impingement of corpus callosum in sagittal T-]
weighted image in a patient with NPH

Fig. 2. Focal impingement of corpus callosum, B-waves, and fa
vorable outcome after CSF shunting procedure

Table 1. MRI Features of Patients with CSF Shunting for NPH and Clinical Outcome

Variables

Mean age (years)
Focal impingement of corpus callosum
CSF flow void
Periventricular WM score
Deep WM score
B-waves

Patients with clinical
improvement (n =13)

75.4 ± 6.6
8
8
10.8 ± 6.9
6.1±4.4
45.1 ± 30.0

Patients without
improvement (n = 4)

77.3 ± 2.9
o
3
12.5 ± 9.3
6.8 ±6.5
30.0 ± 46.0

p-value

0.5
0.05
1.0
0.7
0.8
0.4
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The pressure effects are thought to cause local bio
chemical and ischemic changes or microtrauma of
the corpus callosum [10]. However it is not clear
whether corpus callosum lesions are sufficient to
cause symptoms of NPH because patients undergo
ing corpus callosum resection (commissurotomy) do
not have impairment of cognition, gait abnormalities,
or incontinence [10]. It is possible that thinning of the
corpus callosum is an anatomical indicator which
differentiates true hydrocephalus from ventricular
enlargement due to cerebral atrophy associated with
normal aging or dementia. Ventricular distension
from impaired CSF circulation would expand the
corpus callosum against the falx cerebri. This finding
may not be sensitive because patients without focal
impingement of the corpus callosum also improved
after CSF shunt surgery.
We did not find an association between B-waves or
clinical outcome and white matter lesions on MRI.
Previous studies have reported a higher frequency of
white matter changes in patients with NPH [5,8].
However, Krauss et al. [9] found that presence of
white matter lesions does not influence the response
to CSF shunting procedures. We also found a poor
correlation between presence of white matter lesions
and response to CSF shunting. Our data do not
support using the presence or absence of white
matter lesions as a criterion for selecting patients for
CSF shunting.
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Summary

For maintaining the intracranial buffering capacity against shunt
obstruction, we tried to seek the most suitable size of the lateral
ventricles in hydrocephalic children. Thirty-seven shunted
hydrocephalic children who required emergent revision of the
shunt were analyzed. At the time of shunt obstruction, the lateral
ventricle remained small (0.35 or less than 0.35 on the Evans'
index) in 13 patients (Slit-like group), but it enlarged (more than
0.35 on the Evans' index) in 24 patients (Dilated group). The mean
age in the Slit-like group was significantly older than in the Dilated
group and there was no patient younger than 3 years in the Slit
like group. Compared with the Dilated group, the Slit-like group
showed significantly rapid deterioration into lethargy after shunt
obstruction. Also, at the time of obstruction CT scans showed a
significantly higher rate of narrowing of the ambient cistern. While
the shunt was working well before shunt obstruction, the Evans'
index was less than 0.33 in all patients of the Slit-like group. In
conclusion, because small ventricles after shunt strongly suggest
the presence of ventricular tautness, the lateral ventricular size
should be maintained at more than 0.33 on the Evans' index in
shunted children at an age of 3 or more than 3 years.

Keywords: Evans' index; hydrocephalic children; ventricular size.

Introduction

Chronic overdrainage of the ventricular cerebrospi
nal fluid (CSF) through a shunt often induces taut
ventricles or decreased intracranial compliance, in
which the ventricle hardly dilates even under the
influence of intraventricular CSF accumulation due
to shunt obstruction. We know that taut ventricles
develop into serious conditions in association with
rapid deterioration after shunt obstruction, slit ven
tricle syndrome or massive CSF edema along the
ventricular catheter [1,4]. However, there has been
little information available comparing the ventricular
size and tautness in shunted hydrocephalic children.
In the present report, we tried to find out some
predictable indicators of taut ventricles after CSF
shunt. Also, for maintaining the intracranial buffer-

ing capacity in response to the shunt obstruction, we
tried to seek the most suitable size of the lateral
ventricles in hydrocephalic children.

Materials

Out of hydrocephalic children who required emergent revision
of the shunt in our hospital from 1990 to 1996, 37 (18 males and
19 females) were retrospectively selected for analyzing the
relationship between the ventricular size and its tautness. Their
ages ranged from 6 months to 17 years with a mean of? years. To
eliminate differences associated with the type of shunt system
installed, the same kind of shunt system with a medium pres
sure valve was used in each case. The shunt obstruction was
verified by imaging in all patients. All 37 patients (congenital
hydrocephalus 15, myelomeningocele 12, intraventricular hemor
rhage 7, postmeningitis 2, tumor 1) were recognized to be shunt
dependent. We divided the patients into two groups, "Dilated
group" and "Slit-like group," by the size of the lateral ventricle at
the time of shunt obstruction. The Slit-like group comprised pa
tients in whom the size of the lateral ventricles was equal or less
than 0.35 on the Evan's index and the Dilated group comprised
patients in whom the size of the lateral ventricles was more than
0.35. As one of the indicators for transtentorial herniation, nar
rowing of the ambient cistern was observed on CT scans at the
time of shunt obstruction.

Results

Table 1 shows the clinical features at the time of
shunt obstruction in the two groups. The age at the
time of shunt obstruction in the Dilated group
ranged from 3 months to 9 years with a mean of 3.0
years and that in the Slit-like group ranged from 4
to 17 years with a mean of 7.0 years. The mean age at
the time of shunt obstruction in the Slit-like group
was significantly greater than that in the Dilated
group. The Dilated group had 14 patients younger
than 3 years, whereas the Slit-like group contained
no patient younger than 3 years. At the time of shunt
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Table 1. Clinical Data at the Time of Shunt Obstruction

Dilated group

H. Sakamoto et al.

Slit-like group

Number of patients
Evans' index (mean)
Age (mean)
Hospitalization after onset (mean)
Lethargy after onset
Ventricular pressure (mean)

'p < 0.01, b p < 0.05.

24
0.37-O.S0 (0.44)
3mos-9 yrs (3 yrs)
I-IS days (5.0 days)
4/24 (17%)
15-30cm H20
(lScm H20)

13
0.24-0.33 (0.2St
3yrs-17 yrs (7yrs)'
0--5 days (2.S days)'
10/13 (77%)'
20-30cm H20
(26cm H20)

obstruction, all patients in the Slit-like group and 13
out of 24 patients (55%) in the DilateCi group com
plained of vomiting and/or headache. At the time of
hospitalization, 77% of the patients in the Slit-like
group and 13% in the Dilated group were lethargic.
Thus, there were significant differences between
these two groups in the rates at which symptoms
were presented. The mean duration after onset to
hospitalization was 5.0 day in the Dilated group and
2.8 days in the Slit-like group, respectively. The mean
duration in the Slit-like group was significantly
shorter than that in Dilated group. Out of 10 lethar
gic patients in the Slit-like group, 9 became lethargic
within 2 days after onset. These results indicate
that the patients in the Slit-like group deteriorated
rapidly into lethargy after onset.
The mean ventricular pressure in the Dilated
group was 18cmH20 and that in the Slit-like group
was 26cmH20. The difference was not statistically
significant. However, the intraventricular pressure
could not be measured in 54% of the patients in the
Slit-like group because of obstruction of the ventricu
lar catheter. On CT scans at the time of shunt ob
struction, narrowing of the ambient cistern was seen
in only 29% of the patients in the Dilated group,
although 69% in the Slit-like group had such a
finding. The Slit-like group had a significantly higher
rate of cisternal narrowing than the Dilated group.
This finding corresponded well to the fact that the
patients in the Slit-like group showed a significantly
higher rate of lethargic patients than that found in
the Dilated group.
The Evans' index before the initial shunt ranged
from 0.32 to 0.74 (mean 0.41) in the Dilated group
and 0.34 to 0.73 (mean 0.45) in the Slit-like group,
respectively. There was no difference between the
Dilated and Slit-like groups in the mean value on
the Evans' index before the initial shunt. However,

on the latest CT before shunt obstruction when
the shunt was performing well, the Evans' index in
all patients of the Slit-like group was less than
0.33, and all patients except 3 in the Dilated group
had more than 0.33 Evans' index. The ages of
these 3 patients were 6 months old, 1 year old and
7 years old, respectively. The results indicated that
in 3 or over 3-year-old, shunted hydrocephalic
children, with less than 0.33 on the Evans' index, the
ventricles hardly dilate at all at the time of shunt
obstruction.

Discussion

A clinical study on CSF dynamics has clearly demon
strated markedly reduced buffering capacity of the
intracranial volume in shunted hydrocephalic chil
dren with rapid deterioration after shunt obstruction
[5]. However, the relationship between the ventri
cular size and its tautness was not described. In the
present study, we investigated the relationship be
tween the size of the lateral ventricle and its tautness,
in shunt-dependent hydrocephalic children who re
quired emergent revision of the shunt. Most of the
patients in the Slit-like group deteriorated rapidly
into lethargy, while their lateral ventricles remained
small (0.35 or less than 0.35 on the Evans' index) at
the time of shunt obstruction. In addition, we consid
ered the age of the patient, as taut ventricle after
shunt is usually observed only in older patients, slit
ventricle syndrome, characterized by taut ventricles,
rarely developed in infants [2]. The results of the
present study demonstrated that, in children more
than 3 years old, small ventricles after shunt indicate
ventricular tautness resulting in rapid deterioration
without significant enlargement of the ventricles
after shunt obstruction. We can draw the conclusion
that small ventricular size of older children after
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shunting corresponded well to clinical characteristics
observed in patients with ventricular tautness.
From the present analysis of changes in the lateral
ventricular size, the ventricular size is quite a good
indicator of taut ventricles. Small lateral ventricles
(Evens' index smaller than 0.33) when the shunt is
patent rarely dilate because of shunt obstruction in
patients older than 3 years. This suitable size of the
lateral ventricles is slightly larger than the normal
size, because normal size of the lateral ventricle is up
to 0.31 in normal subjects over 3 years old [3]. There
fore, since none of the patients complained of symp
toms or signs due to underdrainage through a shunt,
it is safe to suggest that the size of the lateral ven
tricles after shunt should be maintained at more than
0.33 on the Evan's index.
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Summary

The Dual-Switch valve (DSV) is the first construction on the
market which changes between two different valve-chambers
in parallel depending on the posture of the patient. In the lying
position the valve acts like a conventional differential pressure
valve, in the vertical position the high-pressure chamber only
opens, when the pressure exceeds the hydrostatic pressure differ
ence between the formanen of Monro and the peritoneal cavity.
The new device has been implanted in 32 adult patients
with hydrocephalus of different etiology. The clinical results
are excellent to good accompanied by a remarkable slight reduc
tion of the ventricular size. Apart from one case with a
nonsymptomatic transient hygroma, we saw no valve related
complications like overdrainage, underdrainage or dysfunction.
Contrary to conventional differential-pressure valves, adjustable
devices and other hydrostatic constructions like the Anti-Siphon
device (ASD) or Deltavalve, the DSV reliably controls the IVP
independently of the posture of the patient, the CSF viscosity or
the subcutaneous pressure. In contrast to the Orbis-Sigma-valve
(OSV) or the Diamond-valve, the DSV does not control the flow
but the physiological IVP avoiding the increased risk of mechani
cal failure. The results of this study give strong evidence that the
shunt-therapy of adult hydrocephalic patients can be significantly
improved by the DSV.

Keywords: Dual-switch valve; hydrocephalus; overdrainage.

Introduction

Although the introduction of valve regulated shunts
during the fifties has been a breakthrough in the
treatment of hydrocephalus, we are still confronted
with severe biomechanical problems. In the last years
an increasing number of new devices has been pre
sented aiming to avoid overdrainage related prob
lems. But none of these devices can physiologically
regulate the IVP of hydrocephalic patients indepen
dently of the posture, the CSF production rate or
viscosity. Especially, sophisticated devices have a
tendency to get blocked leading to underdrainage as
well as to overdrainage [1,6].

With reference to the long list of overdrainage
related complications like slit ventricles, obstruction
of the ventricular catheter or hygromas/hematomas
(Table 1), it seems very important to develop a valve
which does reliably work in physiological limits in the
lying position of the patient as well as in the standing
position.

Materials and Methods

The dual-switch valve presents for the first time a construction
which consequently takes into account that the hydrocephalic pa
tient is in the horizontal position for only 8-12 hours, but for the
rest of the day is in the upright position. Depending on the posture
of the patient, the valve switches over between two autonomous
valve chambers with a completely different opening pressure [4,9].
The valve, which has to be implanted in the subcutaneous tissue of
the thoracic region, has opening pressures of 10, 13 or 16cm of
water for the lying and 30, 40 or 50cm of water for the vertical
position.
To investigate the clinical performance of the DSV a controlled
prospective clinical trial was carried out. The study started in
January 1995. The design of the study is shown in Table 2. In this
study we used a DSV with an opening pressure of 13 cm of water
(medium pressure) for the recumbent posture and 40cm of water
for the upright position. The clinical status before and after shunt
ing was assessed according to the scale of Stein and Langfitt [10]
and changes in the ventricular size were documented on follow
up CT with measurement of the Evans-Index. The DSV was
implanted in 32 adult patients with different etiologies of the
hydrocephalus (Table 3). The mean follow up was 17,3 months
(12,5-25,4).

Results

The clinical outcome was excellent to good except
in 3 cases with previous severe posttraumatic or post
hemorrhagic brain damage. In the majority of cases
we saw only minimal to slight reduction of the ven
tricular size (Fig. 1) accompanied by very satisfying
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clinical improvement (Fig. 2). There has been only
one transient asymptomatic hygroma. One patient
had a persisting hygroma due to a too inclined
implantation in the upper part of the barrel-shaped
thorax so that the high-pressure chamber was not
activated in the upright position. After correction of
the position of the valve, the hygroma resolved and
the patient went back to work. At the beginning of
the trial 3 revisions in 2 patients were necessary
because of disconnections of the peritoneal catheter,

probably due to sharp edges at the distal connectors
of the DSV and thin peritoneal catheters. Changes in
the design of the connectors and thicker catheters
solved this problem.

Discussion

Worldwide there are more than 50 different valve
constructions on the market. These valves can be

',lS~---------------------,

Table 1. Sequelae of Overdrainage Reported in the Literature

- Low intracranial pressure - syndrome (Foltz 1988)
- Slit-ventricle-syndrome (Epstein 1978)
- Subdural hygroma/hematoma (Anderson 1952)
- Craniosynostosis, hyperpneumatisation and thickening of the
calvarium (Griscolm 1970)

- Aquaeductal stenosis, isolated IV. and lateral ventricle (Foltz
1966, Salmon 1970)

- Deteriotation of shunt-dependency (Epstein 1978)
- Precocious obstruction of ventricular catheter (Sainte-Rose
1993)

- Upper hind brain herniation (Emery 1965)
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Fig. 1. Changes of Evans-Index after shunting with the DSV

Pre-OP Post-OP

Table 2. Design of the Clinical Study

Protocol
- Etiology of hydrocephalus
- Clinical status and CT before shunting
- Intraoperative measurement of ICP
- Clinical status and CT: 14 days, 3 and/or 6 months after surgery
- Registration of complications

Criteria of Inclusion
- Prospective study
- All kinds of hydrocephalus
- Patients older than 17 years
- Exspectation of life more than 1 year
- First implantation of revision
- VP-shunts, frontal burr-hole
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Fig. 2. Clinical improvemant according to Stein and Langfitt [10]

Table 3. Patients with DSV

Follow up
(Months)

14,5-27,4
Mean
18,3

9
10
5
2
2
3
1

Etiology of Hc
Sex Age at operation

n m (Years)

32 11 21 22-82
Mean
56,3

idiopath. NPH
post-SAH
posttraumat.
Hc with MMC
Occl.-Hydroc. Tu.lHem.
Aqueduct. Stenosis
Pseudotumor c.
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divided into three groups: simple differential
pressure valves with only one opening pressure for
the lying position, adjustable valves, again with an
opening pressure for the lying position but with the
possibility to adjust the pressure level after surgery
and hydrostatic valves.
Valves belonging to the first group act similarly to
the valves introduced in the fifties. Their opening
performance depends on the lying position of the
patient. The technical differences between valves of
this type refer to the material, the kind of valve seat,
the geometry or the flow characteristic. They are
available with different pressure ranges beginning
with 4cm of water (very low) reaching up to 16cm of
water (very high). But independently of the chosen
pressure range, these valves systematically lead to
unphysiologic IVP as soon as the patient moves into
the upright posture. These valves cannot keep the
IVP within physiological limits due to the changes
of hydrostatic pressure in the drainage-system. As
many patients tolerate such negative values without
clinical symptoms, it is quite understandable that
such valves are still implanted. Most important for
the clinical performance of the various valves of
this group are the reliability of the valve-seat and the
flow characteristics. A valve should definitely close
if the differential pressure acting on the valve is
lower than the opening pressure. Especially for the
ventriculo-atrial drainage the safety against reflux
has high priority. But besides these aspects there are
no important differences in the physical performance
of the various differential pressure valves on the
market [2].
In principle, the same physics apply to the second
group of valves, the so-called adjustable valves. The
decisive difference with this group of conventional
differential pressure valves lies in the possibility to
change the valve performance between the different
pressure ranges without surgery. Hereby, it is pos
sible to reduce the negative IVP in the standing posi
tion of the patient by increasing the opening pressure
of the device. On the other hand, this leads to an
increased IVP in the lying position. The highest pos
sible opening pressure of available adjustable valves
implies a pressure of 20cm of water. This pressure is
much too high for the lying position and still too low
for the standing position because the hydrostatic
pressure of the adult patient is in the range of 235 to
250cm of water. Neither in the horizontal position
nor in the upright position the IVP is in physiological
limits.

H. A. Trost et al.

Therefore, adjustable valves can only be a compro
mise between a reduced negative IVP in the standing
position and an increased IVP in the lying position.
The third group of valves represents the most
sophisticated valves. There are very important
technical differences between the different types of
hydrostatic valves. All hydrostatic devices aim to
reduce the flow through a shunt-system when the
patient moves into the upright position.
The Orbis-Sigma valve [8] and the new Diamond
valve [5] do not act depending on the posture of the
patient but depending on the differential pressure
acting on the system. These constructions aim to
regulate a constant flow of about 20mllh, nearly in
dependent of the differential pressure, by decreasing
the opening while the pressure is increasing. In the
standing position these devices can lead to over
drainage as soon as partial physiological absorption
occurs or the production rate is lower than 20mllh.
Both valves assume that the reason for an increased
differential pressure on the valve must be a change in
the position of the patient. The increased differential
pressure is counteracted by a decrease of the opening
area in the valve seat. This fact has two drawbacks:
first, the reason for the increased differential pres
sure can be an increased production rate instead of
changes of posture. In this case the opening area at
the valve seat should not be smaller but larger and
the flow should increase. Second, the delicate mecha
nism for the pressure induced flow regulation is very
susceptible to mechanical complications. Very small
changes in the opened area of the valve seat lead to
dramatical changes of the flow. Therefore, debris or
remnants of blood cells significantly influence the
function of the valve.
The ASD and the Delta valve as well as the new
Beverly valve directly depend on the subcutaneous
tissue pressure which leads to unpredictable physical
situations. Many authors [1,3,6] clearly demonstrated
that the mechanism is extremely influenced by height
of the positioning of the device and changes in the
subcutaneous pressure by the development of a
cellular capsule around the device or by the weight
of the patients head lying on the device.
In contrast to other hydrostatic valves, the DSV
always acts like two reliable differential pressure
valves in parallel with different opening pressures
depending on the position of the patient.
The results of the patients with the DSV in
our series confirm that there is a remarkable differ
ence between the physics of a lying and standing
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hydrocephalic patient. The fact that we saw - except
one transient hygroma - no overdrainage related
problems like symptomatic hygromas or hematomas
in comparison to reports about other valves in the
literature [7] together with the remarkable slight
reduction of the ventricles produces strong evidence
that the DSV presents a new possibility to improve
the outcome of shunt-regulated patients with
hydrocephalus avoiding underdrainage as well as
overdrainage. In our opinion, the IVP and not the
ventricular size defines the clinical outcome. If the
IVP is kept within physiological limits, the individual
clinical outcome and the ventricular size will show
the optimal result for each individual patient.
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Summary

The Codman®-Medos® programmable shunt system was
designed by Drs. Hakim to relieve under and over drainage prob
lems. The system allows for non-invasive post-implantation adjust
ment of the opening pressure of the valve through a range of 30 to
200 mmH10 in 10mm differentials. However, its wide adjustability
does not simplify determination of the optimal pressure setting.
The bolus injection method was used to study the intracranial
pressure environment of nine adult hydrocephalic patients treated
with the Codman®-Medos® programmable shunt. Changes in CSF
hydrodynamics with manipulation of the pressure valve setting,
and the effectiveness of the bolus injection method to determine
the optimum valve pressure setting were investigated.
Initial valve pressure setting at shunt implantation was deter
mined on the basis of preoperative CSF dynamics test. Another
CSF dynamics test was carried out after surgery, and the pressure
setting was revised if necessary. The new setting was the maximum
obtained within normal CSF hydrodynamics. If shunt overflow
was suspected, pressure was set at a higher level. After resetting of
the shunt, no patient encountered serious shunt-related problems
in the follow-up period.
This method was considerably useful for understanding of the
intracranial pressure environment of patients with a program
mable shunt, and determination of a better shunt setting.

Keywords: CSF dynamics; hydrodynamics; programmable shunt.

Introduction

The essential and sole role of a ventriculo-peritoneal
shunt (V-P shunt) in a hydrocephalic patient is to
obtain appropriate diversion of cerebrospinal fluid.
However, under and over drainage problems remain
still unsolved. In particular, over-drainage leads
patients into such difficult situation as subdural
hygroma/hematoma and slit ventricle syndrome.
Various types of shunt systems have been designed
to counter this. A large number of such reports
pointed out the effectiveness of programmable shunt
system in preventing and treating under/over drain-

age syndrome [2,7]. Codman®-Medos® program
mable shunt system is in wide use now, and its reli
ability and accuracy have been well demonstrated in
both laboratory and clinical settings [1]. However, its
wide and fine adjustability does not simplify deter
mination of the optimal pressure setting.
The purpose of this study was to clarify changes
in intracranial pressure (ICP) environments by
pressure setting manipulations, and to determine the
optimal setting with a CSF dynamics test utilizing
the bolus injection method (CSF dynamics test)
described by Marmarou et al. [6].

Materials and Methods

There were a total of nine (4 women, 5 men; mean age 58.2, range
34-76) adult patients with hydrocephalus. Eight of the 9 were
secondary hydrocephalus patients (seven with subarachnoid
hemorrhage, one intracerebral hemorrhage), and one patient was
idiopathic (Table 1). The CSF hydrodynamics of all patients
were examined by means of the bolus injection method (CSF
dynamics test) via lumbar puncture, lumbar drainage, or external
ventricular drainage. ICP was measured by fluid-coupled strain
gauge (Uniflow™, Baxter) connected to an amplifier (AP
601G, Nihon-Koden), and recorded into a personal computer
(Macintosh IIci, Apple) through an AID converter (MacLab 8te,
ADInstrument).
Initial pressure (IP), absorption pressure (AP), pressure volume

index (PVI) and CSF outflow resistance (Ro) were utilized as
indicators of CSF hydrodynamics. Following this test. all patients
underwent a V-P shunt. Ventriculostomy was performed through
an occipital burr hole, a shunt device (Codman-Medos program
mable shunt) was placed on the mastoid process, and a peritoneal
catheter was inserted 10 in. into the subphrenic space. At the time
of the operation, the shunt valve pressure setting was 20-40%
below AP obtained during the first CSF hydrodynamics test
(Table 2).
Ten to 14 days after the shunt operation, anotherCSF dynamics
test was carried out by lumber puncture. After IP was recorded,
shunt pressure was set at maximum (200mmH10), and then the
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Table 1. Case Description and Results of Preoperative CSF Dynamics Test

Number Age IP PVI Ro PA
of case (yr) Sex Etiology Modality (mmHg) (ml) (mm Hg/ml/min) (mmHg)

1 73 M SAH LP 11.9 13.4 24.3 21.4
2 53 M SAH LP 3.8 19.3 5.9 11.8
3 49 F SAH EVD 15.5 21.9 4.3 21.8
4 51 M SAH LP 20.3 27.6 13.1 28.6
5 65 M Idiopathic LD 19.5 15.3 2.1 22.9
6 76 F SAH LP 9.2 15.2 8.4 16.4
7 59 F SAH EVD 10.5 17.6 4.5 12.8
8 34 M lCH LD 12.5 16.5 8.7 18.4
9 64 F SAH LD 11.7 16.8 4.7 20.0

SAH subarachnoid hemorrhage, ICH intracerebral hemorrhage, LP lumber puncture, LD lumber drainage, EVD external ventricular
drainage, IP initial pressure, PVI pressure volume index, Ro CSF outflow resistance, PA absorption pressure.

Table 2. Pressure Setting and Initial Pressure at Postoperative Study

Number of case 2 3 4 5 6 7 8 9

Initial setting (mm H2O) 180 80 140 180 180 130 80 140 160
AP at setting level (mm Hg) 14.1 7.2 9.1 14.4 14.7 10.7 12.3 12.1 15.4
IP (mmHg) 13.0 1.5 3.9 11.5 14.3 4.9 9.4 9.8 10.5
Final setting (mm H2O) 140 150 160 140 120 130 80 120 100
Setting change J. i i J. J. ~ ~ J. J.

Fig. 1. Time course of post-shunt study: After initial pressure
recording, shunt pressure setting was adjusted to maximum level
(200 mmH20). CSF space was filld up by several bolus injection of
saline. Repeated CSF dynamics tests were performed at each pres
sure setting level every 20mmH20 to 40mmH20

record presswe at initial setting pressure set at 180mmH20

time

the rest of the patients, whereas AP was elevated
beyond normal limits in all patients while there was
reduced PVI in seven patients and Ro increase in
eight patients. There was no correlation among these
parameters, however. At the time of surgery, shunt
pressure settings were decided on the basis of this
study (20-40% below AP) (Table 2).

Postoperative CSF Dynamics, Revised Shunt Setting
and Patient Outcome

CSF space was filled with several bolus injections of saline. Once a
steady state was obtained, a bolus injection was carried out. The
pressure setting was changed to 180mmH20 after three minutes of
observation. This procedure was repeated every 20 mmH20 to
40mmH20 (Fig. 1).

Results

Preoperative CSF Dynamics and Shunt Initial
Pressure Setting

Results of the preoperative CSF dynamics test are
shown in Table 1. One patient (case 2) only displayed
low IP, while three patients case 3, 4, 5) had moder
ately elevated IP. Relatively high IP was observed in

IP was much lower than AP at the set level in three
patients (case 3, 4, 5). Since cases 3 and 5 indicated
high IP in the preoperative study, overflow was sus
pected. AP, PVI and Ro results with setting mani
pulations are shown in Fig. 2. AP showed a gradual
decrease in accordance with settings, but within a
range of 5mmHg in each case. PVI increased gradu
ally and reached a normal range in eight of nine
cases. Rapid decrease was observed in one case (case
1), and a paradoxical increase was observed at one
step in case 4.
After completion of the study, the pressure level
was reset to maximum within the normal range of
AP, PVI and Ro. In cases in which marked discrep
ancy between IP and AP was observed, a higher
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A) 20 Discussion

200 180 160 140 120 100 80 60 40

Pressure Setting (mmH20)

The driving force of CSF flow through a differential
pressure valve is generated by the difference in pres
sure between the inlet and the outlet of the valve.
The inlet pressure mainly consists of intracranial
pressure, and the outlet pressure is determined by
the abdominal pressure, flow resistance of the cath
eter, and the hydrostatic pressure. These parameters
are constantly changing with posture [3), alteration
of brain condition caused by the concurrent disease,
and such physiological phenomena as cough and
REM sleep [4]. The CSF flow rate through the shunt
at a certain pressure difference depends on the char
acteristics of the valve, in which there are consider
able errors. As ordinary differential pressure shunts
find it difficult to cope with these conditions, the
programmable pressure shunt was developed and
now is in wide use. There are no established criterion
for determination of the optimal pressure setting. In
general, pressure is set on the high side initially and
then lowered in accordance with clinical symptoms
and neuroradiological findings. This method requires
frequent CT scannings and takes a long time to attain
the optimal setting. Some investigations revealed
that in adults, the opening shunt pressure does not
greatly influence the clinical effect [5]. Therefore, the
main benefit in using a programmable shunt is pre
vention of excess functioning.
CSF dynamics test using the bolus injection
method by lumber puncture is an easier way of ob
taining information about the intracranial pressure
environment including the shunt system. Although
laboratory investigations confirmed the small manu
facturing error and accuracy of the Codman-Medos
programmable shunt system, non-linear alterations
in CSF hydrodynamics were recognized. Information
pertaining to characteristics obtained by this study is
helpful in avoiding unexpected alterations at certain
steps in pressure setting changes. This method can, as
a matter of course, only be performed in the recum
bent position, and information about the dynamic
changes in pressure associated with postural change
cannot be obtained. In this series, the pressure differ
ence between IP and AP at the setting level can be
adopted as an indicator of the "siphoning effect"
playing an important role in over-drainage.
In conclusion, a programmable shunt cannot be
exampt from unexpected overflow due to the siphon
ing effect, but the possibility of this can be reduced
by setting manipulation based upon the information

200 180 160 140 120 100 80 60 40

B) 40 - Case 1
30
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Complications

No major complications were experienced in this
study. Due to the long duration of study (approx.
60min), some patients were not able to remain
motionless for the entire period. Sedation was
required in such cases to exclude the artifact of
movement. A few patients complained of a tempo
rary "burning sensation" in the sacral area. Since
the total volume of saline injected was considerably
large (60-70ml), alterations in temperature and CSF
composition may have possibly influenced the ner
vous condition.

~ 7.5

'"g 50
~

.L5l:~~~&
0.0

Fig. 2. Alterations of absorption pressure AP (A), pressure vol
ume index PVI (B) and CSF outflow resistance Ro (C) in individu
als with manipulation of pressure setting

setting was selected with consideration of the
"siphon effect" of the shunt (Table 2).
In this series, only one patient complained of a dull
headache, possibly due to low ICP, and resetting of
the shunt was required. No patient encountered
serious shunt problems in the follow-up period (5-25
months). All patients were free from hydrocephalic
symptoms.



CSF Dynamics

obtained by CSF dynamics test utilizing the bolus
injection method.
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Evaluation of Shunt Function in Patients Who are Never Better,
or Better than Worse after Shunt Surgery for NPH

M. A. Williams, A. Y. Razumovsky, and D. F. Hanley

Neurosciences Critical Care Division, Johns Hopkins Medical Institutions, Baltimore, MD, U.S.A.

Summary

We investigated the cause of poor outcome in patients with normal
pressure hydrocephalus (NPH) who did not respond as expected
after shunt surgery. Two methods were used to evaluate shunts:
radionuclide shunt patency study, or continuous ICP monitoring.
33/52 shunted patients (64%) from 1989 to 1995 had poor out
come, and 28/52 (54%) were investigated. Of those investigated, 9/
28 (32%) were never better, and 19/28 (68%) were initially better
then worse. Of 9 patients who were never better, ineffective shunt
function was seen in 7; 5 had shunt revision (2 declined), and
1 improved. Of 19 patients who were initially better then worse,
15 had ineffective shunts; 15 underwent shunt revision, and 13
improved.
Poor clinical outcome occurred in two-thirds of all patients after
shunt surgery for NPH, but a potentially treatable cause (i.e. ob
struction of the shunt or a shunt system that was patent but did not
adequately correct the CSF circulatory disorder) was found in
nearly 80% (22/28) of those investigated. The predominant cause
of ineffective shunt function was obstruction of the peritoneal
catheter. Clinical recovery occurred in 70% (14/20) of patients
who had shunt revision surgery.
We conclude that ineffective shunt function is a frequent cause
of poor outcome after shunt surgery to treat NPH that should be
sought and treated. These results have implications for longitudi
nal studies of the diagnosis and treatment of NPH. The effect of
unrecognized shunt ineffectiveness on prior studies is unknown.
Future studies should be designed to confirm that shunts are func
tioning before the diagnosis of NPH is considered incorrect.

Keywords: NPH; outcome; shunt function; shunt surgery.

Introduction

Normal pressure hydrocephalus (NPH) is an impor
tant, treatable syndrome of dementia, gait apraxia,
and urinary incontinence that may represent as much
as 5% of demented patients [16]. NPH is treated by
surgical cerebrospinal fluid (CSF) shunting, often
with significant neurologic recovery [3,12,13]. On
average, only 50% of patients with suspected NPH
have a good response to shunt surgery [2,7,9,13-15].

Clinical improvement after CSF shunt insertion in
NPH is predicated on the effectiveness and con
tinued functioning of the shunt. Few, if any, outcome
studies of NPH have included investigation of shunt
function [3,5]. We systematically evaluated shunt
function in patients who were never better, or were
better then worse after shunt surgery for NPH.

Methods

This report comprises patients whose first shunt for NPH was
inserted between July 1, 1989 and October 1, 1995 so that a mini
mum of one year post shunt outcome evaluation was possible.
Radionuclide shunt patency studies were performed by injection
of approximately 0.5 mCi of Indium-Hi DTPA into the shunt
reservoir. To prevent radionuclide from being forced through the
outflow tubing by the pressure of the injection (causing a false
positive study), the occluder valve was compressed in those shunts
that had them. Shunt obstruction was determined when elimina
tion half-life of radioactive counts in the shunt reservoir was more
than 10 minutes. If the shunt was patent, 24-48 hours continuous
ICP monitoring was performed by inserting a 25-gauge needle into
the reservoir and recording on an 8-channel strip chart recorder or
a Macintosh computer with an analog-to-digital signal converter
and software (MacLab, ADInstruments, Inc., Milford, MA). ICP
was analyzed for resting mean pressure, abnormal wave forms,
peak pressure, and pulse pressure. Abnormal ICP wave forms
were identified according to criteria adapted from Lundberg's
original description [10]. We defined B-waves as ICP oscillations
with a B-wave frequency and an amplitude (peak systolic ICP
minus baseline systolic ICP) of ~3mmHg (40mm H20). Shunts
were considered ineffective if A or B-waves were identified, or if
the mean ICP exceeded the expected operating characteristics of
the shunt.

Results

33/52 shunted patients (64%) had poor outcome,
and 28/52 (54%) were investigated. Fig. 1 shows the
evaluation algorithm including the number of pa-
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tients seen at each point in the algorithm. Of the 28
patients investigated, 9 (32%) were never better, and
19 (68%) were initially better then worse. Of 9 pa
tients who were never better, ineffective shunt func
tion was seen in 7 (78%); 5 had shunt revision (2
declined), and 1 improved. Of 19 patients who were
initially better then worse, 15 (79%) had ineffective
shunts; 15 underwent shunt revision, and 13 im
proved. Shunt ineffectiveness was seen in all types of
shunts inserted (Table 1).
Radionuclide shunt patency study was performed
for 25 patients, revealing delayed outflow or obstruc
tion in 17. The site of shunt obstruction or malfunc
tion was the peritoneal catheter in all 15 of the 17
who had shunt revision. ICP monitoring was per
formed in 9 patients, revealing A or B-waves, or ICP
higher than expected for the shunt type in 3. One

Table 1. Inserted and Ineffective Shunts

Fig. 1. Evaluation and outcome algorithm

No statistical difference between shunt types.

Discussion

These data shows that poor clinical outcome oc
curred in two-thirds of all patients after shunt surgery
for NPH. A potentially treatable cause (i.e. obstruc
tion of the shunt or a shunt system that was patent
but did not adequately correct the CSF circulatory
disorder) was found in nearly 80% (22/28) of those
investigated, and clinical recovery occurred in 70%
(14/20) of patients who had shunt revision surgery.
The predominant cause of ineffective shunt function
was obstruction of the peritoneal catheter.
The concept of shunt ineffectiveness has received
little attention in the literature regarding outcome in
shunted NPH patients. Crockard et at. demonstrated
the presence of B-waves in five previously shunted
patients who were being evaluated for shunt mal
function [5]. Shunt insertion or revision abolished
B-waves in these patients. No other reports of Iep
monitoring and NPH have commented on shunt
ineffectiveness in non-responders [2,4,6-9,11,13],
yet as many as two-thirds of shunts vary from
manufacturer's specifications by more than 30% [1].
The predominance of peritoneal catheter obstruc
tion suggests either that alternate types of shunts
should be inserted, such as ventriculo-atrial or
ventriculo-pleural, or that efforts to design perito
neal catheters to make them resistant to envelop
ment by the peritoneum and omentum are necessary.
Our study did not include patients with ventriculo
atrial or ventriculo-pleural shunts; thus we cannot
determine whether these sites are less prone to
obstruction.
We conclude that ineffective shunt function is a
frequent cause of poor outcome after shunt surgery
to treat NPH that should be sought and treated.
These results have implications for longitudinal
studies of the diagnosis and treatment of NPH. The
effect of unidentified or unrecognized shunt ineffec
tiveness on prior studies is unknown. If the true pre
dictive value of preoperative tests or clinical findings
is to be known, then the true response rate of surgical
shunting must be known, and it must be demon
strated that patients who fail to respond to surgical

patient was evaluted by CT scan and plain abdominal
x-rays, revealing edema along the shunt tract in

the brain and pre-peritoneal position of the distal
catheter. One patient was evaluated by exploratory
laparotomy and discovered to have intestinal vol
vulus involving the peritoneal catheter.

5 (33%)
3(60%)
3(33%)
3 (27%)
1 (50%)
1 (100%)
1 (33%)
5 (83%)

22(42%)

Number
ineffective

Evaluale tor
Shunt Failure
n=19
J,

Clinically
Improved
n=38
J,

Clinical
Worsening
n=19
J,

Abnormal Shunt
Function
n=15
J,

Shunt
Revision
n=15
J,

Clinically
Unimproved
n=2

Number
inserted

15
5
9
11
2
I
3
6

52

Clinically Improved
--+n=l n=13~

Normal Shunt Function
--+n=3 n=4~

Shunt
Inserted
n::52
J,

Clinically
Unimproved
n::14
J,

Evaluate lor
Shunt FaUure
n::9
J,

Abnormal Shunt
Function
n::7
J,

Shunt
Revision
n::5
J,

Clinically
Unimproved
n::4

PS medical delta valve, level 1.0
PS medical delta valve, level 1.5
PS medical delta valve, level 2.0
Orbis-sigma valve
Mishler low pressure
Heyer-Schulte medium pressure
VP shunt, brand unidentifiable
LP shunt, brand unidentifiable

Total

Type of shunt
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shunting have properly functioning shunts. Future
outcome studies of NPH should be designed to con
firm that shunts are functioning before the diagnosis
of NPH is considered incorrect.
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Differential Diagnosis of NPH and Brain Atrophy Assessed by
Measurement of Intracranial and Ventricular CSF Volume with
3D FASE MRI

M. Yoshihara1, A. Tsunoda2, K. SatoJ, s. Kanayama, and A. Calderon4
Department of Neurosurgery, I Ohta General Hospital, 2 Koshigaya Municipal Hospital, 3 Juntendo Hospital,
and Toshiba R&D Center, Japan

Summary

Differential diagnosis of NPH and brain atrophy is sometimes
difficult. Recently, a new method using MRI was introduced as a
noninvasive, direct technique for the measurement of intracranial
CSF volume. Using this new technique, we measured the intracra
nial and ventricle CSF volume in patients with enlarged ventricles
in order to differentiate between NPH and brain atrophy. Ten
healthy volunteers (control group) and 21 patients with enlarged
ventricles were enrolled in this study. Eleven out of 21 patients
were clinically diagnosed as having NPH (shunted group) and the
remaining 10 patients were considered to have cerebral atrophy
(non-shunted group). Intracranial and ventricular CSF volume in
each case were measured by 3D FASE (Fast Asymmetric Spine
Echo) MR imaging sequence with region growing method. Ven
tricular/intracranial CSF volume ratio was also calculated. Ten out
of 11 patients showed improvement in clinical symptoms and/or
dementia scale after shunting. Our results clearly indicate that the
ventricular volume in the shunted group was enlarged and that the
ventricular/intracranial CSF ratio was significantly high. Thus we
concluded that enlarged ventricle with high ventricular/intracra
nial CSF volume ratio strongly suggests NPH.

Keywords: Brain atrophy; CSF volume; 3D FASE MRI; NPH.

Introduction

Since the introduction of CT scanning, ventricular
dilatation has frequently been observed and the diag
nosis of hydrocephalus has become relatively easy.
However, differential diagnosis of Normal Pressure
Hydrocephalus (NPH) and brain atrophy is some
times difficult. From the morphological point of
view, the presence or absence of dilated cortical sulci
and cisterns associated with ventricular dilatation are
the key findings in differentiating NPH from brain
atrophy [2-4]. Recently, a new method using mag-

netic resonance (MR) imaging was introduced as a
noninvasive, direct technique for the measurement
of intracranial cerebrospinal fluid (CSF) volume. In
the present study, the three-dimensional Fast Asym
metric Spin Echo (3D-FASE) method [1], in combi
nation with the Region Growing Method (RGM)(8),
was used to perform quantitative analysis of the
intracranial and ventricular CSF volume. Using this
new technique, we measured the intracranial and
ventricular CSF volume in patients with enlarged
ventricles in order to differentiate between NPH and
brain atrophy.

Materials and Methods

Subjects

A total of 31 subjects were enrolled in this study. Twenty-one
patients with enlarged ventricles were divided into two groups: 11
patients (age, 63.3 ±13.35 years; range, 34-80 years) were clinically
diagnosed as having NPH and underwent shunting (shunted
group), and the remaining 10 patients (age. 74.3 ± 10.56 years;
range, 52-86 years) were considered to have cerebral atrophy and
did not undergo shunting (non-shunted group). Ten healthy vol
unteers with no history of neurological diseases (age, 38.7 ± 9.80
years; range, 27-55 years) were selected as a control group.

Intracranial Pressure Monitoring

Before shunting, the intracranial pressure was monitored by
lumbar puncture to confirm the diagnosis of NPH. The mean
CSF outflow resistance was 11.3 ± 5.67 mm Hg/mVmin. All moni
tored patients but one had high CSF outflow resistance (greater
than 5.0 mm Hg/ml/min).
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Segmentation using
region growing

(automatic operation)

Fig. 2. 3D-display of the segmented regions. Representative case
in control group (upper), shunted group (lower left), and non
shunted group (lower right)

Fig. 1. A process of CSF volume measurement with 3D-fast asym
metric spin echo imaging and region growing method

volume ratio(VV/ICV ratio) in each group are shown
in Table 1.
The mean ICV and VV were increased in both the
shunted and non-shunted groups compared with the
control group (P < 0.01). A statistically significant

Outcome was evaluated at 3 months after shunting. The Hasegawa
dementia scale or Glasgow coma scale was used to evaluate of
outcome. Improvements in gait disturbance and urinary incon
tinence were also evaluated clinically.

Images were processed using an SGI workstation (Indigo 2) and
universal image processing software (AVS version 5.02). In
Region Growing Method (RGM), the region expands from a point
in the specified area of sampling objects to include adjoining areas
which are considered to belong to the same region [8].
With regard to the measurement of ventricular volume (VV),
the region for measurement was first specified manually for 10
slices as a unit. Then, the CSF space showing a high signal intensity
in the specified region was extracted using RGM (Fig. 1). With
regard to the measurement of intracranial CSF volume (ICV), the
specified region was set to exclude the paranasal sinuses and the
orbits, and processed again using RGM (Fig. 1). All data process
ing was completed within about 20 minutes. VV and ICV were
measured in all subjects, and the ratio between VV and ICV (VVI
ICV ratio) was calculated. Each parameter was compared among
three groups using the unpaired t test.

Data Analysis

Assessment of Outcome

Intracranial CSF Volume, Ventricular CSF
Volume and Ventricular/Intracranial CSF
Volume Ratio in Each Group

Typical 3D displayed images m each group for
volume calculation are illustrated in Fig. 2. The
mean intracranial CSF volume(ICV), ventricular
CSF volume(VV) and ventricular/intracranial CSF

Results

MR Data Acquisition

MR images were obtained using a I.5-T MR system (VISART,
Toshiba Corporation, Tokyo). The imaging parameters employed
were the 3D-FASE method with a repetition time of 6,000 ms, an
echo time of 250ms, a matrix of 256 x 256 x 100, and a slice
thickness of 1.5 mm. In FASE scanning, the imaging time is further
reduced by the FSE fast-scan method and also by the combined
use of the Half-Fourier method [1]. The images obtained by the
FASE method are heavily TI-weighted images in which only free
water is visualized at high signal intensity. The imaging area was
set to include all of the subarachnoid space above the superior
margin of the atlas. The time required for imaging was approxi
mately 10 minutes.

Table 1. Average Values of Intracranial CSF Volume, Ventricular CSF Volume and Ventricular/Intracranial CSF Volume Ratio

Intracranial CSF
volume (ml)

Ventricular CSF
volume (ml)

Ventricularlintracranial
CSF volume ratio (%)

Control group (N = 10)
Shunted group (N =11)
Non shunted group (N =10)

142.4 ±48.88
193.0 ±66.46
247.9 ± 87.85

14.9 ± 5.84
67.2 ± 15.81
46.3 ± 26.73

10.4 ± 1.52
38.2 ± 14.23
17.9 ± 5.16
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difference was also noted in VV/ICV ratio between
the shunted and control groups (P < 0.01), but
not between the non-shunted and control groups
(p = 0.56).

Outcome

Ten out of 11 shunted patients showed improvement
in clinical symptoms and/or dementia scale after
shunting. Only one patient was unchanged, and no
patients showed deterioration.

Discussion

Accuracy of CSF Volume Measurement

The first measurements of the intracranial CSF
space were obtained in studies involving cadavers,
and reports concerning clinical applications were
performed using CT and MR imaging [5-7,9]. MR
imaging seems to have a number of advantages over
CT in terms of spatial resolution and ability to char
acterize the composition of the fluid. Furthermore,
compared with conventional MR imaging methods,
the 3D-FASE method employed in this study has the
following advantages in measuring CSF volume.

(1) The most difficult problem in analyzing volume
data is related to partial volume effects, with
accuracy dependent on slice thickness. The con
ventional 2D imaging method employed in a
number of studies is limited in terms of reducing
the slice thickness because of deterioration of
the signal-to-noise (S/N) ratio. The 3D imaging
method permits continuous thin slices to be
obtained without deterioration of the SIN ratio,
resulting in more accurate volume measurement
than 2D imaging. Moreover, 3D-FASE employs
the Fase Spin Echo method for fast image acqui
sition in combination with the Half-Fourier
method for image reconstruction (1), making it
possible to visualize the entire intracranial area
within a practical period of time.

(2) 3D-FASE provides heavily T2-weighted images,
and demonstrates the CSF at high signal inten
sity with a longer relaxation time, resulting in
improved visualization of the CSF space.

(3) The use of the spin-echo method permits images
to be obtained with less distortion caused by
magnetic inhomogeneities and chemical shift.
3D-FASE is less affected by these factors, which
are often a problem in fast imaging field echo
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methods such as the Echo Planar Imaging
method and the FE method. Therefore, it is suit
able for depicting morphological structures and
measuring volumes.

In the control group, the mean intracranial CSF vol
ume was 142.4 ±44.88ml and the mean ventricle CSF
volume was 14.9 ±5.84ml. These values are compa
rable to those reported in previous studies.

Diagnosis of NPH

Even when the diagnosis of NPH is based on clinical
features and characteristic findings on CT scans
[2-4], it is difficult to predict the effectiveness of
shunting. This is probably because patients with
brain atrophy may sometimes be misdiagnosed as
having NPH. Black reported improvement in 85%
when ventricular enlargement was associated with
little or no sulcal enlargement, and only in 33%
when there was sulcal enlargement [3]. Therefore,
the chances of improvement after treatment are
increased when patients with atrophic changes were
excluded. Our results clearly showed that the ven
tricular volume in the shunted group was markedly
enlarged and that the ventricular/intracranial CSF
volume ratio was significantly elevated. These results
indicate that the increase in CSF volume is mainly
in the ventricles. This distribution of CSF strongly
supports the diagnosis of NPH. Moreover, 91% of
patients (10 out of 11) in the shunted group showed
improvement after shunting. Based on these results,
the patients in the shunted group in the present study
could be diagnosed as having NPH with a high
degree of confidence.
On the other hand, in the non-shunted group, the
intracranial volume was markedly enlarged, but with
only a moderate increase in ventricular volume. Con
sequently, the ventricular/intracranial CSF volume
ratio was slightly increased compared with the
control group, indicating that the increase in CSF
volume was mainly in the cortical sulci and cisterns.
This distribution of CSF strongly supports the diag
nosis of brain atrophy.
Thus, we conclude that quantitative assessment of
the intracranial CSF distribution makes it possible to
accurately differentiate between NPH and brain
atrophy, with ventricular enlargement (greater than
50ml) and a high ventricular/intracranial CSF vol
ume ratio (greater than 30%) strongly suggestive of
NPH.
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MULTIMODALMONITORING OFREFRACTORY INTRACRANIAL
HYPERTENSION

Jolm D. Pickard, Marek Czosnyka, Peter Kirkpatrick

MRC Cambridge Centre for Brain Repair and Academic Neurosurgical Unit,
Addenbrooke's Hospilal, Cambridge, UK

Introduction : Measures to manage refractory intracranial hypertension are
limited. Consensus classification of refractory hypertension is lack of response to
classical attempts (CSF dntinage, anaesthesia, hyperventilation, osmotherapy) to
reduce ICP increasing above 40 mmHg over a period longer than 3 hours. High
dosage bartliturate is nonproven Decompressive surgery may induce local
herniation, when ICP is aircady grossly elevated but bas a role. Methods of
monitoring ofcerebral dynamics to anticipate terminal ICP rises would be helpful.

Methods: Our own experience is based on continuous multi-modal monitoring of
200 consecutive patients suffering from head injury. 18 deaths were associated
with severe intracranial hypertension.

Results: Computer supported data analysis demonstrated examples of deranged
cerebrovascular pressure responses seen wben cerebral perfusion pressure was
declining below 50 mmHg. A positive association of slow waves in arterial
pressure and ICP and also pressure-passive behaviour of transcranial Doppler
wavefonn have been selected as particularly useful for anticipating death from
severe intracranial hypertension by several hours. Also derangement of
relationship between pulse amplitude of ICP and mean ICP level was found to be
a good predictor of fatal termination. Impending intracranial hypertension should
nonnally be aceompanied by a rise in pulse amplitude of ICP. Where the increase
in ICP (>30 mmHg) is associatedwith adistorted amplitude-pressure relationship
the critical threshold of intracranial hypertension bas been reached with limited
time for large decompressive craniotomy to reduce ICP.

Conclusion: MuitimodaIlIIOnitoring supported by computer on-line data analysis
may be useful for anticipating terminal rises in ICP.

0-1-02

NIR Reflexion-Spectroscopic Assessment of Cerebral
Oxidative Metabolism during Intracranial Hypertension
using a novel Spectroscopic System: Multiscan OS 30

Kai-Michael Scheufler and Josef Zentner

Department of Neurosurgery, University of Bonn, Germany

Introduction: Increases of ICP beyond autoregulatory capacity following
head trauma significantly increase mortality by producing deleterious
effects on cerebral microcirculation with impairment of cerebral oxygena
tion. This study investigates the influence of cerebral perfusion pressure
(CPP) on local intracapillary hemoglobin oxygenation (SO,), cytochrome
aa3 (Cytaa,) redox state and local tissue hemoglobin concenlrations
(HbOj total Hb) recorded in real time by a new reflexion-spectroscopic
system. These parameters were referenced to simultaneous recordings of
spontaneous cortical electrical activity.

Methods: Multiscan OS 30 is a new multiwavelength reflexion spectros
copic system designed for in vivo studies of oxidative metabolism. Newly
developed algorithms based on the entropy pattern of photons allow for
quantitative assessment of SO, (100-0%), Cytaa, redox state (Cyaa,oxlred
[%J) and absolute tissue concentrations of Cytaa, (Ilg/ml), HbO, and total
Hb (mg/ml) within a tissue sector of defined geometry. 10 male rabbits were
subjecled to artificially raised ICP by cisternal infusion of artificial CSF.
Local SO" Cytaa, redox state and tissue concentrations of HbO" total Hb
and Cytaa, were recorded through a transdural window exposing lhe
cerebral hemispheres during stepwise reduction of cerebral perfusion
pressure (CPP). Electrocortical activity was monitored by 8-channel EEG

Results: Cerebral SO" Cyaa,ox and and HbO, concentrations were lightly
correlated to CPP (I': 0.98;P< 0.001), whereas total Hb conc. were not (1'<
0.6; P< 0.1). CPP values varied by up to 100% between individual animals
for any given SO, (HbOj oxidised Cytaa,)-Ievel and thus were not
predictive oflissue oxygenation (see table 1). Contrarily, distinct SO,-Ievels
were associated with either autoregulatory responses to ischemia
(decreasing EEG-frequencylischemic arterial pressor response at cerebral
SO,-Ievels around 30%) or signs of cellular hypoxia (EEG-flatline,
bradycardia at SO,-ievels approaching 0%).

Conclusions: SO, and Cytaa, redox state appear to reflect cellular energy
metabolism and cerebral autoregulation as well as disturbed local
hemodynamics in a quantitative and reproducible fashion with a sensitivity
similar to the EEG. Definition of both functional and structural ischemic
thresholds may be feasible using this model of global cerebral ischemia.
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Disturbances of Cerebral Haemodynamics in the
Patients with Benign Intracranial Hypertension
Syndrome (radionuc/ide aspect).

Kulakova Svellana, V, Scherbakova E. Ya., Gasparian Sergey S.
Burdenko Neurosurgical Institute, Moscow, Russia.

Introduction:
It is well·known, that one of the reasons of intracranial hypertension is

CBF abnormalities, including venous oulfiow disorders. The aim of this study
was to investigate disturbances of blood flow in extracranial vessels (carotid and
vertebral aneries) and cerebral (anterior, middle and posterior)arteries in patients
with benign inuacranial hypertension (BIH) syndrome, with special attention to
impairment of venous outflow (dural sinuse and jugular veins).
Patients and Methods:

We studied 51 patients with BIH syndrome (39 females and 12 male, aged
14-67), who were underwent to radionuclide cerebral angiography (RCA),
including carotid angioscintigraphy (CAS), vertebral angioscintigraphy (VAS)
and sinusoscintigraphy (55). In order to verify thrombosis of dural sinuses 7
patients had MR angiography and 3 patients had digital subtraction
angiography. All the patients wre investigated by both standard
neurological/opthalmological examinations and CT.
Results:

Findings of CAS showed participation of internal carotid artery in the
pathological process of three patients. VAS revealed vertebral artery blood flow
disturbances in 17 patients. More frequently middle and posterior cerebral
arteries dysfunction was observed. Sinoscintigraphy showed normal patterns in
none of the patients. The following three pathological sinoscintigraphic
patterns have been found:

transversal sinus, signoid sinus and jugular vein were visualized only
unilaterally;
uneven distribution of Ifacer in one of these formations;

• pathological sigmoid sinus or jugular bulb enlargement.
Conclusion:

RCA always revealed venus outflow disorders in patients with RIH
syndrome. We continue to recommend its routine use as a screening test.
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METABOLIC CHANGES IN THE BRAIN DURING TRANSIENT
ISCHEMIA MEASURED WITH MICRODIALYSIS

S.P. Gopinath, M. Uzura, A.B. Valadka, J.e. Goodman, e.S. Robertson.
Depanments of Neurosurgery and Pathology, Baylor College of Medicine

Introduction
Transient jugular venous desaturation has been observed in 40% of patients

with severe head injury, and has been associated with apoor neurological
outcome. The purpose of this study was to examine the changes in cerebral
metabolism that occur during transient jugular desaturation.

Methods
A loop design microdialyisis probe constructed of .2mm diameter dialysis

tubing (MW cut-off 6000 daltons) was placed in frontal cortex of 77 patients
with severe head injury. The dialysis probe was perfused with sterile saline at 2
Ill/min, and sample were collected at 30 minute intervals. Glucose, lactate,
glutamate, and potassium were measured in the samples. Samples collected
before, during, and after an episode of jugular venous desaturation were
analyzed, and compared to changes in physiological parameters.

Results
Twenty-five episodes of jugular venous desaturation occurred during the

period of microdialysis monitoring. The biochemical changes are summarized in
the table below. Brain tissue pO, decreased with the SjvO,. The dialysate
concentrations of lactate and glutamate were significantly increased as SjvO,
decreased. The concentrations of dialysate glucose tended to be decreased but
the changes were not significant. The concentrations of dialysate potassium
were not changed.

Before Episode During Episode After Episode
SjvO, 69±2 43±2* 66±2
PbtO, 33±2 13±7* 42±30
Lactate .56±.09 1.25±.17* .50±.07
Glutamate 10+3 25+8* 9+3

An additional 5 episodes of jugular venous desaturation were observed
terminally in patients with refractory intracranial hypertension. With this severe
irreversible ischemia, dialysate concentrations of lactate, glutamate, and
potassium were increased, and dialysate glucose concentrations fell to zero.

Conclusions
SjvO, monitoring identifies episodes of cerebral hypoxia/ischemia which are

associated with alterations in cerebral metabolism that can be measured with the
microdialysis technique.
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Shunt Systems and Quality Control a Fully Automated
Test Stand for Medical Microvalves.

M. Walter l , S. Leonhardt l , P. Wabell, A. Aschoff2

IDepartment of control Engineering, University of Technology Dannstadt
2Department of Neurosurgery, University of Heidelberg

Introduction
In this paper, a fully automated test stand for medical microvalves used in
Hydrocephalus therapy is presented. Although these microvalves ("Shunts") have
been used rather successfully for more than 30 years, some major problems have
not yet been solved. The valves may be obstructed by blood or proteins or remain
open due to ageing and mechanical malfunction. Other problems are production
faults and constructive insufficiencies. Since the "disaster" with Holter-Hausner
Valves in the 80·s. thc need for reliable test methods and equipment is inevitable.
The presented test stand allows the measurement of prcssure flow characteristics
of shunt systems. It may be used for pre- or post implantation quality control or
as a design platform for new systems.
Setup of the test·stand
The differential pressure applied to the test specimen is measured with a high
precision pressure sensor and the flow is measured with a newly designcd
flowmeter. Both values may be used as the desired value in a closed loop control
and are adjusted via a proponional valve. The test-stand features facilities to test
the shunt sensitivity to bending, variation of orientation and venical acceleration.
Funhennore the shut properties at dynamic excitation can be evaluated. A user
friendly application software has been developed in order to suppon the user in thc
fully atomized execution of several testing protocols and in handling the
measurement data.
Experimental results
More than 30 different Shunt constructions were tested with the new designed test
rig and were compare with measurements mad by Aseholt. The results matched,
except of only a few cases, where the characteristic of the test specimen changed
due to handling and ageing. Some exemplary tcsting results will be presented.
Conclusions
The presented test stand allows to determine the characteristics of medical
microvalves. In addition to thc hydraulic propertics the influence of everyday
stress may be simulated. The test rig may be of interest to medical device
manufacturers or technical testlaboratorys as well as to surgeons for testing shunt
systems pre·or post operatively.
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PREVENTION OF SECONDARY INSULTS AFTER HEAD INJURY

C.S. Robenson, A.B. Valadka, S.P, Gopinath, M. Cormio, M. Uzura, C.F.
Contant, R.G. Grossman

Department of Neurosurgery, Baylor College ofMedicine

Introduction
Secondary ischemic insults severe enough to result in jugular venous

desaturation have been observed in 40% of patients with severe head injury and
have been associated with a poor neurological outcome. The most common
preventable causes of these ischemic insults were hypotension and hypocarbia.
The purpose of this study was to determine if a management protocol
emphasizing maintenance of cerebral perfusion and therefore prevention of
secondary ischemic insults improves neurological outcome after head injury.

Methods
The following three hypotheses were tested: patients managed with the

experimental protocol will have (I) a reduced incidence of transient cerebral
ischemia. (2) a reduced incidence of refractory intracranial hypertension, and (3)
a better long-term neurological recovery than patients managed with the standard
protocol. Adult patients admitted to Ben Taub General Hospital between July
1994 and March 1997 were eligible for the study if they had a motor GCS:; 5
due to head injury. Patients with GCS 3 or a contraindication to placement of a
jugular bulb catheter were excluded from the study. Patients admitted to the
study were randomly assigned to one of two treatment protocols, the standard
protocol emphasizing conlfol of ICP and the experimental protocol emphasizing
optimizing cerebral perfusion and prevention of ischemic insults. The major
differences in the 2 tteatment protocols are outlined in the table.

Goals for Standard Hypothesized Goals for Experimental
Protocol Critical Values Protocol

ICP <20mmHg 25mmHg <20mmHg
MAP >70mmHg 80mmHg >90mmHg
CPP >50mmHg 60mmHg >70mmHg
pC<h 25-30 mm Hg 25 nun He: 35-40 nun Hg

The primary outcome measure for the study was the incidence of jugular
venous desaturation, defined as a decrease in SjV02 to less than 50% for more
than 10 minutes. Secondary outcome measures were the incidence of refractory
intracranial hypenension and 6month neurological outcome (GOS and DRS).
The sample size calculation of 91 in each treatment ann was based on an
expected reduction in the incidence of jugular venous desaturation from 40% to

20% (80% power at the alpha level of 0.05). The effects of the 2management
protocols on the incidence of jugular venous desaturation and the incidence of
refractory intracranial hypertension will be presented.

Abstracts

0-3·14

NEUROINTENSIVE CARE WITH SPECIAL ATTENTION TO
Icr AND EARLY ANEURYSM SURGERY IMPROVED
SURVIVAL AFTER SAH. A 12 YEAR STUDY.

Kristina G Cesmoini, Hans-G{)ran Hfu"demark anti Lennart Persson

Deparunents of Neurosurgery ,mel Neurology. Uppsala University Hospital,
LJppsala. Sweden

Intl'oduction
In the mid-eighties we decided to change our management of patients with
aneurysmal SAH based on the concept that unfavourable outcome was a
consequence of all ischemic impacts sustained by the brain during me acute
phase of Ule disease. Management was focused on detection and treatment of
sucb. ischemic impacts,c.g..inl'1:eased ICP, hypotension. hypoxemia, pyrexia,
seizures. hyperglycemia and ill'lerial va50spasm.
Special attention was payed 10 the cono'ol of ICP. Intracranial hematomas
were evacuated promptly. CSF drainage at a level of 15 mm Hg was
regularly lIsed. Most patients were operated on within 3 days. The care
included 3-H-therapy, nimo"ipine and artificial ventilation in patients not
oheying commands.

Methods
We studied all patients with aneurysmal SAB admitted between 1981-92
[(n=874). (1981-1985 retrospect., 1986-92 prospect.)]. A large number of
parameters reflecting the slate on admission and the clinical course were
registered, Clinical outcome was assessed as mortality at 30 days and 6
motllhs and (iOS at 2-9 years.

Results
During [he last years or lhe studied period more patients with severe SAH
were admitted and the number of pmiellls from our defined refeITal region
increased from muund 60 to KO per yc:u', The 30-day mortality dropped from
29% to 9% mId the 6 ll10nllb mort<~ity from 33% to 15%. At 2·9 years, the
favourable outcome «(iUS: good recovery and moderate disability) increased
from 58.6 to 660/" and Ihe proportion of patients with severe disability
increa'\ed from 6% (() 17%.
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Simultaneous Measurement of Brain pO" pCO" pH und Temperature in
the Right and Left Frontal White Matter in a Porcine Model
A. Rieger, M. Menzel, S. Rolh, J. Soukup, C. Peuse, I. Miko, I. Furka,
W. Burken
Department ofNeurosurgery, Anaesthesia/agy, Martin·Luther·Universittlt Halle·
Willenberg, Gennany
Deportment 01Experimenta/ Surgery, University Debreeen, Hungary

The clinical use of brain tissue oximetry to monitor patients with severe head
injury is increasing (1,2). We evaluated a newly available multiparameter
probe in both hemispheres in brain tissue in an itttracranial pressure porcine
model. Pathological and physiological conditions were studied with this meth·
odology to obtain normal values and to find out limitations of Ihe method.
Methods
Par3lrend 7® probes (BSL, Highwycombe, l!1'i) were placed in the left and the
right frontal white maner to measure pO, (PliO,), pCO, (PliCO,), pH and
temperature during increased intracranial pressure by inflating an infratento
rial Fogarty balloon catheter in 9 pigs under general anaesthesia. The intrac·
ranial pressure was measured by interparenchyntal probes in both hemispheres
simultaneously as well. After the end of the non survival experimenl 5 mm
thick coronar slices were made and Ihe histology was studied.
Results
The ICP was increased to an ICPm..,,=60mmHg (SD±lO). The course ofICP in
both hemispheres correlated well: rm.~=O.987 (p<O.OOI). All 4 parameters of
the multisensorprobe showed in bolh hemispheres a similar change in relation
10 the induced decline to the cerebral perfusion pressure (CPP). Excellent
correlation regarding all 4 parameters was seen between the simultaneous
measuremenlS in both hemispheres: r=0.66-{).99 (p<O.OO1).
However, the absolute values of the 4 parameters were different. The ranges
between the bihemisphericaI measurements were Pti02: 0.65·18.33 mmHg,
PliC02:1.30·18.71, pH:0.023-O.168. This findings would not be explained by
histology.
Summary and Conclusions
Brain tissue oximetry showed a close correlation to CPP changes in this
model. The additionally three parameters of the multiparameler probe did as
well. The differences of absolute values in bilateral measurements indicate a
limitalion of the method. This is imponant especially interpreting measured
values and introducing threshold values for patienl monitoring.
Literature: (I] J Neurosurg (1996) 85: 751-756

[2] J Neurosurg (1996) 38: 21-31
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PET ASSESSMENTOF VASODILATORY EFFECf OF CO2 AND
ACETAZOLAMIDEON CEREBRALVASCULAlURE

Inao S, Kuchiwaki H, Bundo M, Terada K, Mizutani N, Yoshida J,
Tadokoro M*, Nishino M*, Gambhir S*

Department of Neurosurgery, and Department of Radiology*,
Nagoya University School of Medicine

We quantitatively compared the vasodilating effect of 5% C02
inhalation and Ig of intravenous acetazolamide by positron emission
tomography (PET). Cerebral blood flow was assessed in 6 patients
with chronic cerebrovascular disease (unilateral ICA or MCA
occlusion) using oxygen-I5 labeled water in the following
conditions; 1) at rest, 2) during 5% C02 inhalation for 4 minutes
(post-C02), 3) at 10 minutes after intravenous injection of Ig
acetazolamide (post-ACZI0), 4) at 25 minutes after injection (post
ACZ25). Cerebrovascular reserve capacity (dCBF) was obtained and
expressed as a change in cerebral blood flow from baseline under a
vasodilatory stimulation. Arterial blood gas and systemic blood
pressure were obtained in each measurement.

Mean increase of PaC02 after C02 inhalation was 3.7 mmHg.
Systemic blood pressure didn't change throughout the experiment.
Cerebrovascular reserve capacity (dCBF) showed a significant linear
correlation between post-C02 and post-ACZIO in both non-lesion
side (r=0.701, p<O.OOI) and in lesion side (r=0.626,
p<0.OO5). However, in non-lesion side cerebrovascular reserve
capacity showed inverse proportion between post-C02 and post
ACZ25 (r=0.784, p<O.OOI). In the lesion side, cerebrovascular
reserve capacity showed non significant relation between post-C02
and post-ACZ25. The mean value of reserve capacity was different
between CO2 (5%) and acetazolamide (35-50%).

Although a similar vasodilatory response is elicited by both
vasodilators, acetazolamide seems to be more potent and therefore
should be preferred to detect patients with serious limitations of
cerbrovascular reserve capacity. However, the results should be
carefully evaluated because the vasodilatory effect of acetazolamide
was dependent upon both the resting flow state and tissue lesion.
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Evaluation of cerebral autoregulation by jugular bulb oximetry

Bauhuf C, Hofmann R, Steinmeier R, Fahlbusch R
Neurochirurgische Klinik, Universitat El1angen-NOmberg, El1angen,
Germany

Introduction: Knowledge about the individual autoregulatory capacity
provides useful information for the management of the severely head
injured patient as well as in high-grade subarachnoid hemorrhage. With
transcranial Doppler sonography and jugular bulb oximetry, two real
time monitoring tools are now available for conllnuous bedside
assessment of intracranial hemodynamics. In order to evaluate cerebral
autoregulation, we postulated the following hypotheses: (1) In case of
preseNed autoregulation, decrease of cerebral perfusion pressure
(CPP) leads to cerebral vasodilatation and therefore results In an
elevation of intracranial pressure (ICP) by increase of intracranial blood
volume. (2) Under the condition of intact autoregulation cerebral oxygen
extraction remains constant when CPP changes.

Material and Methods: In 11 individuals [l suffering from subarachnoid
hemorrhage (SAH), 4 with traumatic brain injury (TBI) overall 26
autoregulation tests were performed wUh nitroprusside-induced
reduction of arterial blood pressure (aBP). We used a digital mullimodal
data acquisition system for continuous measurement of aBP, ICP, flow
veloci1y within the middle cerebral artery (FVMCAl, and jugular bulb
oxygen saturation (SjO,,). Pre-test mean values and maximum A-values
were calculated for each signal and normalized. Since the degree of
autoregulatory action should express Uself in a change of intracranial
pressure, an autoregulation Index (ARI) was calculated as follows:
ARI = AICP/MBP.

Results: Mean ACPP was -21.2mmHg. In case of ARI<0.2 (n=14) there
was a strong posilive correlation between ACPP and AFV (r=0.78) as
well as between ARI und ASjO, (r=0.71). AFV was -15.4 t3.5cmls and
ASjO, was -5.1 t2.3% in this group. In the group of high autoregulation
index (ARI~0.2, n=12), corresponding regression analyses showed no
significant correlation. Both, AFV(-11.3 t2.3cm/s) and ASjO, (-2.9
t2.8%) was lower in this group.

Conclusions: Strong positive correlation between ACPP and AFV as
well as between ARI and ASjO, indicates impaired autoregulatorey
capacity. In these cases, reduction of aBP is not followed by a
significant elevation of ICP. Missing correlation between ACPP and AFV
as well as between ARI and ASjO, suppMs the suggestion of adequate
autoregulatory response. Therefore, cerebral autoregulatory action can
be assessed by means of jugular bulb oximetry.
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Comparison of Vasopressor and Mannitol Therapy in a
Model of Steadily Rising ICP

Koji Hayasaki,M.D,Ph.D, A. Beaumont Bsc(Hons), Anthony Marmarou,Ph.D.

Division of Neurosurgery, Medical College of Virginia, Richmond, Virginia,
U.S.A.

Introduction
Previous studies have shown that elevating blood pressure in damaged brain
exacerbates edema. The objective of this study was to compare cerebral
perfusion and edema development with CPP managed by elevating blood
pressure vs CPP managed by reducing ICP.
Methods
An impact acceleration model was used to induce closed head injury. 26 animals
were separated into 5 groups. Two groups were sham operated and dosed with
either dopamine(n=4) or mannitol (n=4). Two groups were injured and treated
with either dopamine(n=6) or mannitol(n=6) and one group was injured and not
treated.(n=6) Following TBI, a 30-minute insult of hypoxia (Pa02 40 mmHg)
and hypotension (mean anerial blood pressure (MABP) 35 mmHg) was imposed
and the animals were resuscitated. 2 bours post trauma, systemic vasopressor
(dopamine) was used to maintain cerebral perfusion pressure (CPP) at or above
70 mmHg or mannitol was administered intravenously in a dose of 1mglkg.
MABP, ICP, CPP, and cerebral blood flow (CBF) were monitored. 5 bours
post trauma, the animals were sacrificed and brain water content was measured.
Results
In the untreated THH group, CPP and CBF after second insult remained at low
levels despite resuscitation, with a monotonic increase to 46 mmHg in ICP. In
the mannitol treated THH group, ICP was reduced significantly (p<0.01) and
both CPP and CBF were increased. (P<0.05) In dopamine treated THH group,
both CPP and CBF also increased (p<0.05). ICP was reduced transiently in the
dopamine group but continued to rise and reached the same level as the untreated
group at the end of the 5 hour experiment. Water contents in injured animals
were significantly bigher than that of sham (p<O.OI), but there was no
difference in water content between these three injured groups.
Conclusions
Tbere was no difference in CBF profiles with CPP management with either
dopamine or mannitol, and pressor therapy did not result in increased edema.
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Fronto-occipital CBF ratio in severe bead injury: correlation with
severity and prognosis.

Della Corte F., Caricato A., Clemente A., Sabia G., Anastasi F., Giordano A.*
- Institutes of Anesthesiology and Intensive Care - *Nuclear Medicine - Catholic
University of the Sacred Heart School of Medicine - Rome - Italy

Cerebral blood flow (CBF) in acute bead injury (HI) is characterized by a great

variability both in global mean values and in regional pattern of flow depending
on time of determination, type of primary lesions, age, kinetics of trauma. A

common feature of CBF distribution in posttraumatic coma is frontal
hypoperfusion (I). Our study was aimed to evaluate CBF fronto-<lccipital ratio
(FlO) in the acute phase of severe HI in comparison with distribution in normal
subjects and its correlation with prognosis.

Methods

CBF was determined in 23 comatose pts (GCS ~. 8) in the first 48 hrs after
trauma by a brain dedicated tomograph capable of performing both static and
dynamic "'Xenon SPECT (CERTO 96). 12 pts (56.5%) showed on CT scan a

diffuse brain lesion, II pts ( 43.5 %) isolated focal lesions. The ratio of averaged
CBF values of the anterior, superior and middle frontal regions and of occipital

CBF of both sides referred to as FlO ratio. Outcome was evaluated according to

the GOS. Data are expressed as mean or median values .±. SD.
Results

The mean FlO ratio was 0.78.±. 0.28 and it was significantly lower than in age

matched controls (1.12 .±. 0.11; e = 11.889, P < 0.01). FlO ratio did Dot
correlate with GCS.There were 00 significant differences in FlO ratio between

pts with GOS I-ll and pts with GOS lll-Y.

Discussion
Our dynamic SPECT study documented a significant reduction of frontal

perfusion and an inverse FlO ratio in the very acute phase after a HI that are not

related to tbe type of lesions, GCS and GOS. It appears to be due not to a
structural damage but to a general effect of any state or condition involving

lowered directed mental activity.
Reference

I)Deutsch G., Eisenbergh HM. J. Cereb. Blood Flow & Met. 1987, Yol 7,29
34
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RELATIONSHIP OF BRAIN OXYGEN TO GCS, ICP,
CPP, AND OUTCOME IN SEVERELY HEAD
INJURED PATIENTS

Alois zauner, Egon Doppenberg, Matthias Menzel, Harold Young,
Ross Bullock

Neurosurgery, Medical College of Virginia, Virginia, USA

Introduction
Ischemia is the major cause for secondary damage after head
injury, and leads to brain swelling, edema and poor outcome.
Monitoring of ICP and CPP is often not sufficient to guide therapy
for theM: critically ill patient.s. With the devc1upmclll or fibcrupli<::
technology, continuous brain tissue oxygen (PtiO,) monitoring is
now available. We therefore conducted a study to test whether PliO,
can differentiate patients at risk for brain ischemia, and predicl
outcome.
Methods
We compared continuous PliOt to clinical parameters such as GCS,ICP, CPP and outcome. A llberoptic sensor (Paratrend 7) was
inserted into frontal cortex, via a transcranial bolt, along with a
standard ventriculostomy catheter in 43 severely head injured
patients.
Results
In patients with good outcome, PtiO, was initially low, and
progressively increased, over the monitoring period, to a "steady
state level", around 35-50 mmHg. In patients with moderate
disability brain oxygen was between 20-35 mmHg. In those who
died or remained vegetative, Pli02 fell, to anaerobic levels « 20
mmHg). Multiple logistic regression analysis showed brain oxygen
to be the strongest predictor for outcome. The diagnostic sensitivity
was 92%, and specificity was 84%. Mean brain oxygen was
significantly correlaled with the initial GCS and CPP, whereas ICP
was inversely related to brain oxygen (all p ::; 0.001).
Summary and ConclusIons
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Safety Profile of Enadolinc, A Potentiat Neuroprotective Agent

A.C. Pande and the Enadoline Clinical Study Group

Parke-Davis Pharmaceutical Research, Division of Warner-Lambert
Company, Ann Arbor, Michigan 48t05, USA

Introduction
Enadoline is a selective kappa receptor agonist which reduces the volume of
infarcted tissue in experimental cerebral ischemia in several species.

Methods
The safety and pharmacokinetic profile of enadoline are being studied in
patients with severe head injury (Glasgow Coma Scale Scores of 4-8). Blocks
of eight patients (4 OR drug, 4 on placebo) receive escalating doses of
enadoline as a continuous intravenous infusion for 12 hours.

Results
Four blocks have been completed with enadoline doses of 0.06, 0.2 , 0.6,
and 2 I'glKglhr. Three more dose levels are planned (6, 18, and 35
I'g/Kglhr), but the study may terminate earlier either if dose-limiting safety
problems arise or if the plasma enadoline concentrations reach 100-150
ng.cq/mL, the range of concentrations associated with neuroprolective effects
in the animal studies. The adverse events reported to date in this study are as
expected for this patient population. Of 34 patients, 3 have died due to brain
herniation, all deaths being considered unrelated to stud}' drug by the
investigators, Potentially significant adverse events observed in more than one
patient which are being closely monitored include marked diuresis (a known
kappa-opioid effect), electrolyte changes and liver enzyme elevations.

Swnmary and Conclusions
So far the administration of enadoline for 12 hours to head injured patients
has been well tolerated. Complete safety data will be reported and the
potential for enadoline to enter efficacy testing in head injury will be
discussed.

Enadoline Clinical Study Group: M.R. Bullock (Richmond, VA), C. Greeley
(Parke-Davis, Ann Arbor, MI), T. Harrington (Phoenix, AZ), 1. Hinton
(Parke-Davis, Ann Arbor, MI), D. Marion (Pittsburgh, PAl, 1. Pickard
(Cambridge, UK), G. Teasdale (Glasgow, UK), J. Wilberger (Pittsburgh,
PAl

Abstracts

0-6-:>1

REACTIVE ASTROCYTOSIS IN A NEW MODEL OF OBSTRUCTIVE
HYDROCEPHALUS. Martha J. Johnson, Mark G. Luciano, Igor Ayzman,
Arcangela S. Wood, James P. McAllister, II. Department of Neurosurgery, The
Cleveland Clinic Foundation, Cleveland, Ohio, USA.
In order to characterize histopathologic changes during the progression of

ventriculomegal}' and to allow subsequent correlation with functional imaging and
analysis of the efficacy of surgical treatments, we have developed a canine model
of obstructive hydrocephalus. Acute procedures on 13 animals allowed
detennination of location and size of the obstruction immediately after surgery. In
17 chronic animals, hydrocephalus was induced by injecting cyanoacrylic glue
into the fourth ventricle and the progression of ventriculomegaly was monitored
using MR!. Animals were also monitored post-operatively for neurological
changes. At 5-10 weeks post-induction, animals were perfused with fixative, and
tissue from sensorimotor cortex was processed for Nissl staining or
immunohistochemical analysis of glial fihrillary acidic protein (GFAP).
Hydrocephalus was successfully induced in 13 of 17 (76%) chronic animals. The
severity of ventricular enlargement was detennined by comparison of Evans'
ratios. Nissl staining failed to reveal any apparent changes in the white matler of
hydrocephalic animals relative to acute surgical controls. Gray maller regions
stained for Nissl substance revealed mild disorientation of neurons. However,
GFAP immunoreactivity in both gray and white matler was altered in
hydrocephalic tissue depending on the degree of ventricular enlargement.
Animals with moderate to severe hydrocephalus exhibited qualitative increases in
the number of GFAP positive astrocytes. Morphological changes were
manifested hy increased astrocyte somal size, process thickness, number, and
length. Apparent increases in the number of vascular endfeet were also observed
in hydrocephalic brains. Increases in GFAP content in hydrocephalic tissues
relative to controls strongly suggest a process of traumatic brain injury as a
function of ventricular size. The detected change may either reflect a secondary
effect of impaired neuronal function, or it may be a cellular response to direct
injury of astrocytes. In contrast to routine Nissl staining, immunohistochemical
labeling of GFAP appears to be a more sensitive indicator of histopathology
following chronic hydrocephalus. In order to further understand the
consequences of histopathological change, the occurrence of reactive astrocytosis
must be correlated with neurophysiological deficits, intracranial pressure, and
brain compliance. The large animal model of obstructive hydrocephalus
developed during this study will enable subsequent examinations of the temporal
progression of pathophysiology during ventricular enlargement, and the efficacy
of clinical intervention in reversing this process.

Support: Johnson & Johnson Professional, Inc., The Leede Hydrocephalus Fund,
and the Cleveland Clinic Foundation
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FAILURE OF TIlE COMPETITIVE NMDA ANTAGONIST
SELFOTEL (CGSl9755)

TO IMPROVE OUTCOME AFl'ER SEVERE HEAD INJURY:
RESULTS OF PHASEm TRIALS

Autbon: Bullock R, ManbaU L, Marmarou A, ManhaU S, Faleek H,
Kotake A, Setrotel Investlcaton

introduction

Glutamate antagonists are the most powerful of neuroproteclants in laboratory
studies in both trauma and ischemia models. Selfotel, a competitive glutamate
antagalist at N-methyl-D aspartate (NMDA) receptors is the first of these agents
to be tested in Phase ill clinical trials. Following Phase 11 studies in severe
ncurotrauma which demonstrated an ICP lowering effect with this agent, efficsey
studies were constJucted to lest the ability of the compound to improve outcome
(diohotanised GOS) at 6 months after severe head injury (GCS 4-8) in two large
trials (n=800). The Protocol 08 trialwas conducted in the U.S. and Israel, and the
Protocol II trial was cooducted inEurope, Argentina, and Australia. Similar trials
were commenced for ischemic stroke.

Results

AU four trialswere baited prematurely because of: I) Significant excess mortality
in the Selfotel group for both stroke trials. 2) Low probability ofdemonstrating
c:tlicacyusing cilhcr 3a- 6 tmoth GOS, in neurotrauma. Demographic and clinical
variables were well distributed between both groups. Subgroup analysis did not
dcmlnslrate baldit in any subcategory. No specific adverse events were thought
to be drug related.

Conclusion

Selfotel at 5mg per kilogram, (4 doses each 24 hrs apart,) did not demonstrate a
satisfactory risklbenefit ratio in severe head trauma. Because this compound is
~with glutamate at the receptor, and glutamate levels are elevated, up
to 50 fold a- more, in certJlin patients after severe head injury, the compound may
be unable to influence events at the receptor.
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Simuttaneous measurement of cerebral intraventricular and
subarachnoidal space pressure in patients with normal pressure
hydrocephalus (NPH).

H. Stephensen*, M. Tisell*, M. Tullberg** and C. Wikkelsii**'
Institute of Clinical Neuroscience, Department of Neurosurgery* and
Neurology**, Sahlgrenska University Hospital. Giiteborg, Sweden.

Introduction: A transmantle pressure gradient (Pgrad), with higher
pressure in the ventricles than in the subarachnoidal space has been
suggested as the cause for dilatation of the cerebral ventricles in
hydrocephalus( 1-2). The purpose of this project was to develop a
method to measure the cerebral transmantle pressure in humans.
Material and methods: The intracranial pressure was measured
simultaneously in the lateral ventricle (ICPiv) and in the
subarachnoidal space over the cerebral convexity (ICPsub), using
microsensor ICP transducers (MicroSensor"f Codman) in five patients
with NPH in connection with shunt implantation. The study was
appproved by the local ethical committee and informed consent was
obtained from the patients and their relatives. In general anaesthesia
the sensors were inserted, through a right sided frontal burr hole, near
the coronal suture. One sensor (inside a ventricle catheter) was placed
in the lateral ventricle and the other in the subarachnoidal space about
15mm in front of the burr hole. The ventricle catheter passed trough a
silicon cap that closed the burr hole. The distance between the two
sensors was 4,5cm. To document the angle of the ventricle catheter
and calculate the hydrostatic pressure difference ("'Pbydro) between
the two sensors, skull radiographs were obtained. The microsensors
were connected to a monitor and data was collected on a personal
computer using a data acquisition system (BIOPAC Systems. Inc). The
signals were sampled with 50Hz for 18-24 hours and the patients
behaviour and body positions were documented by a nurse. Thc
transmantle pressure gradient was calculated with the patients in
different positisions awake and during sleep. The pressure gradient
was calculated as Piv - Psub (corrected for "'phydro).
Results: The ICPiv and ICPsub curves were coherent and almost
identical with respect to form and amplitude. Four patients had
transmantle pressure 0±2 mmHg, the variation within each patient was
less than 2 mmHg ( most values below zero) and in one patient values
varied between -2 and -5 mmHg.
Conclusion: To measure the subarachnoidal and intraventricular
pressure simultaneously seems to be a safe and reliable method. Our
preliminary results do not indicate that the pressure in the ventricles is
higher than in the subarachnoidal space in patients with NPH.

Ref: (I) Hoff,J., and Barber,R.: Arch.Neurol,.3!: 10 I-I 05. 1978
(2) Conner,E.S.,Black.P.McL.. and Foley,L.: J Neurosurg.,61 :322-328.1984
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Pl'OlIno.l. end CSF Munt dyNamic. In PIItlent. with IdlOJNlthlc
edu" hydroc......lu••yndrom. A ......t.rm .tully.

Jan Malm', Bo Kristensen', Lars·Ove Koskinen', Markku Fagerlund'.
Tomas Karlsson4•

Departments of Neurolog/. Neurosurget)'1, Radiology}and Psychiatr/, University

Hospital, 5-901 85 Umea, Sweden.

Introduction: the outcome of surgery in patients with adult hydrocephalus
syndrome (AHS; normal pressure hydrocephalus) have fascinated many authors in
recent years. Many of these studies have been retrospective, containing mixed
cases of both idiopalhic and secondary forms of AHS, without assessment of
shunt function and have only provided information with respect to the short-term
prognosis. In two previous studies1.2, we described the short-term prognosis and
the CSF shunt dynamics in idiopathic AHS patients (IAHS). In the present study
42 IAHS patients were investigated preoperatively and 3, 9, 18 and 36 months
after the operation in order to evaluate the long·tenn prognosis.

Methods: the decision to operate was not influenced by ancillary investigations
i.e., CSF tap-test or CSF hydrodynamics but based on neuroradiologieal and
conservative clinical diagnostic criteria3• CT scan and a constant pressure infusion
method in order to evaluate shunt function were performed at follow-up visits.
Outcome measures were: gait function (blinded semiquantification of serial
videotaping of gait), cognitive performance (assessed by a comprehensive
neuropsychological battery) and activities of daily life (Barthel index).

Results and conclusion: Fortytwo patients with IAHS were included (32 men
and 10 women: 71.9±4.7 years (mean age ± S.D.)). The study was concluded
September J996. Twentythree patients completed the study protocol. I I died
(26%)(postoperative complications, I; intracerebral hemorrhage unrelated to the
shunt procedure, 4; myocardial infarction, 4; cancer, I; ruptured abdominal aortic
aneurysm, I) and another 4 patients could not be evaluated at the last follow·up
visits (major stroke, 1; severe dementia, l; patient refused. I; administrative
reasons, I). During the study period 2 patients were operated on due to subdural
hematoma. The shunt valve was replaced in four patients due to dysfunction.

Detailed long term results will be presented concerning shunt function dynamics.
complications, neuroradiology and outcome measures.

I Maim J, Kristensen B et aI. The predictive value of CSF dynamic tests in patienls with the
idiopathic aduh hydrocephalus syndrome. Archives of Neurology 1995;52:783-789.

2. Maim J. Kristensen B et at CSF shunt dynamics in palients with the idiopalhic.: adult
hydrocephalus syndrome. J Neurol. Neurosurg Psychiatry 1995:58:715-723

3. Vanneste J et aI. Shunting nonnal·pressure hydrocephalus: do the benefits outweigh the risks')
A multicenter study and literature review. Neurology 1992A2:54-59

381

0·7·43

TREATMENT OF TRAUMATIC BRAIN INJURY WITH
MODERATE HYPOTHERMIA

Donald W. Marion, M.D.; Louis E. Penrod, M.D.; sheryl F. Kelsey, ph.D.;
Walter D. Obrist, Ph.D.; Patrick M. Kochnanek, M.D.; Alan M. Palmer, Ph.D;
Stephen R. Wisniewski, Ph.D.; Steven T. DeKosky, M.D.
The Brain Trauma Research Cemer, University of Piltsburg Medical Ccmer

Background' Traumatic brain injury initiates sevcral me~1bolic cascades which
produce molecules that can secondarily increase the injury. There is evidence
that some of these deleterious metabolic responses may be limited by
hypothermia.

~ In a randomized, controlled trial, we compared the efficacy of modemte
hypothermia and normothermia in 82 patients with severe closed head injuries
(Glasgow Coma Scale (GCS) score 3 10 7). The patients assigned to
hypothermia were cooled to 32° to 33°C a mean of 10 hours after injury, kept at
that temperature for 24 hours, then rewarmed. A physiatrist unaware of
treatment group assignment evaluated the patients 3-, 6·, and 12·months later
using the Glasgow Outcome Scale.

~ The demorgraphic characteristics, mechanisms of injury, and injury
severity were similar in the hypothermia a normothermia groups. At 12
months, 62 percent of the hypothermia patients and 38 percent of the
normothermia patients had good outcomes (moderate, mild, or not
disabilities)(Ristk Ratio: 0.4: 95% confidence interval: 0.2,0.9). Hypothermia
did not improve outcomes if the admission GCS score was 3 or 4 but was
associated with significantly beltcr outcomes at 3 and 6 months among patients
with admission GCS scores of 5 to 7. Hypothermia also was associated with
significantly lower cerebrospinal nuid concentrations of interleukin·l Band
glutamate in patients with initial GCS scores or 5 to 7.

Conclusions: Moderate hypothermia ror 24 hours after severe traumatic brain
injury hastened neurologic recovery ror patients with admission GCS score or 5
to 7, and may have improved their outcome.

0·7·44

AComparative Study of tbe Spiegelberg Compliance Device
witb a Manual Volume-injection Metbod: A Clinical Evaluation

I. Piper, A, Spiegelberg, A, Bernardo, L. Mascia, D. Signorini,
LWbittle & J.D. Miller

Clinical Neurosciences, Western General Hospital, Edinburgb,UK

Introduction: Measurement of craniospinal compliance in brain injured
patients offers tbe potential for early detection of raised intracranial pressure
(ICP) before it rises to levels damaging to brain function. Despite the
benefits of compliance measurement, the usual manual injection/withdrawal
method is time-consuming and can increase the risk of infection to the
patient. A new automated method of compliance measurement has been
developed which may overcome some of tbe problems of the manual
method. We report on the results testing this new method against a manual
volume pressure response method in patients with hydrocephalus and
subarachnoid hemorrhage.
Metbods: Patients had a double lumen ICP catheter placed
intraventricularly. The outer lumen allowed CSF access and measurement
of ICP througb a fluid-filled link to an external strain-gauge pressure
transducer. The other lumen of the catheter was connected to the
"Spiegelberg Device" which could, under computer control, add or remove
known volumes of air (0.07 - O. J ml) into a small balloon situated at the tip
of the catheter wbich was also within the ventricle of the patient.
Compliance is calculated, over several minutes, from a time-average of up to
200 injection/withdrawal pulses. Each patient had compliance measured in
sequence first by the new automated method wbich was then followed by a
second set of compliance measurements using the traditional manual volume
injection/withdrawal method. Finally. a tbird set of compliance
measurements was obtained. again using the new compliance measurcment
method. Unless an obvious change in compliance occurred. the new method
compliance was calculated as the average of tbe measurements taken before
and after the traditional manual technique.
Results and Conclusions: Fourteen pairs of compliance measurements have
been obtained from 7 patients. Tbe compliance values obtained ranged from
0.152 to 1.105 mllmmHg (average of both methods). There was a strong
correlation between the two methods (r = 0.732. P < 0.001). The average
bias in compliance between the two methods was 0.105 mllmmHg witb the
old manual method underestimating compliance compared with the new
method. These results indicate the new automatic method of compliance
measurement does correlate well with an independent measure of
compliance and defines tbe bias and limits of agreement by which the new
method measures craniospinal compliance.
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A NEW, PRACTICAL CLASSIFICATION OF TRAUMATIC
SUBARACHNOID HEMORRHAGE

GF Morris, LF Marshall; University of California at San Diego, USA

Introduction: Traumatic subarachnoid hemorrhage (tSAH), an IOcreasingly
recognized concurrent intracranial diagnosis, demonstrates a distribution of
blood that is markedly different from nontraumatic SAH. This study serves to

identify patterns of tSAH and their relationships to outcomes. allowing
definition of a predictive classification specific to tSAH. Methods: Fifty-one
centers from II countries collaborated in prospective data collection of 404
adults with severe head injury (GCS 4-8), who were then followed for six
months. The initial CT scans were re-examined, characterizing tSAH by site
and quantity. Outcomes were evaluated using the Glasgow Outcome Score
(GOS). Favorable outcome includes GOS of good or moderate. Results:
Patients with tSAH (n=317) had 26% mortality, those without tSAH had 13%:
likewise, those with tSAH had 51 % favorable outcome, those without tSAH
78% (p<O.OOI). When tSAH occurred at an isolated site (n=158), mortality
was 18% and favorable outcome 59%. The location of the site did not result in
variation. If the site of tSAH had such a large quantity of blood as to fill tbat
structure or if there were two nonfilled sites of tSAH (n=85). mortality was
25% and favorable outcome 51 %. The presence of tSAH at tbree or more sites
(n=59) resulted in a 44% mortality, and 280/c favorable outcome. Tbe
combination of two sites of tSAH including the tentorium filled witb
hemorrhage (n=169) produced mortality of 31 o/c and favorable outcome of
44% (74). Discussion and conclusions: The presence of tSAH results in a
significant difference in both mortality and favorable outcome. The patterns of
distribution and quantity of tSAH vary. The number of sites displaying tSAH
has a direct relationship with outcome. When filled with blood. and in
combination with another site of tSAH. the tentorium has a worse prognosis.
We propose a new, simple, graded classification of tSAH, allowing rapid
classification using initial CT scan. and providing information to aid 10

accurate outcome prediction. Table I.

Table I: Classification of Traumatic Subarachnoid Hemorrhage

CT Scan Findings
Grade 0 No CT evidence of traumatic subarachnoid hemorrhage (tSAH)
Grade I tSAH present only in one location
Grade 2 tSAH present at only one location. but quantity of blood fills that

structure OR
tSAH is at anv two sites, filling neither of them

Grade 3 tSAH DreSenl al two sites, inc1udinsz the tentorium filled with blood

Grade 4 tSAH oresent at 3 or more sites, any quantity

0-8-50

DETECTION OF SECONDARY ISCHEMIA IN PATIENTS
WITH SUBARACHNOID HEMORRHAGE (SAH) USING
INTRACEREBRAL MICRODIALYS (MD) MONITORING,

P Enblad l , J Valtysson l ,2, J Andersson4, A Lilja4• B UngstrOm4, L
Hilleredt.3, L PerssonI

Depts of Neurosurgeryl, Anaesthesiology2, Clinical Cbemistry3, University
Hospital, and Uppsala University PETCentre4, Uppsala, Sweden

Introduction
The aim of the study was to evaluate intracerebral microdialys as an
monitoring instrument for identification of secondary brain iscbemia in
patienlS with severe SAH.

Patients and Methods
Ten patients with severe SAH were monitored by intracerebral MD during
operation and neurosurgical intensive care (NlC). The levels of the energy
related metabolites (lactate, lactate/pyruvate ratio, glucose, hypoxanthine) and
excitatory amino acids (EAAs; glutamate, aspartate) were analysed in the MD
dialysates. The MD data was compared with other indirect signs of secondary
ischemia, Le. clinical course including secondarycomplications, cr findings
and clinical outcome_ In six of the patients, positron emission tomography
(PET) measurements of rCBF, cOER and rCMR02 was perfonned and
compared with MD.

Results
The extracellular fluid levels of lactate, lactate/pyruvate ratio, glucose,
hypoxanthine, and glutamate appeared to be useful markers of secondary
ischemia. When the sensitivity and specificity of the chemical substances in
MD dialysates with regard to ischemia disclosed by PET was calculated, the
lactate/pyruvate ratio sbowed both the highest specificity and sensitivity.

Conclusions
Intracerebral MD may serve as an instrument for identifying secondary
ischemia during aneurysm surgery and NIC of SAH patients. The
Iactate/pyruvate ratio is one possible marker of secondary ischemia which can
be used in the clinical setting.
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Identification of the Compartment Responsible for Traumatic
Brain Swelling using Simultaneous Measures of Blood Volume,
Brain Tissue Water and Diffusion Weighted Imaging in Head
Injured Patients

Marmarou A., Fatouros P., Bullock R., Barzo P., Yamamoto T., Bandoh K.,
Yoshihara M., Doppenberg E., and Young H.

Division of Neurosurgery, Medical College of Virginia, (U.S.A.)

Introduction: The compartment primarily responsible for traumatic brain
swelling and subsequent rise of ICP remains unclear. Both vascular engorgement
(CBV) and increased brain water (BW) have been implicated but heretofore
simultaneous measurement of CBV and BW in Head Injured patients has not been
possible. The objective of this study was to compare changes in blood volume
and brain water in head injured patients to determine their relative contribution to
the swelling process. A second objective was to determine if the developing
edema was primarily extracellular or cellular using diffusion weighted MRI.

Methods: Severely brain injured patients (GCS<8, n=60) were transported to
imaging facilites for non-invasive measure of brain water and cerebral blood
volume and flow within 72 hours of injury. Brain water was measured by
Obtaining "water maps" of the brain and calculating the global water content
expressed in gm/h20 per gm tissue. Diffusion weighted images were also obtained
for calculation of the apparent diffusion coefficienl. Cerebral blood volume was
measured by indicator dilution techniques utilizing cr which involved measure of
both transit time and cerebral blood flow.

Results: Studies, approved by an internal review board, were conducted with no
complication to the patient. MR determined water values showed an increase in
brain water in head injured patients which averaged +1.0+/- I.7lsd gmH20/gm
tissue and ranged from (-1.37 to +5.62). The corresponding measures of blood
volume were reduced and averaged (- 0.98 +/- 1.46 mlllOOgm) , ranging from
(+2.94 to-3.03). The percentage brain swelling based on the developed edema
averaged 5.2 +/- 9.2 and shrinkage due to blood volume decrease 1.0 +/- 1.5 %.
Diffusion weighted images indicated that a signficant edema component was of
cellular orgin. As stable patients with low ICP were selected for study, correlation
of swelling to percent time> 20 mmHg in this cohort was poor.

Conclusion: Brain edema is the predominant cause of traumatic brain swelling.
The magnitude of swelling by water volume requires compensation by reduction
of blood volume as observed in these studies. The observation that a significant
edema component was cellular implicates neurotoxic mechanisms.

0-9-56

NON -INVASIVE ASSESSMENT OF CEREBRAL PERFUSION
PRESSURE

Basil Matta'" Marek Czosnyka, Piotr Smielewski ,Peter Kirkpatrick,
John D, Pickard

University Department of Anaestbesiology and Academic Neurosurgical Unit,
Addenbrooke's Hospital, Cambridge, U,K

&u:kground: The non-invasive assessment of cerebral perfusion would be helpful
for clinical practice. However, formulae introduced by Aaslid I. based on a the
waveform of transcranial Doppler blood flow velocity, have a prediction error of
+/- 25 mrnHg '.

Method: We developed a new simple estimator of CPP (eCPP) calculated using
mean arterial pressure and TCD mean and diastolic flow velocity. The estimator
was verified using continuous monitoring over controUed periods (20 minutes to 2
hours) of ICP, arterial pressure and MCA blood flow velocity in a group of %
severely head injured patients (nearly 400 examinations).

Results: eCPP correlated better with real CPP than the estimator proposed
previously I (r-0.62 and r-0.39 respectively). In 68% of examinations an
estimation error was less than IO mm Hg and in 79% less than 15 mrnHg . Low
estimate of CPP (eCPP<6Q mrnHg) had a high sensitivity for reduced CPP
(CPP<60 mrnHg; %%), but specificity was low (52%). The most important
feature of eCPP was that it was reactive to real changes in CPP (r-0.92;
p<O.OOOI) in situations such as plateau and B waves of ICP, refractory
intracranial hypertension, arterial hypotension and hypertension.

Conclusion: The estimation of the absolute value of CPP is possible, however
aa:uracy is still limited. The estimated CPP can be used in aU situations where
continuous monitoring of relative changes in CPP is required without invasive
measurement ofICP.

l.Aaslid R, Lundar T, LindegaardK-F, Nomes H: ICP VI, P 226-229, 1986
2.CzosnykaM, Kirl<patrick P, Guazzo E, Smielewski P, Whitehouse Ii. Pickard
JD: ICPIX, p 146-149,1994
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An exploratory analysis of the impact of pretreatment values of
intracranial pressure, arterial blood pressure and cerebral perfusion
pressure on outcome in patients with traumatic subarachnoid
hemorrhage: a comparison between nimodiplne and placebo.

Torreman. M.• Heininger K., Armah, B.. Kuebler J. Bayer Research Center, Wuppertal.
Germany.

The calcium antagonist nimodipine has been investigated in patients with traumatic
subarachnoid hemorrhage (tSAH). Xx beneficial effect on outcome at 6 months in this
patient group compared to placebo has been described in the past (l).
The aim of this anlaysis was to investigate the impact of pretreatment values of age.
intracranial pressure (lep). arterial blood pressure (BP) and cerebral perfusion pressure
(CPP) on outcome at 6 months in SAH patients receiving either nimodipine or placebo.
From the HIT J·iii studies all patients with tSAH as confirmed by a review committee
evaluation were selected. The resultant combined study population of 449 patients (213
nimodipine. 236 placebo) was used for this analysis. The dichotomized GOS ("favorable
outcome": GOS J-2; "unfavorable outcome". GOS 3-5) at 6 months after onset of
treatment was used as outcome measure. The statistical methods used were descriptive and
exploratory, not allowing hard statistical statements. Yet, it allowed some insight in
the effects values of these parameters in certain ranges had on outcome both in the
placebo and nimodipine group. Ranges for the different parameters not described below
were difficult to interpret due to the small number of patients (indirectly shown by larger
log odds ratios).
Results: Age: From 20 . 80 years the percentage of patients with favorable outcome
slowly decreased in the placebo group. Although, nimodipine shows a beneficial effect
compared to placebo in the whole range, this therapeutic effect is most evident below 45
years. It seems to peak in the range 30 - 40 years.
BP: For pretreatment systolic SP values outcome in the placebo group seems rather
stable in the range JOO . 150 mmHg (30.40% having favorable outcome at 6 months). In
the nimodipine group the largest beneficial effect seems to occur around 100 mmHg with
a decrease towards ISO mmHg. A similar effect is seen for diastolic HP. In the placebo
group outcome in the range 50 - JJO mmHg (about 40% having favorable outcome at 6
months) seems rather stable. In the nimodipine group the largest beneficial effect seems
to occur around 50 mmHg with a decrease towards 110 mmHg.
ICP: [n the placebo group the percentage of patients with favorable outcome steadily
decreases (from about 55% to 20%) for pretreatment ICP values in the range of 0·30
mmHg. Afler peaking around 30 mmHg the difference between nimodipine and placebo
decreases slowly.
CPP: [n the placebo group the percentage of patients with favorable outcome increases
more or less steadily for pretreatment CPP values in the range 50-90 mmHg. The
beneficial effect of nimodipine seems to manifest across lhe whole range of 50 - 90
mmHg.
Conclusion: Although no hard conclusions can be drawn from [his analysis due to the
statistical technique used (descriptive and exploratory). this technique may allows to get
some insight in the effects certain pretreatment parameters have on outcome by showing
trends. It permits to delineate a pattern of predictors of favorable OUlcome in patients
with tSAH treated with nimodipine.
References: (I) Harders. A. Et al I Neurosurg 85.82-89. 2996
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CEREBRAL HEMODYNAMICS CHANGES DURING AND AFTER
RETROGRADE CEREBRAL PERFUSION

Alexander Y. Razmnovsky, Flaine E.Tseng, William A. Baumgartner.
Daniel F. Hanley

The Johns Hopkins University, Baltimore, MD_ USA

Introduction
Early clinical and experimental data show better brain protection during
hypothermic circulatory arrest (HCA) with retrograde cerebral peJfusion (RCP)
than HCA alone. However, the changes in cerebral blood flow leading to
repeJfusion injury are not well understood. In this study our aim was to describe
cerebral hemodynamics changes during and after HCA with RCP io dogs.
Methods
An established canine model of HCA was used. Eight colony bred hound dogs,
seven to nine months old, 25-30 kg, were placed on closed cbest nonpulsatile
cardiopulmonary bypass (CPB), cooled down to 18OC. and underwent two bours
of HCA with RCP through bilateral internal maxillary veins. The animals were
then rewarmed on CPB until normothermic and weaned off. The animals were
sacrificed at two hours after CPB. The right middle cerebral artery (MCA)
cerebral blood flow velocity (CBFV) and Gosling Pulsatility Index (PI) was
studied using a transcranial Doppler (TCD) technique. All data are expressed as
mean ±standard deviation. Means were compared using the student t-test
Results
Atbaselineand during pre- and post-arrest CPB there was anterograde direction
of blood flow in the MCA. During HCA with RCP there was relrograde
direction of blood flow in the MCA. There was no difference in CBFV between
CPB (18.1± 8.9 cm/sec) and HCA with RCP (CBFV = 12.6 ±3.8 cm/sec),
p=0.098. There was a difference in CBFV betweeu baseline (29.7 ± I I em/sec)
and at all timepoints during HCA with RCP. After post-arrest CPB there were
TCDwave fonn changes that were consistent with increased ICP (decreased
diastolic compartment, and sharp systolic peak). as well a significantly increased
PI (2.4±0.9) compared to the baseline (0.8±0.3). p=O.0042.
Summary and Conclusions
The retrograde cerebral peJfusion provides MCA CBFV that is comparable with
the MCACBFV during cardiopulmonary bypass. Differences in patterns of
brain perfusion can not be assessed with CBfV. Our results suggest that after
relrograde cerebral perfusion, a rising pulsatility index and TCD wavefonns
changes may correlate with increasing ICP that could lead to a severe reduction
in cerebral peJfusion.
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Reduction of Hyperglycolysis Following Fluid Percussion Brain Injury
Increases Cell Deatb. Hovda,DA, von StOck,S., Hufford,A., Glenn,T.,
Palel,A., Martin,N., and Becker, D.P. Div. Neurosurg. and the Depts. Surgery
and Mol. and Med. Phann., UCLA Sch. of Med., Los Angeles, CA 90095
6901, USA
Introduction: Following traumatic brain injury cells that are not
biomechanically and thereby irreversibly damaged, are exposed to an increase in
extracellular K·'. In the cells' effort to reestablisb nonnal ionic-membrane
homeostasis Na+/K+ pumps are activated. These pumps require ATP derived
from glucose metabolism and the increase in this fuel consumption has been
described in both animal' and human 'traumatic brain injury. To detennine the
significance of this injury-induced hyperglycolysis in tenns of cellular survival,
Ihis metabolic process was restricted in situ and the effect on histological
outcome was assessed.
Metbods: Under ethrane anesthesia (2ml/min) male Sprague-Dawley rats were
implanted with cerebral microdialysis probes posilioned -3 AP and +6 ML to
bregma at a depth of 3mm below the cortical surface. Ringers lactale or 2
deoxy-D-glucose (2DG) was infused through the probe (2f1l1min for 30 min).
Following this period of dialysis, animals sustained either a lateral fluid
percussion or sham injury. For fluid percussion the injury cap was positioned
directly overthe site ofdialysis and a mild (1.35-1.45 ATM) level of percussion
was induced. After the injury, animals were allowed to survive for 17 days at
which time they were euthanized with Nembutal, the brain perfused and
processed for cresyl violet histology (20 flm coronal sections). The extent of
contusion fonnalion was drawn under a projection microscope and the volume
of injury around the probe was calculated.
Results: The volume of tissue found the dialysis probe which exbibited cell
loss ranged from .024-.637 mm in sham injured animals who were dialyzed
with 2DG. Animals who received an lateral fluid percussion injury and received
ringers lactat~through the probe exhibited a volume of cell loss ranged from
.389-.489mm . In contrast animals who received a lateral fluid percussion
injury and received 2DG through '1'e dialysis probed exhibiled a volume ofcell
loss ranging from .806-1.166 mm
Discussion: These data suggest Ihat the hyperglycolysis following experimental
traumatic brain injury is a fundamental component of the cellular response for
survival.
Supported by NS30308 and the Lind Lawrence Foundation
References:
I. Katayama, Y., et al. 1. Neurosurg. 73, 889-900 (1990).
2. Yoshino, A., et al Brain Res. 561, 106-119 (1991).
3. Bergsneider, M., et al. 1. Neurosurg. (1996).

PO-! -001

ICP MONITORING DURING PERClITANEOUS
ENDOSCOPIC JEJUNOSTOMY (PEl) EARLY AFTER
SEVERE HEAD INJURY

Michael W. deBoisblanc and Anthony P Borzotta

Trauma Service, Legacy Emanuel Hospital; and Department of
Surgery, Oregon Health Sciences University, Portland, Oregon

Introduction
The benefits of early enteral f""ding after major Iraurna are well
established. The use of PEl tubes following acule head injury
has been described, but the effect on inlracranial pressure (lCP),
especially if done early in the course of care, is unclear. We
hypothesized that PEl could be safely donc early after severe
brain injury.
Methods
Prospective observations on ICP. cerebral perfusion pressure
(CPP), mean arterial pressure (MAP), sedation and duration of
procedure were gathered on 25 patients with GCS~8 and ICP
monitors. PEJ was donc in the intensive care unit using
parenteral sedation and occasionally neuromuscular blocking
drugs. There were 19 men and 6 women of average age
29.5:!:12.4 years. Baseline values were averaged over 3 hours
prior 10 PEJ, and observations were made al each phase of the
procedure and every five minules following entubation.
Results
PEl was done on post-injury day 2.8:!:1.2 (range I to 6).
Procedure time from entubation to pull-out was 35.6:!:14.1
minutes. One case was aborted due to inability to transilluminate
the abdomen (96% success rate). Baseline ICP was 14.4:!:6.6
mmHg; ;baseline CPP was 80.2:!:7.9 mmHg. Peak fCP usually
occurred during entubation (22.5:!:9.5 mmHg) and averaged
16.6:!:7.5 mmHg overall, but CPP was essentially unchanged at
78.6:!:g.4 mmHg.
Summary and Conclusions
PEl tube placement can be perfonned early after severe closed
head injury with a small, transitory rise in ICP. More
importantly, CPP was maintained at nadir levels above 67
mmHg. Perfonnance of PEl in the lCU is 96% succcssful in a
short period oftime, with safety, cost and efficiency advantages.
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TREATMENT OF SEVERE BRAIN INJURY BASED UPON CEREBRAL
BLOOD FLOW

James Sreman, Paul Tompkins, FA Stevens, and L. Philip Carter

Department ofNeurosurgery, University ofOklahoma, HSC, Oklahoma City, OK

INTRODUCTION
The severely head injured patient is currently treated by monitoring intracranial
pressure (ICP) and attempting to keep cerebral perfusion pressure (CPP) over
7OmmHg. This presumes that cerebral blood flow (CSF) will be best maintained
by controlling CPP. There is, however, a wide variation in CSF in head injured
patients. We have therefore attempted to base our therapy on CSF, at the same time
monitoring ICP and maintaining adequate CP1'. We currently employ a
commercially available thermal diffusion CIlF monitor (Flowtronics, Phoenix, AZ).

METHODS
After reviewing the CT scan ofhead injured patients, intracranial pathologies (if
present) are treated surgically. The thermal diffusion sensor is then placed over a
normal appearing cortex. Ifno surgical lesion is present, the sensor is placed over a
relatively nonnal frontal lobe. lCP, mean arterial blood pressure (MABP) and
oxygenation are also monitored. Normal CSF is in the order of 40-70 mlllOOgmi
min. When CSF is below 40, we attempt to maximize flow by improving CPP
through either reducing ICP or giving mannitol to improve the microcirculation. To
augment this eflect, blood volume and MABP are carefully controlled. If CSF is
over 70, then hyperventilation and early barbiturate coma may be used to reduce
blood flow and prevent development ofmalignant cerebral edema.

RESULTS
Preliminary measurement ofCSF was made in 6 head injured patients with Glasgow
Coma Scores of4-6. Average CSF values were obtained pre- and post treatment.
Of the three patients treated for low CSF, two showed good response to volume
expansion (16 pre, 42 post and 18 pre, 36 post, mIlIOOgmlmin). One patient
treated with mannitol showed no change in CSF (remained 29 mill OOgmlmin). Of
three patients treated for high CSF, one showed no response to sedation (76
mlI100gmlmin throughout), one showed moderate response to barbiturate therapy
(96 pre, 86 post, mill OOgmlmin), and the third showed good response to barbiturate
therapy (95 pre, 49 post; mIlIOOgmlmin). There were no infectionsand no episodes
ofmalignant cerebral edema.

SUMMARY and CONCLUSIONS
Treatment based on CSF is safe and may aid in preventing the development of
malignant cerebral edema. It is obvious that larger groups are necessary, and data
collection is continuing.

PO-l -003
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EFFECT OF TROMETHAMINE (THAM) ON BRAIN TISSUE-PO"
-PCO" AND -pH IN SEVERELY HEAD·INJURED PATIENTS.

Karl L. Kiening, Asita S. Sarrafzadeh , Tillman F. Bardt, Roger HMrtl,
Andreas W. Unterberg, and Wolfgang R. Lanksch.

Department ofNeurosurgery, Virchow Medical Center, Berlin, Gennany.

Introduction
The buffering agent trometharnine (THAM) has been shown to ameliorate
intracellular brain acidosis and to reduce cytotoxic edema (I). Moreover,
THAM reduces intracranial pressure (ICP) (2). Purpose of this study was to
assess effects on invasively measured brain tissue-PO, (PliO,), -PCO, (PliCO,)
and pH (lipH) during application ofTHAM in severe head injury (SHI).

Material and Methods
12 patients with SHI (Glasgow coma score'; 8) were prospectively studied.
Multimodal computerized monitoring was carried out measuring mean arterial
blood pressure (MABP), ICP, cerebral perfusion pressure (CCP), end tidal CO,
(ETCO,), PliO" PliCO, and lipH (Paratrend 7 system). THAM was given in a
dosage of I mmollkg b.w. over 20 minutes. Arterial blood gas analyses were
taken at baseline, 15, 30 and 45 minutes after start of infusion. 31 THAM
dosages (2-4/patient) were followed from day I to day 10 posltrauma.

Results
Compared to baseline, THAM application led to a significant reduction in ICP
(t.8±I,8mmHg), ETCO,,(t.3±O,6mmHg), liPCO, (t.2±I,7mmHg), and arterial
PCO, (t.3±O,8mmHg) and significant increase in lipH (t.O,03±O,03) and apH
(t.O.07±0,0I). PliO, always decreased (t.5±3mmHg) despite of the increased
CPP. Maximal effects were observed at 15 min post baseline.

Conclusions
Application of THAM improves ICP, CPP and parenchymal acidosis but even
impairs cerebral oxygenation. The reduction in PliO, may be due to cerebral
vasoconstriction induced by alkalosis and consecutively reduced cerebral blood
flow.

References
J. Kitaoka, el ai, Intracranial Pressure IX, pp 421-424, 1994.
2. Rosner, Becker, J Neurosurg 60:961-971,1984
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Effect of antihypertensive substances on regional cerebral blood now
(CBF) and intracranial pressure (lCP)

A.Hartmann, C.Dettmers, T.Rommel, Z.Cernizki
Neurologische Univ.-Klinik Bonn, 53105 Bonn, PRG

SJ02 was constantly greater than 60% in every patient.
Summary and conclusions
a) Since with this technique artificial ventilation can be maintained during the
whole procedure, aresonable control of pC02 is achieved.
b) TLT, even without 10weringCPP, causes an ICP rise. Therefore the indication
toperfonn a tracheostomy, including TLT, should be carefully weighted in any
patient with unstable ICP.
References
I)Fantooi A.8th Congress European I.C.M.. May 1995
2)Venkatesh B.Critical Care Nurse 4: 19-27,1995

ICP AND CPP DURING TRANSLARINGEAL TRACHEOSTOMY
(TLT) IN NEUROSURGICAL PATIENTS.
Parma A, Songa V,Lamperti M and Stocchetti N.
NeuroICU OspedaleMaggiore Policlinico IRCCS Milano Italy
Introduetion
Tracheostomy is frequently necessary in the management of comatose patients
with severe brain damage. TLT Iw been introduced as an allemative to 8IaIldad
surgical tracheostomy because it is safe and easy to be perform (l)'we
investigated the effect of this procedure on ICP and CPP in onIer to assess its
safety for neurosurgical patients.
Methods
We prospectively studied IO patients with acute brain damage (median GCS 5)
who underwent TLT. ICP, MAP, CPP, Jugular pressure (Pj), internal jugular
saturation (Sj02), respiratory and heDlodynamie parameters were monitored at 7
different points; arterial blood gases were continuously momtored with PlII'lIIIeDd
(2). All patients were sedated, parnlyzed and ventilated. Moderate hypocapnia
(mean PC02 33.19±4.47) was induced.
Results
4 TBI, 3 SAH, 3 brain tumors were studied.Main parameters are reported in the
following table:

ICP MAP CPP

1) Baseline 10 ±.S 90 ±.13 79 ±.J3
2) Induction anesth 12 ±.7 82 ±.IS 74 ±14
3) Reintubation 13 ±.7 103 ±.38 96 ±.38
4) Tracheal puncture 14 ±.S 92 ±.29 86 ±.34
5) Cannula placement 18 ±.9 100 ±.19 87 ±.33
6) Stop anesthesia 15 ±.8 93 ±.34 90 ±.34
7) Control 16 +9 87 + 11 73 +12

pC02
37 ±.4
31 ±.4
32 ±.6
33 ±.4
35 ±.S
33 ±.S
31 +6

pJ
8±.4
12 16
II ±.4
10 ±.S
10 ±.S
8±.6
9+4

Introduction Reduction of art.blood pressure (aBP) reduces CBP if
autoregulation is impaired.If the drugs to reduce aBP results in
vasodilatation of the intracerebral vessels, ICP might increase and
neutralize the decrease of peripheral resistance. This may further impair
tissue perfusion.
Material and Methods Animals: Effects of the antihypertensives
Sodiumnitroprusside (SNP), Nitroglycerine (NG) and Trimethaphan
(TM) on CBP and ICP have been studied in baboons. ICP was increased
by a subdural balloon.
Patients: Effects of Nifedipine and Urapidil on CBP have been evaluated
in patients with acute stroke.
Results Animals: During normal ICP all substance decrease aBP with no
effect on CBP,if mean aBP was kept above 70mmHg. Only SNP and NG
increase ICP slightly without a significant effect on CBP. If ICP is
increased by inflating the subdural balloon above 20 mrnHg, both SNP
and NG increase ICP further with subsequent reduction of CBP by a
maximum of 35%. TM did not increase ICP and did not affect CBP
within the limit of normal autoregulation. CO,-reactivity was affected
again only by SNP and NG.
Patients: In patients with acute infarcts to the brain and increased aBP at
the time of the measurement the effect of Nifedipine and Urapidil on
CBP have been evaluated. CBP was measured with the iv Xenon"'·
technique. Both Nifedipine and Urapidil led to a repeatable decrease of
aBP. In the area of infarct with low CBP both substanCes provoke a
further decrease of CBP. This was also observed in perinfarct tissue by
adminstration of Nifedipine but not by Urapidil. The contralateral
hemisphere was not affected by both substances.
Conclusion: Antihypertensive drugs with direct vasodilating effects may
increase ICP and thus decrease tissue perfusion. Urapidil and Nifedipine
may decrease CBP in the focal ischemic area, but the CBP reducing
effect in the periinfarct tissue has been observed only by Nifedipine.
From this point of view substances like Trimetaphan and Urapidil stem
to be safer drugs than others to reduce hypertension in the acute state of
cerebral ischemia.
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Evaluation of Cerebral Oxygenation at High Arterial P02.

Bruzzone P.. , Bellinzona G., Imberti R, Pugliese R.($), Ilardi M.,
Ticozzelli G., Raimondi M., Dionigi RY.

2nd Anaesthesiology Service, IRCCS Policlinico San Malteo, Pavia;
S Neurosurgical Clinic, University ofPavia..

INTRODUCTION Preservation of cerebral oxygenation can be regarded as
the main purpose treating Severe Head Injured (SHI) patients. We studied
the effeels of large changes in arterial P02 on oxygen partial pressure of
brain tissue (Pbr02) and on parameters commonly derived from jugular bulb
blood gas analysis.
METHODS In 10 patients with SHI (GCS<=8), Pbr02 (Licox GMS),
arterial and jugular bulb gas analysis (ABU and OSM3 Radiometer) were
recorded during changes of Fi02 in a wide range (30-100%). Data (N=235)
were c1assifled in 4 classes on the basis of Pa02 (80-150,150-250,250
350,>350). Analysis ofvariance was applied to study the effects of Pa02 on
mean value of Pbr02, Sj02, CE02, artero jugular difference of CO2 and of
oxygen content.
RESULTS Data are displayed in the table. A displacement of the symbol X
denotes a significant difference between classes (p<O.OOI).

classes Pa02 se Pbr02 se . Sj02 se "
1 105.71 2.01 27.74 1.07 X 71.15 1.09 X
2 184.19 4.66 31.53 2.03 X 70.95 2.05 X
3 302.97 6.52 43.88 4.60 X 77.13 1.17 X
4 427.84 9.90 52.60 5.32 X 78.93 2.54 X

classes CE02 se " Dai02 se " DaiC02 se "
1 27.19 1.06 X 4.84 0.18 X 6.89 0.89 X
2 28.51 2.02 X 5.14 0.33 X 6.94 0.46 X
3 22.33 1.42 X 4.57 0.24 X 7.07 0.49 X
4 20.89 2.51 X 4.71 0.41 X 8.08 0.56 X

" multIple range analysIs for group homogeneIty.

CONCLUSION Pbr02 shows a clear dependence on Pa02 especially when
it is over 200 mmHg, the same behaviour is observed with jugular bulb
oxygen saturation and with the derived parameter CE02. However if
artero-jugular differences for 02 and C02 are considered no relevant
changes are observed indicating that the overall cerebral oxygen extraction
and cerebral blood flow remain quite constant. At Pa02, over 200 mmHg
adequacy of global cerebral perfusion and oxygen availability should be
evaluated by means of artero jugular differences.

P - 1 - 011

MANNITOL FOR RESUSCITAnON IN ACUTE HEAD INJURY EFFECTS
ON CEREBRAL PERFUSION AND OSMOLALITY

John AMyburgh, Stephen BLewis

Intensive Care Unit and Department ofNeurosurgery Royal Adelaide Hospital.
South Australia

Introduttion
The theoretical beneficial effects of mannitol in head injury relate to changes in
cerebral blood flow ratber than osmotie dehydration provided cerebral perfusion is
maintained. Resultant hyperosmolal states and hypelViscosity due to mannitol
overdose will negate these effects, particularly if cerebral hypoperfusion due to
hypovolaemia ensues

Methods
This study retrospectively reviewed the indications for and dosage of mannitol
during the period from resuscitation to admission to leu and commencement of
neuromonitoring in patients with severe closed head injury (C,cS<8) over a 24
month petiod. Effects on osmolality, initial cerebral perfilsion pressure (CPP) and
jugular venous saturation (Sj02) were compared to patients who did not receive
mannitol for the first 24 hour petiod in ICU

Results
Forty patients were reviewed" 19 who received mannitol were subdivided into two
12 month periods. Two of these patients had lateralizing neurological signs or
witnessed deterioration; 17 received empirical mannitol There was no difference in
initial GCS or demographic,

Mean dose Osmolality CPP ICP SjO,
g mosmoIlI mmHg mmHg %

Total Mannitol 19 47.4 293 66 16 64
Mannitol 1994 10 28 284 72 14 63
Mannitol 1995 9 68.8 304 59 18 65
No mannitol 21 0 279 71 17 67

No difference in 6 month Glasgow Outcome Scores between groups was
demonstrated

Conclusions
The empirical overuse of mannitol is common. Mannitol did not exert any
beneficial effect on CPP, [CP or SjO, in the initial phases of management Larger
doses (>20g) are associated with increased osmolality which may reduce CPP
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ANTlOXJDATlVE PROPERTIES OF NIMODIPlNE IN THE INTENSIVE
CARE OF NEUROSURGICAL PATIENTS

Valery Amcheslavski I. Grigory Toma '. Maria Demchuk 2, Ivan Savin I

I Department of Intensive Care and 2 LaboralOry of Biochemistry Burdenko
Neurosurgicalinstitlile. Moscow. Russia

Introduction
Brain edema (BE), belongs to one or the most severe complications of
postoperative period in neurosurgery_ It is well known, that activation oflipid
peroxidation (LP) plays an important role in the pathogenesis of BE [I). That's
why antioxidants are traditionally used in BE therapy [2lThe aim of our work
was to investigate the antioxidant propertie~AP) ofNimodipine (Nimotop-S) (N)
and the possibility of its usage in the lreatment of neurosurgical patients with BE.

Metbods
The indications to N administration \vere the following' 1) the severe condition of
the patient (8-9 GCS); 2) CT- examination, shov"ing BE without haemorrage into
the operative wound or subarachnoid space; 3) laboratory investigations revealing
activation of LP. We estimated the level of one of the most stable LP products
MDA and IOtal AOA in blood: a)before the N injection; b) an hour after the start;
c) 24 hours after the start of treatment. 124 examinations were made 1-5 days after
surgery in patients with gliomas of large hemispheres.for determination of AOA
of drugs and blood serum we worked out a nev" modification of the model system
where alcohol-water emulsion of linolenic acid was the subslrat of oxidation [31.

Results
In the experimelllal conditions it was found out. that N possessed high AOA (20
mg N revealed 87% AOA). In clinical investigations improvement of neurological
functions \,I.,'as observed in 90% of patients. Biochemically- revealed stable
decrease in MDA content in dvnamics 12.7 ±O. 7 nmoIlml: i,7 ± 0,3 mnol/ml: U
= 0.22 nmol/ml):(p<O,OI I. I~crease of lotal AOA was observed in all hlood
samples (70±0,6%; 88±4.9%; 94±7.2%; p<O.Ol). So the main result of our
investigations is the discovery of the AP of N. previously unknown.

Summary and Conclusion
Influence of Non LP in vitro and in vivo examinations was investigated. High AP
of N were found in experiments on the model system. These AP were also
confirmed by patients with BE and allowed us to reconunend it for the treatment
of BE in neurosurgical patients. The advantage of N. is the possibility of its
controlling intravenous administration.

R~rerences

(I) Ikeda Y., Andersen D.M. Neurosurgery 24: 679-685. 1989
(2) Chan P.H..Longer S.. Fishman RA Ann Neurol 21: 540-547, 1987
(31 Promyslov M.Sh .. Demchuk M.L. Vopr Med Him 36: 90-92,1990

P -, -013

CHANGES IN CEREBRAL BLOOD FLOW SECONDARY TO HEAD ELEVATION

MJ Souter", L Mascia ••, M A1varezt, PJD Andrews·.
("University of Edinburgh, Scotland; "University orBari, Italy; fHospital Mutua de

Terrassa, Ban:elona, Spain)
Introduction
Optimal positioning of the head injured patient is unresolved. Previous studies
have examined changes in intracranial pressure([CP) and cerebral perfusion
pressure(CPP) to assess the optimum position(I). Only I study to date has
examined cerebral blood flow with changes in posture in neurotrauma(2).
Methods
We measured cerebral blood flow on 20 occasions in 15 patients with acute
brain injul)'(GCS<8). At each occasion, CBF was measured twice - with the
patient nursed at 30 degrees and then at zero degrees of head elevation. •
measurements were performed with the use of Xenon 133, and 12 by the use ofa
modification of the Kety-Schmidt technique. Mean arterial pressure (MAP)
was zeroed at the pinna prior to the measurements.
Results
The change in posture from 30 degrees to zero degrees was accompanied by an
average increase in cerebral blood flow of 4.61 mlsllOOgimin (SEM 2.7) which
comprised an average increase of 17.7% (SEM 8.4%). There was an average
increase in MAP of21 mmHg (SEM 1.4). ICP increased by an average of 5
mm Hg (SEM = 0.9) and the overall change in CPP = 14 mm Hg (SEM = 2).
Lactate and o'1'gen were measured from arterial and jugular cannulae with
each CBF measuremenl. The overall change in arteriovenous lactate
difference (AVDL) was a minimal increase at 0.04 mmolslliter. The change in
arteriovenous oxygen content (AIDO,) was also minimal at 0.01
micromoleslliler of a decrease and the lactate/oxygen ratio was slightly
increased by 0.0 [. Examination of individual changes revealed a large degree
of variability with some patients experiencing increases in CBF and 7
e.xperiencing decreases in CBF. Three of those decreases were detected with
the Xe 133 method and the other four were detected via the Kety-Schmidt
technique. Both increases and decreases in CBF were seen in one patient over
consecutive days.
Summary
Most patients can tolerate a descent to zero degrees of head elevation, with an
accompanying increase in MAP, [CP,CPP and CBF. There are some patients
who will experience an increase in ICP and while not visibly reducing CPP will
experience a reduction in CBF. For this reason, it may be safer overall to
nurse patients at 15 -30 degrees of head elevation.
References
I. Rosner MJ, Daughton S. J Trauma [990,30: 933-41
2. Feldman Z, Kanter MJ. Robertson CS, et al. J Neurosurg 1992, 76: 207-11
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USE OF STRAIN GAUGE MICROSENSORS IN MANAGEMENT OF
PEDIATRIC PATIENTS

F.C. Barnett, M.D., A.M. Flannery, M.D.

Section of Neurosurgery, Medical College of Georgia
Augusta, Georgia

Introduction
In order to evaluate the benefits I versatility and
drawbacks to the utilization of strain gauge transducer
microsensors in the evaluation and management of
patients with potential increased intracranial pressur~

we have reviewed on data over the past 12 months.
Special emphasis was given to review of pediatric
patients.

Methods
Over the last year, we have evaluated and treated a total
of 57 patients requiring intracranial monitoring with
a strain gauge transducer microsensor apparatus. Of
these patients, 14 were between the ages of 4 years and
21 years. These patients presented with a variety of
problems including cranio-synostosis, ventriculo
peritoneal shunt malfunction with slit ventricle
syndrome, cranial trauma, as well as postoperative
intracranial monitoring.

Results
Benefits of this system including ease of installation,
versatility of monitoring mode (parenchymal, subdural
or ventricular), accuracy of data derived and cost
effectiveness. There is potential for inaccuracy in
the pre loaded catheter tip design, however, due to
blockage of CSF flow by debris.

Summary and Conclusions
Based upon our clinical experience, we feel that this
strain gauge transducer monitoring system is an
effective and efficient way of monitoring intracranial
pressure in the pediatric population. We are
continuing to accrue data in this particular aspect of
intracranial monitoring.

PO-'-015

BEHAVIOR OF THREE MODERN EXTRADURAL PRESSURE
SENSORS DURING SIMULTANEOUS INTRAPARENCHYMAL OR
INTRAVENTRICULAR PRESSURE MEASUREMENT

Andreas Raabe, RalfTotzauer und Ole Meyer

Neurosurgical Clinic and Technical University Chemnitz, Gennany

Introduction
D'llite the altraClive concept of extradural sensor placement, this method is not
accepted uniformly as a reliable intracranial pressure measurement technique
In the last years, new devices were developed and the manufacturer emphasise
an improvement in measurement accuracy. We report about our observations
with three different modern extradural sensors during simultaneous measure
ment of intraventricular (lVP) or intraparenchymal pressure (lPP).

Methods
Twenty-five patients with severe head injury and simultaneous recording of ex
uadural (EDP) and IVP or IPP were included in this study. IVP was measured
in 10 patients and IPP in 15 patients. The EDP sensor was insened in a 2 em
extradural pocket. In 23 of the 25 patients, EDP was measured via the same
burr hole and in 2 patients an additional burr hole was placed on the same side
with a maximum distance of 3 em to the first burr hole. After explantation of
sensors, zero drift was measured and bench testing of transducer function was
perfonned to exdude technical errors.

Results
Periods of erroneous EDP recording occurred in 6 of 20 mensurements (.~(I 'YI'I).

In these cases, erroneous EDP recording ranged from 5 % to 85 % (mean 60
'I.) ofmeasurement time. In 2 of 6 cases (33 'I.) with faulty EDP recording. the
difference between the EDP and the IVP or IPP remained nearly slable.
whereas in 4 of 6 cases (67 'I.) a significant drifting of mean EDP was obser
ved. Analysis of transfer funcion between the EDP and the IVP or IPP showed
in all cases of extradural recording a stable time course. even in cases \'lith
progressive drift of mean pressure.

Summary and Conclusions
Even with the last generation of EDP sensors unaccaptable large differences to
the IVP or IPP occur. Analysis of transfer function shows that this difference is
mainly caused by a conSlant or more often variable extradural offset pressure.
which seems not lo be of technical but of biological origin.

Abstracts
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Is third ventriculostomia always sufficient treatment of
hydrocephalus of hydrocephalus caused by primary aqueductal
stenosis in adults?

Odd AlmstrOm, Hannes Stephensen and Carsten Wikkelso

Institution of Clinical Neuroscience, Department of Neurology and
Neurosurgery, GOteborg Universny, Sahlgrenska Universny Hospital,
Sweden.

A third ventriculostomia (IIIv) is generally considered to be the safest and
most effective treatment for non-communicating hydrocephalus in adults.
However it has been reported thatlllv was insufficient treatment for some
patients and that an addnional shunt operation had to be performed. We
have had reason to question the sufficiency of IIIv in several of our
patients why we decided to perform a reinvestigation of our patients
operated upon by a IIIv.
Material: In GOteborg a total of 65 patients were operated wnh a IIIv
between June -91 and July -95. At follow-up children, patients with
secondary aqueductal stenosis (tumors, cyst etc.), patients already
having a working shunt (at the time for the operation) and deceased were
excluded. Twenty patients, 13 men and 7 women, with age range 17-81
years (mean 46y) were included for follow up.
Methods: These 20 patients were reexamined clinically and by a CT
scan. Further investigations as MRI, radioisotope cistemography and
regional CBF were performed if necessary for evaluation of the effect of
the Illv.
Results: Nine patients were well-being and showed no signs of
hydrocephalus. One patient deteriorated shortly after surgery due to
meningitis and received a ventriculo-peritoneal (vp) shunt. Another
patient deteriorated for unknown reasons a few days after the operation
and was operated wnh a vp shunt. Of the remaining 9 patients one
experienced no changes, two a slight persisting improvement and six
only improved temporarily. The deterioration in these six patients
appeared wnhin 1 year. The patency of the IIlv was confirmed by an MRI
in these 9 patients. Seven of these 9 patients were operated by a vp
shunt device while two declined surgery. All 7 operated improved and in
some cases rather dramatically.
Conclusions: IIIv was only sufficient treatment in about 50% of adult
patients wnh a primary aqueductal stenosis. Even if patients improve
after a the IIIv n is important to be aware of the possibilny of a later
deterioration or a non optimal effect. Improvement was achieved in all
patients after shunt surgery despite of a patent IIIv.
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Systematic errors in clinical measurement of Cerebral Perfusion Pressure

Dieter Woischneck, Michael Schutze, Raimund Firsching

Neurochirurgische Klinik, Ottl>-von-Guericke-Universitiit, Magdeburg
Germany

Introduction
Cerebral Perfusion Pressure (CPP) in patients should not drop below 50 to
60 nunHg. This limit has been proposed by several authors for adults. In
clinical use, problems in correct measurement ofMean Arterial Pressure
(MAP) and mean Intracranial Pressure (ICP) lead to serious doubts on the
reliability of this range. This study evaluates systematical errors in CPP
measurement and quantifies deviations.

Methods
The study includes measurements in 60 patients from intensive care unit,
suffering from a severe head and brain injury: In 30 patients. a parallel
invasive monitoring ofMAP in aneries of a different distance to the hean
was perfonned. Additionally, MAP was zeroed on different levels parallel
to the skull base_ In 20 patients, we prooved the existence of
transhemispherical ICP-grndients by bifrontal epidural measurement. In
10 patients, we tried different models for arithmetical and planimetrical
calculation ofMAP and meanICP.

Results
Using different conditions ofMAP-registration let to deviations in the
resulting CPP of 20%. Interhemispheric ICP- gardients last for 4 days
maximally and reached 40 nunHg. They resulted in CPP -differences up
to 10%. Another 10% error in CPP-evaluation based on the comparison of
the different formulas forcalculation ofMAP and mean ICP.This error
increased in cases of head elevation due to its influence on the shape of the
anerial and intracranial pulse wave form.

Summary and Contlusions
In summary, our study leads to serious doubts on the CPP-ranges.
recommended in literature because of the inconsistant parameters of
registration. The study encourages investigastions on internationally
standardized CPP-measurement as a basis for further discussion on ranges
and normal values.
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AN IN - VIVO ASSESSMENT OF THE NON - INVASIVE ICP
MONrrORlNG SYSTEM

Gediminas Daubaris, Vytenis Deltuva", Egidijus Jarzemskas", Algimantas
Marukwicius" and Arminas Ragauskas

"Kaunas Medical Academy Neurosurgical Clinics and
Telematics Sc. Lab., Kaunas University of Technology

Introduction
The Vit1amed non - invasive ICP monitoring system (I) provides diagnostic
information on hemodynamics nf the smallest intracranial vessels. It is
impossible to obtain such an information applying TCD or other known
technologies. This study was designed to assess the practical perfonnance of the
system in a typical group of head injury and subarachnoid haemorrhage ICU
patients.

Methods
7 head injured and 3 subarachnoid haemorrhage ICU patients (mean age 49)
were fitted with Vittamed non - invasive device and Camino invasive transducer.
During periods of patients stability paired ICP dynamic values were recorded
during body tilting tests (tilting angle - 150 ). This process was carried out
periodically, where possible, on 3 consecutive days.

Results
The ICU patients gave more than 300 paired dYnamic ICP reactions on body
tilting tests recorded by both lCP monitors. Differences between non - invasive
aod invasive readings were plotted and showed individual limits of agreement of
measuring resuItsfrom [-0.1, +{).1J mmHg until [-30, +3.01 mmHg witltin the
interval of measured ICP mean values [5.0, 19.0J mmHg.

Conclusion
Comparison plots of the individual non - invasive and invasive ICP traces show
very good agreement in terms of the timing and absolute value of any changes
witltin the limited interval of measured ICP. Further examination is required in
more wide interval ofabsolute ICP values near 25 mmHg threshold.

References
(I) A. Ragauskas, G. Daubaris. US Patent 5 388 583, 1995; Intern. Patent Appl.
PeT IIB94/00293, Intern. Publication WO 95/06435, 1995; European Patent
Appl. 94926363.6, 1995.
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A COMPUTERIZED TEST STAND TO EVALUATE
THE STATIC AND DYNAMIC PROPERTIES OF 41 ICP
TRANSDUCERS

Steffen Leonhardt*, Oliver Kuklok*, Marian Walter* and Alfred
Aschoff+

*Institute of Control Engineering, +Depanment of Neurosurgery
Technical University of Dannstadt Umversity of Heidelberg

Introduction
Accurate measurements of ICP in the rough environment of a ICU
require the pressure transducers to have certain properties regarding
long term stability and temperature drift. In addition, if a waveform
analysis of the ICP signal is desired, the transducers should also
have specific dynamic properties. So far, only few reports on the
technical properties of ICP transducers have been published, see e.g.
(1). This work aims atpresenting a tool and a standarized method
for these test, with the fmal goal of arriving at an accurate, practical
and oeconomically feasible solution.

Methods
A computerized test stand was developed and
built. The following test were performed :
• long term stability (2 weeks)
• temperature drift (31 ·C - 41 'C)
• frequency response (I .. 20Hz)
• electromagnellc sensitivity
• sensitivity to dislocation and
spatial load differences
·possible calibration and handling problems

Results ::-:.--
The test stand works fully automatic and performed well. A total of
41 transducers (28 intraventricular/parenchymal and 13
subarachnoid) was tested. The results will be discussed in the
presentation.

References
(I) Czosnyka M, Czosn)'ka Z, Pickard 10 and Chir M,
Neurosurgery 38:219-224,1996
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MANAGEMENT OF SEVERE BRAIN INJURY BASED CPP AND P(T1)02

Th.J. Kuhn, H. Mewes, A. Schneider, D. Hellwig, B.L. Bauer

Department of Neurosurgery, Philipps-University ofMarburg, Getmany

INTRODUCTION In cases of severe brain injury, we propose the early
application of the neuromonitoring moduls ICP, P(ti)02, CPP and MABP as a
basement for therapeutical decisions within 5 hours after admission to the ICU
by a special trained stuff. The multimodal neuromonitoring is an assistant
equipment to evaluate critical situations for the injured brain in order to protect
secondary brain damage.

METHODS Head injured patients with a GCS <8 and Marshall-criteria III by
CT scan, admitted at our ICU where monitored by CAMINO-ICP probe and
LICOX P(ti)02-Catheter (Clark-Type). The multimodal registration and
treatment of CPP, MABP, temperature and PC02 where monitored by the
ZEPPELIN-Neurotec-System.

RESULTS From 79 patients with severe brain injury from 03/95 to 12/96 we
monitored 25 severe brain injured patients. From these patients where 8 female
and 17 male, the mean age was 3J years. We report about modulation of
P(ti)02-levels and treatment in following situations: changing MABP-1evel and
decreasing ICP-Ievels, preoxygenation before bronchial suction, therapy of
bronchospasm, and barbiturate therapy. Treatment has to be based on CPP
management, in fact of a positive correlation from CPP and P(ti)02 in 20125
Patients. We detected a significant positive correlation between the parameters
CPPIMAP, CPPIP(ti)02, and a significant negative correlation between
ICPIP(ti)02 and ICP/CPP with alpha~0,05. The measurement showed valid
effects in situations ofbrain ischemia and brain death in 5 Patients. We also
present data about pitfall measurements and complications in 3 Cases.

CONCLUSION Multimodal hemodynamic neuromonitoring including P(ti)02 is
a new and helpful method to give infotmation about brain oxygenation in
situations of increased ICP and brain edema. Parameters such as
MABP(>90mmHg) and CPP(>60 mmHg) and additionally the therapy of
elevated ICP should be forced by hemodynamic methods.

P-l -022

VALIDITY OF EPIDURAL ICP-MONITORING IN SEVERE HEAD
INjURIE'S - EXPERIENCE'S IN A LEVEL I TRAUMA CENTER

Jorn Deneke, Glinter Froschle, Pattrick Schmitt. Jlirgen Volker Wening',
Karl-Heinz J"ngbluth

Department of Trauma and Reconslruct,ve Surgery. University Hospital of
Hamburg, General Hospital of A:tona', Gennany

Introdudion
The discussion about different methods of intracranial pressure (lCP) mo
nitoring still remains controversial 0, 2). The aim of this study was to pro·
ve the validity of epidural measurement in comparison to other methods.
and to analyze cost factor. complication rate and clinical practicability.
Methods
During a 5 year period, the ICP was monitored in 53 patients (33 male, 20
female) with severe bead injury by 2 types of epidural transducers, and the
cerebral perfusion pressure (CPP) was calculated. 29 had multiple injuries,
24 isolated head traumas. The average age was 36 years (t - 83). The Glas
gow Coma Scale at admission was 5.2 (3 - 15). The ICP and CPP values
were compared with physical examination. radiological or intraoperative
findings and clinical outcome, defined by the Glasgow Outcome Scale
(GOS).
Results
The average time of measuring was 8.5 days (I - 22). The overall survival
rate was 79 %. The evaluation with the GOS showed 5 points in 19 %, 4 in
17 %. 3 in 13 %, 2 in II %. The average ICP values of the survivors revea
led 198 mmHg, the LW 71.9 mmHg, in the non survivors 27.6 mmHg and
62.2 mmHg, respectively. In 60 % of our patients the measurements were
considered as reliable to clinical course and outcome. We saw tt failures
of the transducers, in 13 cases (25 %) we observed a displacement of the
ICP-device. 7 transducers had to be replaced. There was no infection.
Snmmary aad Coad_sIoDs
These findings indicate that the assessment of the ICP by epidural measu·
rement remains a useful method of monitoring the ICP with a low rate of
complications. It may help to detect complications in an early phase and to
esti mate the outcome.

Referen.es
(I) Shigemori Met al in Intracranial Pressure VII :858-863, t989
(2) Chan KH et al, Neurosurgery 32:547-553, 1993
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CoMPIJTER SoFIWARE FOR F1tEQuENTlAL MONITORING OF SWW
INTRACRANIAL PREssUREWAYES AND !tELATED SIGNALS.

JJ. Lemaire"', J.F. Burlat"', T. Khalil"', A. Chabane"', B.lrthum', J. Chazal'.
(1) Neurosurgery Research Unit, University Medical Center; (2) Service of
Neurosurgery, University Hospital; (3) Superior Institute for Computer Science,
Modeling, and their Applications, Blaise Pascal University.
Clermont-Ferrand, France.

Because ICP slow waves are in the core of pressure-volume relationships, in
particular the vascuJar component, we developed computer software to explore
the time evolution of the frequential cbaracteristics of these waves.

TecbDIcal envirotUDeDt: Software development used a progranuning software,
LabWindowsc ver.3.lICVI (National Instruments"), and was carried out in C
language. The hardware consisted of two PC computers: a Pentiumc 100 MHz
(16Mo RAM, 850Mo hard disk) for the experimental research, and a portable
486 100 MHz (12Mo RAM, 525Mo hard disk) for bedside recording. Signals
are digitized using two AID cards (National Instruments"): a Lab-PC+C for the
Pentiumcpc and a DAQ-Card 1200c (PCMCIA II slot) for the portable PC.
Software description: Four signals can be recorded (with possible messages)
and analyzed simultaneously. The sampling rate is 100 Hz then the pulse wave
is withdrawn (elliptic band cut filter) and the signal is re-sampled. The analysis
bases were adapted from a previously implemented method (I). Frequential
analysis is performed every 2 sec over the last period acquired (from 32 sec to
68 min. for experimental research, and 2 min. 13 for human studies) which
allows a quasi real time monitoring of specific frequencies. The time evolution
of these frequencies is watched in frequency bands (BW from 0.008 Hz to 0.050
Hz, UB for 0.050 Hz to 0.200 Hz, IR from 0.200 Hz to 1.200 Hz and breath
1.200 Hz to 3.300 Hz) by detection of the harmonic (F) with the highest
amplitude (P) in each of the bands. Frequential data (F and P values, frequency
and amplitude spectra) for each bands are continuously displayed with the mean
value of the signal and its standard deviation.
AppUcations: The software are in evaluation in two research protocols: an
experimental work on the physiological regulation of slow ICP waves; a clinical
research on the detection of predictive parameters of the ICH decompensation.

Research is supported by a grant from Codman~· Johnson and Johnson
Meditar.
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CORRELATION BETWEEN CEREBRAL OXYGEN SATURAnON BY
NEAR·INFRARED SPECTROSCOPY AND SVJ02 IN SEVERELY HEAD
INJURED PATIENTS.

A. Ter Minassian, C. Leguerinel, S. Adnot, M. Ursino, F. Bonnet. L. Beydon.
Surgical Intensive Care Unit H. Mondor Hospital. Creteil, and INSERM U256.
Paris, France. Dept of biomathematics. University of Bologna. Italy.

Introduction
Near-infrared spectroscopy is a new method which theoretically allow non
invasive continuous measurement of cerebral saturation in oxygen (SCO,). It
includes an algorithm which correct for the participation of extracerebral
structures. By analogy to other tissues. it is admitted that cerebral venous
compartment amounts to 70% of total cerebral blood volume. Accordingly.
SCO, is expected to correlate to SvjO,. However, SCO, has not been
convincingly validated in pathology. This study reports clinical values of SCO,
obtained during CO, rebreathing and during the assessment of autoregulation.
Material and Methods
Twelve injured patients, sedated and paralyzed (GCS<8) were studied after
informed consent. ScO, (Somanetics,(Jl) Invos) was continuously recorded.
Jugular venous saturation (SvjO,) was measured by blood samples. We analyzed
these parameters obtained I) during normoventilation, hyper. and then
hypoventilation at constant mean arterial pressure (MAP) 2) and also at two
different levels of arterial pressure. using Norepinephrine under constant
moderate hyperventilation.
Results
During CO, test, absolute SCO, and S'1O, were positively correlated (r=0.66,
p<O.OOI). A Bland & Altman test showed that mean difference was 1.6 ±
II. 9%. Relative values of SCO, and SvjO, also positively correlated (r=0.85,
p<O.OOI) but the slope was significantly different from unity (p<0.001). During
autoregulation test. absolute SCO, and S'1O, positively correlated (p=0.01)
whereas variations in SCO, negatively correlated to variations of SvjO,
(p<O.05).
Summary and conclusions
We conclude that the ability of SC02 to reflect Svj02 can be questioned for two
reasons : moderate accuracy possibly due to a contamination by the signal from
extracranial structures and also possible changes in the partition between the
arteriolar and venous cerebral blood volume. depending on the clinical context
(CO, vs. norepinephrine).

Reference: (I) Lemaire J1. J Comp Method and Prog Biomed42:1-14,1994.

PO·1·026

A MULTI-DISCIPLIN.UY APPROACH TO
IMPLEMENTATION OF A NEUROINTENSIVE
MONITORING SYSTEM FOR PATIENT
ADMINISTRATION AND RESEARCH

THE
CARE
CARE,

PQ·'-028

CORRELATION BETWEEN LASER DOPPLER FLOWMETRY AND
ABSOLUTE UNITS OF LOCAL CEREBRAL BLOOD FLOW USING
QUANTITATIVE AUTORADIOGRAPHY

John I. Miller, Mike W. Chou, Diana Dow-Edwards, Jeff Pan, and Paolo
Bolognese

Dwm L.T., O'Brien G., Piper lA, Wagstaff, A., Teasdale G.M. Wyper D.

Deportments of Neurosurgery and Medical Physics, University of Glasgow,
SouthernGeneral Hospital, GLASGOW, UK.

Introduction.
The r=t instalJation ofHewlett Packard's Merlin based "Doe Vu" patient care
system in our ITU provided an opportunity to design a system configured to meet
the requirements of several different disciplines and to provide infonnation
useful for patient care, administration and research.

Methods.
Representatives ofthe different disciplines involved in patient care, research and
administration 00 the neurointensive care unit were approached and asl<ed to
prioritise their requirements for a computerised neurointensive care monitoring
system. This infonoation was then integrated and a cooti81lf1ltion for the system
settled upon.

Raults.
The ability to input clinical (particularly neurological) and nursing infonnation
directly tiom the bedside via pre-<:onfigurcd menu driven commands and the
facility to produce customised trend plots of the infonnatioo for ward rounds and
patient reviews were identified as important properties of the system by both
clinical and nursing staff. The direct transmission of blood gas and lab data to
the bedside monitor and the tracking of therapy intensity levels was ofparticular
value to the oeuroonaesthetic staff. The ready availability of demographic,
blood gas, laboratory data, locally entered textual data and minute by minute
trends in physiological data makes the system well suited to obtaining and
maintaining research data. The data is stored in an ODBC compliant database
and can be interrogated locally or remotely using structured query language thus
providing additional flexibility for data analysis.

Conclusions.
The implementation of a flexible, user-configurable neurointensive monitoring
system has allowed the diverse requirements of the multiple disciplines involved
in neurointensive care to be catered for in a single dedicated system. Potential
advantages in the ready availability and improved presentation of data for the
clinicall1l8ll88ement of patients as well as the sophisticated data collection and
analysis available for research purposes are being monitored and quantified.

Depar1ments ofNeurosurgery and Pharmacology
SUNY Health Science Center At Brooklyn
Brooklyn, New York

Introduction
Laser Doppler Flowmetry (LDF) provides continuous assessment oflocal
cerebral blood flow (CBF) in arbitrary units (a.u.). Its clinical utility has been
limited by the lack of data expressed in absolute flow units (ml/IOOgimin) over
a broad range of local CBF levels.

Methods
In male adult Sprague-Dawley rats (n=16), LDF measurements of local CBF,
using both surface and depth locations, were compared with Quantitative
Autoradiographic (QAR) measurements expressed in ml/IOOgimin. Under
general anesthesia, a clinically compatible and calibrated LDF probe (Camino,
San Diego) was rigidly, stereotactically secured to either the cortical gray
surface or within subcortical gray matter. Temperature and invasive blood
pressure were monitored, as well as arterial blood gas sampling. LDF data were
recorded by computer digital acquisition. Following a ramp infusion ofC"·
iodoantipyrine, the animals were sacrificed and their frozen brains were
sequentially sectioned for both histologic and autoradiographic study according
to standard QAR technique (I)

Results
QAR values ranged between 27 and 109 m1/I00glmin in proximity to probe
placement. LDF values ranged between 41 and 762 a.u. Statistical based
software was used to correlate corresponding QAR (dependent variable) and
LDF (independent variable) values for each animal. Astatistically significant
cubic correlation (r ~ 0.8993, p<O.OOl) was obtained.

Summary and Conclusions
The foregoing data acquired, thus far, indicates a statistically significant
relationship between absolute flow units and LDF. A uniform application of
LDF probe design, placement, and signal processing is implicit to this
observation (2).

References
(I) Sakurada 0, Kennedy C, Jehle J, et aI Am. J. Physiolol. 234:H59-H66,
1978
(2) Bolognese P, Miller n, Heger 1M, J. NeurosurR. Anesth. 5: 151-158. 1993
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Improving Our Models: The Case for Monitoring Craniospinal
Compliance Simultaneously to ICP and TCD Waveform Analysis.

Considerations for tbe Design of a Mulli-eentre Study
I. Piper. C. Contant. M Czosnyka

Clinical Neurosciences. Western General Hospital, Edinburgh, UK
Department ofNeurosurgery. Baylor College ofMedicine. Houston. USA
Academic Neurosurgical Unit, Addenbrookes Hospital. CambrIdge, UK.

PO·I·031

PERFORMANCE OF THE BAYESIAN DYNAMIC LINEARMODEL
DURING CLINICAL EVENTS MONITORED IN THE NEUROSURGICAL
INTENSIVE CARE UNIT

Charles F. Contant, Jr., Sbankar P. Gopinath, Alex B. Valadka, Claudia S.
Robertson

Department of Neurosurgery, Baylor Conege ofMedicine

Introduction: Over tbe lastlWenty years there has been interest in studying
the lCP wavefono and, more recently, the MCA flow velocity wavefono in
order to provide infonnation to help either predict raised ICP or the limits of
cerebral blood flow autoregulation1.~3. Despite much effort and a
considerable number of publications, a good predictive model. based on
wavefono indices, has failed to materialise. Those working in this field
agree that the models could be improved if data on compliance were
obtained along side the data on the lCP and MCA flow vclocity waveform
This is pertinent as it is known that pressure and flow transmission through
the cerebrovascular bed are dependent both on tbe resistancc of the vascular
bed and also on processes which affect the craniospinal compliance, some of
which may be non-vascular in origin.

Metbods: An automated method for measurement of craniospinal
compliance has been developed' which is now in the final stages of a clinical
validation study. In light of this recent development, the authors are
organising a multi-centre study, co-ordinated by threc centres with an active
interest in this field, to obtain data, prospectively, on compliance and the
ICP and MCA flow velocity wavefono. Data will be collected continuously
during normal monitoring but also during reactivity testing of the patient to
C02 and mild pressor challenge. Data will be stored in a shared database
with Internet access to encourage a multi-centre approach to analysis and
modelling of the data.

Results: A protocol has been designed and an analysis methodology is
being developed. We propose to present thc protocol to both encourage
international discussion on its design and to mobilise interest in
participating in the study.

1. Piper IR, Chan KH et al. Neurosurgery 32:805-816, 1993
2. Robertson CS, Contant CF et aI. 1. Neurosurg. 71:673-680, 1989.
3. Czosnyka M. Richards Het al. J. Neurosurg. 84: 79-84, 1996.
4. Piper IR, Miller JD et aI. Acta Neurochirurgica. Suppl. 51. 387-390. 1990

introduction
The Bayesian dynamic linear model (B-DLM) has been proposed as a

method for analyzing neurosurgical intensive care unit (NICU) monitoring data.
This method can perfOlDl real-time estimation of the relationShip among
monitored panuneters. There bave been several technical problems in the
application of the model. To address these, a program has been written in S-
Plus whicb will aUow easy application of this method to large time-series and
multiple patients. In addition, the parameters which derme the model can be
easily modified, and the sensitivity of the model performance to these parameters
can be assessed. Performance of the B-DLM when applied to a large number of
patients has not been assessed.

Methods
Patients in the NICU at Ben Taub General Hospital who are admitted not

fonowing commands are routinely monitored for intrae1aDiaI pressure(lCP),
mean arterial pressure(MAP), end-tidal CO ,(ETCo,), jugular venous oxygen
saturation(SjvO,), pulse oximetric arterial oxygen saturation(SaO,) and heart
rate(HR). Cerebral perfusion pressure is calculated from ICP and MAP. Two
applications of the B-DLM will be examined. One relates Sjva, to ICP, MAP,
ETCo, and SAO" and the second relates CPP to HR and ETCO,. Each of the
individual panuneters of each application has a single parameter B-DLM fit to
detect outliers. At the time of each doetunented clinical event, the values of the
model parameters will be collected and compared to the values seen during
''non-even(' times.

Results
In its original form, the B-DLM is unable to react to the appearance of

instability in the patient's condition. Amodification whicb varies one of the
parameters of the model as a function of the complexity of the data has been
performed. The results of applying the B-DLM to a large number of selected
patients will be presented.

PO·l·030

BRAIN TEMPERATURE IN HEAD INJURED PATIENTS P-l ·032

MRC Cambridge Centre for Brain Repair and Academic
Neurosurgical Unit, Addenbrooke's Hospital, Cambridge, UK

Pippa A1-Rawi, Marek Czosnyka, Peter Kirkpatrick, Piotr
Smielewski, Stefan Piechnik, Spencer Harland, Jolm D. Pickard

Introduction: Various techniques are employod for neuro-intensive care
IIlOfliloriog and le5liB& of cerebral autoregulation of patients following severe
head injury.

Conclusion: Although clinical validation of this multimodaI information bas yet
to be established, this observational study gives a good insight into the complex
nature ofsecondary brain insults.

BEDSIDE
CARE;

COMPUTER SUPPORTED MULTIMODAL
MONITORING FOR NEURO-INTENSIVE
OBSERVATIONAL STUDY

Method: We use multiple modalities for monitoring cerebral haemodynamic
reserve, including intracranial pressure, cerebral perfusion pressure, blood flow
velocity in the middle cerebral artery, jugular bulb oxygen saturatiOIl, laser
Doppler cortical f1owmetry, near infrared spectroscopy of cerebral cortex, tissue
gas analysis. StICh a large volume of information demands speciaIised computer
support for proper interpretation and artefact filtration. Also some secondary
indices, resulting from on-line wavefono analysis of signals like ICP, transeranial
Doppler blood flow velocity have proved to be clinicaIIy helpful.

Results: Long-teno computer monitoring ofmultiple modalities in ovcr 200 head
injured patients is summarised in this report, containing observations of specific
paltems such as:

• progressing baemodynamic failure in deep intracranial hypertensioll,
• dynamic responses to temporary variations in arterial blood pressure,
• vasogenic waves in intracranial pressure and their relationship to

haemodynarnic data,

• coupling between jugular bulb oxygen saturation and near infrared
spectroscopy

Introduction
The injured brain is sensitive to variations in temperature. In experimental

studies, brain temperature is directly monitored and controlled independent of
systemic temperature. Clinical practice. however, has been to use rectal
temperature as an estimate of brain temperature. The purposc of this study was
to measure rectal temperature, jugular bulb temperature, and brain temperature
in patients with severe brain injury, and evaluate the factors that might be related
to the gradient between brain and rectal temperature.
Methods
Eighteen patients with severe head injuries had measurement of brain and

rectal temperatures. Nine patients also had measurements of jugular venous
blood at the level of the jugular bulb. No complications occurred as a result of
the measurements. Temperatures were compared in the different locations.
Temperature differences were compared to demographic characteristics and to
global CBF and CMRO, measurements and changes in temperatures were
observed during clinical events.
Results
Brain temperature was elevated an average of O.9°C over rectal temperalure.

In individual patients the average brain temperature elevation above the rectal
temperature ranged from ·0.70'C to 1.70'C. Jugular venous and rectal
temperatures were similar.
The only demographic characteristic which was significantly related to

temperature was age. The age of the patient was inversely related to both the
average brain temperature (1'=.48, p=.002) and the difference between brain and
rectal temperature (1'=.35. p=.OIO). Temperature was not significantly related to
injury severity, sex, type of injury, or outcome.
Brain temperature was not significantly relatcd to global CBF or CMRO, in

the stable patient. However, with extreme changes in CBF or metabolism,
changes in brain temperature were observed. Brain lemperature increased
initially by an average of 1.7°C when cerebral perfusion pressure decreased from
50 to 20 mm Hg, and then brain temperature fell at a rate of .5"Clhr with brain
death. The difference in the brain and rectal temperatures decreased in those
patients treated with barbiturate coma by an average of O.4°C.
Conclusion
Direct measurement of temperature in head injured patients is a safe

procedure, and temperatures in the brain are typically elevated above core body
temperature. Jugular venous temperature measurement is not an accurate
substitute for brain temperature, even though it is less invasive.

C. S. Rumana, S. P. Gopinath, M. Uzura, A. B. Valadka, C. S. Robertson.

Department of Neurosurgery Baylor College of Medicine
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"The significance of jugular oxygen saruratiou in pressure autoregulation in beai
injured patients

L Mascia (I), G E McKeating''', M SOUlet''', I Piper", P Andrews"'·

(I) University of Bari, Italy, University of Edinburgh, UK("

INTRODUCTION Pre8sure autoregulation can be impaired after head injury (I). If
it is preserved, the percentage change of cerebral blood flow (CBF) should be
narrow and similar to the percentage change in jugular oxygen saturation (Sj02)
provided Hb and sam remain constant (2).
We have tested pressure autoregulation in 8 bead injured patients measuring
simultaneously the percentage change in Sj02.
MEIHODS: 8 bead injured patients (mean GCS = 7) sedated and ventilated
admined TO the ict5 Wore slu<lied and autor<gulallon was IXlD:lldereO preservai ii
%CPP/%CVR < 2 (I). Mean arterial pressure (MAP), intracranial pressure (lCP)
and Sj02 were measured continuously. Cerebral perfusion pressure (CPP) was
calculated and regional CBF measured using the inhalation Xe133 deanmce
technique. The increase in CPP of 33% from baseline was obtained by
norepinephrine infusion (0.06 -0.1 y/Kg/min).
RESULTS: all the patients had a preserved autoregulation. However half of them
had a positive change in CBF = 47%±39 with a positive change in Sj02 = 23%±3;
the others bad a negative change in CBF = -33%±9 with a positive change in Sj02
= 5%±1. The difference between the two groups was significant for % CBF change
(ANOVA p=O.04) and for %change in Sj02 (ANOVA p< 0.01).
The result was not affected when CBF was normalised for PaC02 = 34 mmHg
DISCUSSION: these data show that in this patient population pressure
autoregulation w... preserved but there was a significant difference in tenns of Sj02
% change related to the change in CPP.

References:
I) JPMuizelaar et aI (1989) JNeurosurgery 71:72-76
2) Scheinberg M et aI (1992) JNeurosurgery 76: 212-217

PO-2-038

COMPUTER CONTROLLED CISTERNAL INFUSION OF BLOOD, A
NEW SMALL ANIMAL MODEL OF SUBARACHNOID HEMORRHAGE

Heike Beck, Thomas Brinker, Madjid Samii
Department of Neurosurgery, Nordstadt Hospital, Hannover, Germany

Introduction: The initial increase in intracranial pressure after the nupture
of a cerebral aneurysm is responsible for acute ischemic neurological
deterioration which determines decisively the outcome of the patients. Until
now it has been difficult to reproduce the typical ICP pattern of SAH in
small animal models (Matz et aL 1996). As a disadvantage of
contemporary models the extent of the hemorrhage in the individual animal
cannot be predicted and is varying widely. We present a model in which the
typical pattern of ICP increase like recorded in man is produced by a
computer controlled infusion of blood into the cisterna magna.

Methods and Results: The infusion rate used in the experiments
decreased exponentially within 7 minutes from 1,00-0.01 mllmin and was
computed by a mathematical model of the CSF system during SAH. The
cisternal infusion of fresh autologous blood was perfomned in 20
anesthetized and ventilated rats via a 1.0 mm Nylon catheter implanted
through the occipital bone.
During the infusion the ICP rised abnuptly from baseline ICP 8,5 ± 1,5
(mean ± SD values) to 115 ± 18 mmHg. Within the following minutes of
infusion it increased further to 197 ± 35 mm Hg in spite of the exponentially
decreasing infusion rate. The infused volume was 0,75 mL After the end of
the infusion, the ICP returned to baseline levels within 15 minutes. All
animals survived the hemorrhage, but remained lethargic within the next
three days.
After 7 days the rats were killed and brain slices were stained with
celestine blue and acid fuchsin for histological evaluation. Severe cell
necrosis was found in the hippocampus in the animals The CA1
hippocampal subfield is more sensitive than the CA3 sector or the dentate
gyrus and shows severe neuronal loss in 80-90% by 7 days' recovery.

Conclusion: The presented model allows pharmacological studies on the
effects of drugs for the treatment of acute ischemic brain damage following
SAH.

References: (1) Matz PG et aL: Induction of HSP 70 in rat brain follOWing
subarachnoid hemorrhage produced by endovascular perforation.
J Neurosurg 85: 138-145, 1996
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THERMAL DIFFUSION CEREBRAL BLOOD FLOW IN APIG FLUID
PERCUSSION HEAD INJURY MODEL

Paul Tompkins, FA Stevens, Jeff Nees, and L. Philip Carter

DepartrnentofNeurosurgery, University ufOklahoma, HSC, Oklahoma City, OK

INTRODUCTION
Avariety ofmodels have been used to investigate severe head injury. One measure
ment lacking in all models is continuous cerebral hlood flow (CBF). Thermal
diffusion flowmetry (TDF) has been approved for human use and can provide real
time quantitative CBF values. We have used TDF in apig fluid-percussion bead
injury model to map temporal changes in CBF.

METHODS
After sedationwith Ketamine (IOmg/kg 1M), pigs (5-IOkg) were anesthetizedwith
isoflurane. Following insertion of femoral arterial and venous catheters, animals were
placed in ahead frame and craniotomies were made for the fluid-percussion device
and thermal blood flow sensors. Following surgery and a 30 min stabilization period,
a 30 min baseline data set was collected. Data includes bilateral CBF, mean anerial
blood pressure (MABP), intracranial pressure (ICP), and calculated cerebral perfusion
pressure (CPP). At time 0 the fluid-percussion trauma was initiated and data collected
for an additional 120 minutes post trauma.

RESULTS
Immediately following cerebral trauma, there was a bilateral decrease in CIlF (49%
ipsilateral, 23% contralateral). This was accompanied by an increase in ICP
(4.6mmHg pre-trauma, t0.8mmHg post-trauma). There were no significant changes
in MABP or CPP dwing the 150 minutes ofdata collection. At 60 min post-trauma,
CBF remained reduced (-27% ipsilateral, -30% contralateral) and ICP elevated
(11.1mmHg). At 120 min post-trauma CBF was still reduced from pre-trauma tevels
(-17% ipsilateral, -19% contralateral), while ICP had returned to a nonnallevel (7.3
mmHg).

SUMMARY aDd CONCLUSIONS
We found a significant immediate bilateral reduction in CBF in this fluid-percussion
head injury model. This reduction in CBF was accompanied by an increase in ICP,
both ofwhich persisted through the first hour post-trauma. CBF remained reduced
bilaterally by 18% at 2 hours post-trauma. This early compromise in cerebral blood
flow could contribute to long term consequences. We believe that TDF offers
significant infonnation relating to the temporal changes in CBF following traumatic
brain injury.

PO-2·043

TIlE PRESENCE OF EDEMA SURROUJ'o,'DING TRAUMATIC
INTRAPARENCHYMAL HEMATOMAS ON INITIAL POST-INJURY
CT SCANS: A POOR PROGNOSTIC INDICATOR

HEhsan, GF Morris, LF Marshall
Division of Neurosurgery, University of California at San Diego, USA

Introduction: Traumatic intraparenchymal hematomas (tIPH) are
diagnosed by the post-injury CT scan demonstrating the presence of a
high or mixed density mass lesions. Often, these are accompanied by
a variably sized zone of surrounding low density representing edema.
Methods: Data was prospectively collected from 404 patients who
sustained severe head injury (GCS 4-8) and were entered into an
international multicenter clinical trial. At the central trial
coordinating center all CT scans were examined to quantify the
number, the volume and the amount of surrounding edema of tIPHs.
Clinical outcome was evaluated using the Glasgow Outcome Score
(GOS) six months after injury. Results: The presence of edema in
patients harboring only a single tIPH (n=28), was associated with a
32% mortality compared to a 10% mortality in cases without edema
(n=31) [p<.OOIj. In patients who had multiple t!PHs, the mortality
was 40% when edema was present surrounding any tIPH (n=65), and
the mortality was 37% when edema was present surrounding all
tIPHs (n=38) [not significant]. In striking contrast, the mortality seen
when there was no edema surrounding any (!PH (n=38) was II %
[p<.OOI]. Discussion: A higher mortality is seen with the presence of
any edema surrounding t!PH, regardless of whether there are single
or multiple t!PH's, and regardless of the quantity of surrounding
edema. Neither the initial GCS, the presence of traumatic
subarachnoid hemorrhage, nor the presence of extra-axial mass
lesions in any group altered these findings. Interestingly, in survivors
surrounding edema had no effect on the rate of favorable outcome,
defined as GaS good or moderate. Conclusion: Increased mortality,
but not increased morbidity is seen in patients who demonstrate any
edema surrounding any t[PH on initial post-injury CT scan. By
elucidating the causative mechanisms, targeted therapy may be
developed.
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POST INJURY HYPERGLYCEMIA INCREASES BEHAVIORAL DEFICITS
FROM SECONDARY ISCHEMIA

H. Julia Hannay, Greg Vagner, Leela Cherian, 1. Clay Goodman, Charles S.
Contant, Claudia S. Robertson. Department of Psychology, University of Houston
and Departments ofNeurosurgery and Pathology, Baylor College ofMedicine

P -2·047

Introduction To assess the influence of a Tris(hydroxylmethyljaminome
(THAM) on cerebral infarction changes in extracellular ion activities and
cortical DC potentials were measured during I hour of focal cerebral
ischemia and reperfusion.
Methods 27 male WI( rats were anaesthetized, intubated and controlled
ventilated. htfarction was induced by reversible clipping of the left MCA
for 1 hour. The blood pressure, heart rate, extracellular pH and potassium
activity, and cortical DC potential were measured. AuimaIs were random
ly assigned to receive isovolumetric infusions of THAM (n= 16, 0.73
ml/h/kg KG 3 M THAM buffer solution) or saline (n= II, controls).
Infusion started 10 min prior to ischemia and was maintained for 1 hour.
For histological examination the brains were cut into serial slices and
infarction was calculated morphometrically.
Results During ischemia no statistical significant differences between the
groups were found in both the circulatory and extracellular parameters.
Reperfusion is characterized by a accellerated and complete restoration of
extracellular pH in THAM animals whereas the controls remained
acidulous. No differences in infarction were calculated for the histological
findings.
Conclusion The administration of THAM does not ameliorate ischemic
injury in the rat brain after I h of ischemia in comparison to a group of
untreated animals. .

P·2·046

Zentrum Anasthesiologie, Abt. I, 'Neurochirurgische Klinik, Medizinische
Hochschule Hannover, Germany

Stefan Kromer, Kathrin Konig', Eckhard Rickels', Hans E. Heissler',

Dietrich Henzler, Siegfried Piepenbrock

EFFECTS OF TRIS(HYDROXYLMETHYLjAMINOMETHANE
DURING REPERFUSION AFTER FOCAL TEMPORARY ISCHEMIA

IN THE RAT BRAIN

Day 15
5.6%
11.5%
0.0%

Day 14
13.9%
7.7%

0.0%

Day13
30.6%
5.8%
0.0%

Dayl2
38.9%
53.8%
0.0%

Day II
61.1%
55.8%
25.0010

Water Maze
GL(n~9)

BT (n~l3)

SA (n-14)
Conclusions
Post impact injury infusion of glucose resulted in greater behavioral deficits

from a secondary ischemic insult and has implications for clinical administration
of glucose containing fluids in the early post injury period.

Introduction
The purpose of the present study was to determine if post injury glucose

administration would result in increased behavioral deficits when cortical impact
injury was followed by a secondary ischemic insult.
Methods
Long Evans rats were fasted overnight anesthetized with isoflurane and given a

4 mlsec, 2.5 mm deformation impact injury, followed in 1hour by 40 min of
bilateral carotid occlusion. Forty min before the carotid occlusion, either 2 grnlkg
glucose in 4 ml saline(GL group) or saline was infused over 20 min. To control
for temperature effects ofglucose infusion previously observed, half of the animals
infused with saline had their brain temperature kept at 37°C throughout the
experiment by external heating (BT group) and half did not (SA group). Recovery
of reflexes, beam balancing, beam walking, and Morris water maze performance
were examined in surviving animals.
Results
Some ofthe significant results are summarized here. Post injury infusion of
glucose resulted in a significant relationship between group and the number of
trials in which the animal could not complete the beam walking task and could not
find the hidden platform on the Morris water maze. There was also a significant
group effect for time to find the platform. Poorer performance as measured by
these variables was significantly related the presence of fewer viable CA I and CA3
cells and inversely related to contusion volume as might be expected.
Percent of Trials Animals Unable to Complete Task Post Injury and Ischemia
Beam Walking Day I Day 2 Day 2 Day 4 Day 5
GL (n=9) 92.6% 88.9% 88.9% 70.4% 59.3%
BT (n~14) 73.8% 69.0% 61.9% 57.1% 52.4%
SA (n~16) 64.6% 29.2% 31.3% 27.1% 22.3%

P·2·045

THE CLOSED HEAD INJURY MODEL,
STANDARDISATION OF ACCELERATION MECHANISMS

Pentobarbital Coma: Outcome Analysis in 9 Patients with
Severe Closed Heal\. Injury,

S.H. Khan, H.C. Onyiuke, M. Paltcr

W.A. van den Brink, D.A. de Jong, I.K. Haitsma, C.J.J. Avezaat
Dept. of Neurosurgery, Dijkzigt University Hospital
Rotterdam. The Netherlands

A variety of animal models to study an even larger variety of patholo
gical sequelae following head injury have been developed. The Closed
Head Injury Model in the rat is most recently developed to study head
injury due to high levels of acceleration. The apparatus excels in its
simplicity with which the head is subjected to high levels of impact
and acceleration without causing skull fractures. A 450 gram weight
is dropped from either t or 2 meter height on the helmet-protected
rodent skull. Mortality levels of 50% can be reached and the histo
pathological substrate is comparable to human head injury. Intracrani
al pressure following closed head injury increases when secondary
insults are added to the primary concussion. The parameters with
which the severity of injury can be altered are ideally only two: the
weight of the impactor and the height from which it is dropped.
However, resistance of the thread connected to the impactor, res is·
tance of the weight in the guiding tube, and partial obstruction of
outflow of air can all, theoretically, impair the final velocity of the
impactor. The foam stiffness is of major concern in determining the
initial energy transfer to the skull. Physical calculations emphasise the
importance of a constant foam stiffness and viscosity in this matter.
The early acceleration is extremely dependent on only minor changes
in foam elasticity. Any foam will eventually age, thereby loosing its
mechanical properties, Especially if soiled with spill of blood. Careful
determination and preservation of foam characteristics are para
mount. We added to the apparatus a magnetic weight release and an
LED-optical velocity measuring device to control weight drop velocity.
The foam is calibrated in both a static and dynamic way. By means of
a simple pressure transducer, that is compressed into the foam, the
compression force deflection under static load conditions is measu
red. The dynamic testing device consists of a pendulum impactor (1
mtr, 180'). The angular velocity and deceleration is measured and
inferences to the dynamic properties of the foam are made. The
Closed Head Injury Model has thus been made less simple. It is,
however, constant in its baseline important parameters of energy
transfer, improving reproducability.

Department of Neurosurgery, Hartford Hospital/Univcrsity of Connccticut

Introduction
Pentobarbital induced coma is possibly thc last resort (I) in the management
of refractory intracranial pressure (lCP). The outcome of pentobarbital coma
JO severe closed head injury (CHI) was re\iewed.
Materials and Methods:
Among 60 consecutive patients with scvere CHI, between March 1992 and
September 1995, wc identificd 9 who wcrc placcd in petobarbital coma for
refr.lctory inracranial hypertenSinn (ICP>30). All 9 patients had Glasgow
coma score (GCS) of <8 at admission and werc trcatcd with hyperventilation,
mannitol, lasix, sedation, paralysis and cerebrospinal nuid drainage. Their
demographics, GCS. ICP profile, computed tomography (CT) findings,
duration of monitoring. complications and Glasgow Outcome Scale (GOS)
were recorded. A retrospective, comparative analysis between the survivors and
non·survivors was conducted, using Kruskal-Wallis one way analysIS of
variance with chi square approximation and Mann-Whitney U tests.
Results
The median agc was 25.8 years (range 13-45). In this treatment group, there
wcre 4 responders (lCP<20) and 5 nonresponders, who eventually expired
(p=O.OO5). All who expired had loss of basal cisterns, whIle the survivors did
not (p=O.02). The mean duration of stay JO the neurosurgical intensive care
UOlt (NICU) amongst survivors was 19.0 (median t7.5, range 15-26) days, JO

non-survivors, it was 5.4 (median 4.0. rangc 3-1 I) days (p=O.OI). The mean
dUMion of hospitalization among survimrs was 35.5 (median 36, mnge 23-47)
days and 9.4 (median 5.0, range 3-24) In non-sun'\\'ors (p=O.02). At transfer
from NICU, I paticnt improved to a GCS between 9-12. At discharge from
hospital, 3 survivors were JO GOS 3, and 1 JO GOS 2. No complications
associatcd with pentobarbital induced coma were documented.
Conclusion
OUf data suggests an improved functional ou(comc in survivors, whereas non
responders expired early.
References:
(I) Elscnberg HM, Frankowski RF, Contant CF: High Dose Barbiturate
Control of Elevated Intracranial Pressure in Se'wc Head Injury. J
Neurosurg 69: 15-23. 1988.
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Epidural hematoma: characteristics and evolution according to age.
Petitjean ME. *Liguoro D, Dixmerias F. Lassie P, Thicofpe M, Dabadlc Ph.
Emergency Departemcntand NeurosurgIcal Unit, C.H.U. Bordeaux. Francc.

Introduction
Epidural hematoma is a true ncurocmergcncy and ouh;omc is greatly mfluenced b)
lime elapsed between diagnosis and surgical evacuation. This prosJX:cth"c study luJ
two objectives: to evaluate the initial characteristit:s <n.I the final outcome
according to time elapsed before surgical treatment in child and adult population~.

Method
Between May 92 and April 94, any patient admitted in the Emergency Dcp<:ulcment
(ED) with an epidural hematoma wa~ Included in this pmspedivc study.
Population characteristics, initial neurologic evaluation. final outcome, tnning of
complementary investigation an:l surgery were collected. RcsulLs are expressed as
mean ± standard deviation.
Results
Seventy nine consccuth'c patienl, mean agc 30± 19 years (range, 7 months-75
years), were included. Children under 15 years represented 280/, ()f inclusion. Traffic
accident was the leading cause (5\ 'it), followcd by falls (35'if). The initial Glasgoll
Coma Scale Score (GCS) was IIB.6 in adults and 14±1.7 in children. NeurologiC
delicit andlor pupillary signs were present in ~7o/v of childrcn and 56% of adults.
An initial coma was noted in 21% of adult aOO 4% of children. Fi\T children \\-'eT'C
d.i~hargcd without any complcmentary investigation though headache an..! nausea
were present. Mean time elapsed between injUry and diagnosis lias 7h40min.
(Children: 10±Bh, adults: 3.30±5h. Midline deplacement ovcr O.5mm was present
In 11 children~ none except two had abnonnal e'Xamination (lRl"k). On the contrary,
80% of adults hal pupillary signs and/ormotor dclieil when mldlinc dcplaccment
wa<o; present. All patiento;; underwent surgkal evacuation cm:J mean lime between
diagnosis ard surgery was 3±2hours. Six palients ta:i burr-holes before tr..msfer,
and 8 were operated with fixed bilateral pupils: outcome was good for 3 pallents, a

mooelate disability was noted '" 3 and death o.:cured '" IWO patients. lep was
monitored in 13 patient~: 4 tal lCP>20mmHg. Functional rco.wcry \\'a, good in
all children am concern 53%in adulls. No scycrc disability was ObSCITCd in this
study.
Discussion
Children can tolerate brain mass lesion without initial neurologic abnonnaJit)'. But
headache, nausea or vomiting should be taken into account for complemenlary
investigation before discharge. When CT is not a\'ailablc, pediatric patients should
be trdnsfered without delay.
Reference
Davis RL, Hughcs M, Gubler M, Waller PL. Rivar<1 FP, Pect,atnc, 95: 145-49.
1995.
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1HE CEREBRAL 1HERMAL DYSREGULATION AND HYPOTHERMIA
TREATMENT IN SEVERE BRAIN INJUR YPATIENrS

Nariyuki Hayashi, Tadashi Shibuya, Kousaku Kinoshita, Shigeo JO, Takeo
Azobata, Kouichi Mera and Katuhisa Tanjo

Nihon University, Department of Critical Care & Emergency Medicine, Japan

Introduction
The cerebral hypothermia is very successful 10 the neuroprolection, however, very
stresses to the cardiopulmonary functions and immunoprolective system. We have
recently illustrated this mechanism precisely. The pharmacological activation of
AIO nervous system and pituitary function with cerebml hypothermia produced
much advanced clinical results in severe head injury patients.
Method
Sixty-eight critical head injury patients who have pupil abnormality (GCS,;;6)
underwenl multiple physiological monitoring involving ICP, Sj02. Sv02,
cardiac output, brain tissue temperature (BTT), tympanic membrane tempcraturc
(TMf). Brain tissue temperature was controlled by systemic hypothermia for \-3
weeks in 48 patients. The analysis of jugular venous blood catecholamine.
pituitary hormones, NO-mdicals induced N02, N03 and systemic immunological
activities were studied during cerebral hypothermia treatment.
Results
Within the initial 15-17 hour.;, the maio pathophysiological changes were related
to cerebral thermo-dysregulation (BTT in range of 38-44'C) rather than severe
tcp elevation. The combined findings on Sj02 and BrrllMf ratio demonstrated
cerebral hypoperfusion, which was associated with systemic dysoJtia as wcll. The
adequate control of BIT in the range of 32-33'C was very successful 10 reduction
of dopamine and N02 in jugular venous blood and suppression of cortical
synaptic responses in sensory evoked potentials. The major issue of hypothermia
treatment was growth hormone (GH) and Zn deficiency induced immunological
depletion. The combination of cerebral hypothermia and replacemcnt therapy of
GH, ZnCI, L-arginine, estrogen, amantadine and GABA agonist anesthesia
recorded good recover in 26(52%), MD in 7(14%), SD in 2(4%), VS in 3(6%) and
death in 10(21%) of 48 cases of acute sulxlural hematoma with diffuse brain
injury patients. It was easy to recovery from vagitative state.
Conclusion
The pharmacological activation of immunological function produced cerebral
hypothermia treatment for long times without severe systemic infections
Adequate control of brain tissue temperature and replacement of piltJitary hormone
and activation of dopamine nervous system rna) be regarded as a promising
therapeutic tool in the clinical setting.

Abstracts
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Monitoring of cerebral O2metabolism - comparison of local tissue
p02 and jugular-bulb oxygen saturation

Sauhuf C, Hofmann R, Steinmeier R, Fahlbusch R
Neurochirurgische Klinik, Universitat Er1angen-NOmberg, Er1angen,
Germany

Introduction: Maintenance of cerebral oxygen supply is an important
therapeutic aim in neurosurgical intensiv care. For the continuous
monitoring of the cerebral 0rmetabolism, tissue polarography CPtiOV
and jugular bulb oximetry (Sj~) as two different modalities are
available. Aim of this study was to investigate the correlation of both
methods dUring changes of cerebral perfusion pressure (CPP).

Methods: In 11 Individuals rr SAH, 4 traumatic brain injury) arterial
blood pressure (aSP), intracranial pressure (ICP), Pti02, Sj~ and
endtidal pC02 was monitored simultaneously with a digital data
acquisition system. Arterial hypotension was Induced by administration
of nitroprusside sodium in over-all 26 monitoring sessions. All patients
were sedated and ventilated, Arterial pC~ was maintained at 32
:I:1mmHg. Mean values for aSP, ICP, CPP, Pti02 and Sj~ were
calculated from intervals of 15s previous to test beginning and at the
time of maximal hypotension. Autoregulation tests were terminated if
cardiac arrhythmia, excessive raise of ICP or CPP below 60mmHg
arose.

Results: Mean ACPP was -20.2 :t9.3mmHg, Regression analysis
showed no correlation between APti02 and ACPP (r=0.2) respectivly
between ASj02 and ACPP (r=-0.02). A positiv, statistically significant
correlation was found between ASj02 and APti02 (r=0.48*").

Conclusion: Tissue polarography and jugular bulb oximetry register
cerebral oxygen metabolism at different levels, since the polarographic
probe has a cylindric sample volume of a few mm3 and jugular venous
oxygen saturation represents whole brain venous oxygen outflow.
Nevertheless, reduction of local cerebral p02 correlates with
desaturation in jugular venous blood when cerebral perfusion pressure
decreases.

This project is supported by the Deutsche Forschungsgemeinschaft
(STE5121-2).
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CEREBRAL OXJMETRY AFTER HEAD INJURY IN ADULTS.

Edwin M. Nemoto and Donald W. Marion

Department ofNeurological Surgery, University of Pittsburgh Medical
Center, Pittsburgh, PA 15213.

Introduction: Cerebral oximetry may be used to follow the time course
of cerebral hypoperfusion and hyperemia after traumatic brain injury
(TBI). It may also determine whether intracranial hypertension after
TBI is attributable to cerebrovascular dilation or brain edema. This
study correlates changes in cerebral oxygenation and blood volume with
changes in intracranial pressure (ICP) and cerebral perfusion pressure
(CPP) after head injury in adults.
Methods: Cerebral oximetry was used to study the time course of
changes in oxygenation and cerebral blood volume relative to changes in
intracranial pressure (ICP) and cerebral perfusion pressure (CPP) in
head injured patients (admission GCS:s 8).
Results: Cerebral oximetry successfully tracked the initial early
postinsult hypoperfusion followed by, a progressive hyperemia and
hyperoxygenation which in some cases, led to infarction verified by CT.
After severe TBI, a relentless course of refractory intracranial
hypertension could be attributed to cerebrovascular dilation (see Fig.
below).
Summary and Conclusions: Although cerebral oximetry monitors
cerebral oxygenation in a small area of the cortex roughly 4 cm in diam.
it is a useful method for direct, continuous, and nonvasive bedside
monitoring of cerebral oxygenation after injuTL.
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BRAIN TISSUE PO, MONITORING: TECHNIQUE, COMPLICATIONS
AND QUALITY

J. Dings, J. Meixensberger, K. Roosen

Department of Neurosurgery, University ofWorzburg, Germany

Introduction
Avoiding secondary insults is a major goal in the treatment of patients with
severe head injury (SHI) and subarachnoid hemorhage (SAH). Brain tissue pO,
(P(ti)O,) monitoring offers the possibility to monitor on-line cerebral
microcirculation / oxygenation. The authors present their experience with 90
p(ti)O,-microcatheters on 60 patients with SHI and 25 with SAH.
Methods
The polarographic p(ti)O,-microcatheter has a diameter of 0.5 mm and a pO,
sensitive surface of 8 mm', lying 2.5 em in the frontal white maner. Insertion ill
the ICU takes about 10 minutes. Correction for temperarurechanges is done
automatically (catheter-dependant, usually 4.5 % per 'c). After removal the
catheter is checked for sensitivity (= drift at room air with H,a-pressure
correction (temperarure-dependant» and zero-drift.
Results
Complications: Mean monitoring time was 7.6 +/- 3.4 days. So far (using 90
catheters) no infection caused by the catheter was observed. Two times (~2.2 %,
0=90) a small contusion was seen; an evacuation was not necessary. Four times
the catheter showed a malfunction: 2 times due to kinking during CT-scan
transport, 2 times caused by an "unprofessional" dysconnection. Once the screw
broke: both parts could be taken out without effort. Three times the p(ti)O,
catheter could not be inserted via the introducer, making it necessary to use a
new introducer.
Sensitivity: Mean sensitivity was -9.5 +/- 8.7 % (7.6 +/- 3.4 days, n ~ 80).
Catheters removed after less than 5 days showed a greater drift (-11.8 +/- 5.4 %,
n ~ 22) compared to those removed after 5 days (-6.5 +/- 4.3 %. n = 58): so,
during the first 5 days of monitoring, a slight underestimation of the p(ti)O, can
occur. Comparing initial catheter charges to the latest, a clear quality
improvement can be shown (-12.5 +/- 6.5 %, n = 2610 -7.8 +/- 3.3 %. n = 54).
Mean zero-drift was 1.4 +/- 1.5 mm Hg (n ~ 78): highest drift is seen after 5
days (2.0 +/- 1.8 mm Hg, n ~ 57).
Conclusions
Brain tissue pO, monitoring is a practicable, safe and reliable monitoring
method, reflecting changes ofcerebral microcirculation/oxygenation.

PO-2-055

BILATERAL MONITORING OF CBF AND TISSUE OXYGEN
PRESSURE IN THE PENUMBRA OF A FOCAL MASS LESION IN RATS

R. Burger, G.H.Yince, 1. Meixensberger, K. Roosen
Dept. of Neurosurgery, University ofWtirzburg, Germany

Introduction
Continuous monitoring of cortical CBF and subcortical brain tissue 1'02 was
measured using an epidural balloon expansion model in rats. With particular
regard to the microcirculation in different compartments of the brain, time-rela
ted effects of both parameters were measured simultaneously ipsi - and con
tralateral to the focal mass lesion befnre, during and after ischemia.
Methods
CBF was measured bifrontoparietal by Laser Doppler Flowmetry (LDF), 1'02
bifrontal to the lesinn with polarographic microsensors in 18 Spraque-Dawley
rats (598±I29g). After balloon placement and evaluation of the baseline values
(58±8min), 1'02, CBF, SAP and EEG were measured during unilateral parietal
induced balloon expansion (BE) until pupillary dilation and flat EEG. After 10
min prolonged inflation, rapid deflation was followed by the monitoring of all
parameters for 178±29 min. Animals were then sacrificed. Histopathological
examinations were carried out. The srudy protocol included a sham group
(n=IO) and a group with balloon expansion (n=8).
Results
Median and range of baseline values for LDF was stable with a drift of 10,2%
(4-16%), P02mean was 31,2 mmHg (27,9-34,9mmHg) in the left and 30,1
mmHg (27,5-31,7mmHg) in the right hemisphere. After total inflation ipsilat
CBF decreased to 18,6% (13,3-24,4%) of baseline value and 1'02 from 31,2
mmHg (27,9-34,9mmHg) to 4,6 mmHg (3,2-6,7 mmHg). Contralateral. CBF
decreased to 23,4% (17,1-56,6%) and P02 from 30,1 mmHg (27,5-3I,7mmHg)
to 7,1 mmHg (6,1-8,5 mmHg). After deflation ipsilat. CBF increased to 55,2%
and contralat. to 67%, 1'02 inereased ipsilat. to 77,4% and contralat. to 88,8%
of baseline values. After decompression cortical LDF was restored much faster
but incomplete in comparison to tissue p02 (r ~ 0,71 ).
Summary and Conclusions
LDF and p02 measurements usually showed simultaneous changes. Cortical
CBF seemed to be restored earlier than subcortical p02 values. Uncoupling bet
ween CBF and 1'02 depended on the individual position of the probes.

References
(I) Schettini A, 1. Neurosurg. 71: 578-587, 1989
(2) Van Santbrink H, Neurosurgery 38: 21-31, 1996
(3) Kiening KL,J. Neurosurg. 85: 751-757, 1996
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MONITORING CEREBRAL TISSUE P02, PC02, PH AND
CORTICAL BLOOD FLOW DURING TEMPORARY ISCHEMIA
Fady T Charbel William E. Hoffinan, Mukesh Misra, James I. Ausman
Department of Neurosurgery, University of Illinois at Chicago, Chicago,
Illinois, USA

Introduction: In an effort to improve the safety of temporary arterial
occlusion during surgery, as well as to extend the tolerance of temporary
clipping, we prospectively evaluatt J the impact of the following
muitimodal, intraoperative monitoring devices in aneurysm and EC-IC
bypass surgery.
Methods: Our goal was to simultaneously measure circulatory changes
after temporary clipping, in addition to detecting the onset of ischemia in
cerebral tissue. For these purposes, residual/collateral blood flow was
measured using (I) perivascular microprobes placed around the involved
vessels, and (2) cortical laser doppler flow in the areas at risk. In addition,
the effect of temporary clipping on tissues was monitored using a probe
which measures tissue 0:l C0:l temperature, and pH, which was inserted
into cerebral tissue at risk for ischemia during brain artery occlusion.
Furthermore, the effect of cerebral protective agents on the above
parameters was recorded.
Results: Data has been collected in 87 patients (67 aneurysms, 20 EC-IC
bypass). Prior to temporary artery occlusion, burst suppression EEG was
induced, using 3-7 mg/kg etomidate or 9% desflurane. During EEG burst
suppression with etomidate, tissue P02 decreased from 24±30 mmHg to
18±I5 mmHg (p=O.002); with desflurane, P02 increased from 15±IO
mmHg to 30±21 mmHg (p=0.00 I).
Conclusions: We found that neurological outcome was more closely
related to hypoxic time as detenmined by the above multimodal monitoring
than to actual clip time (p=O.OO I). These preliminary results show that
improving tissue oxygenation and r.~ucing acidosis during brain artery
occlusion improves outcome, and are more reliable indicators than clip
time.

P-2-060

COMPARISON OF THE PARTIAL PRESSURE OF BRAIN TISSUE
OXYGEN OF TWO ADJACENT AREAS OF BRAIN TISSUE AFTER
SEVERE HEAD INJURY

LMH Kloos, WA van den Brink, AIR Maas, CJJ Avezaat

Department of Neurosurgery, University Hospital Rotterdam,
The Netherlands

Introduction:
Continuous monitoring of the partial pressure of brain tissue oxygen
(Pbr02) as a parameter of cerebral oxygention has proven to be a
clinically applicable monitoring technique. Disadvantage of the techni
que is that it has a regional character. We investigated the differen
ces and correlation of the values of two PbrO, catheters which were
inserted close to each other.

Material and Methods:
Seven patients with blunt severe head trauma (GCS,,;8) were investi
gated. PbrD, was measured by two polarographic Clark type cathe
ters, connected with two Licox pO, computers, An intracranial bolt
with three entries was used for simultaneous ICP monitoring and
introduction of two PbrO, catheters. Measurements started as soon
as possible after trauma during 5 days. The patients underwent daily
ventilation-provocation tests which induced hyperoxia and moderate
hypocapnia. Statistical analysis was performed according to the
Altman procedure.

Results:
Although a highly significant correlation between the values measu
red by both catheters was present considerable variations were noted
between the absolute values of the two catheters. In three patients
during the hyperoxia tests one of the catheters showed a tendency
towards saturation.

Discussion:
Possible explanations for the differences between the two values of
the two catheters are a different position in relation to the capillary
mesh or possibly the presence of microhemorrhage around the tip of
the catheter, Despite the observed differences the technique appears
reliable but probably more attention should be focussed on the
relative changes than on the absolute value of obtained measure
ments.
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TIME COURSE OF NEURON SPECIFIC ENOLASE AND
PROTEIN 8-100 IN JUGULAR VENOUS AND ARTERIAL
SERUM FOLLOWING TRAUMATIC BRAIN INJURY
E Grant McKeating " Luciana Mascia, Peter J DAndrews

Depts. of Anaesthesia and Clin. Neurosciences, University of Edinburgh, UK.

INTRODUCTION: Neuron specific enolase (NSE) and protein S-IOO have been
described as markers ofinjwy severity following traumatic brain injury (TBI) (1).

They originate from neurons and glial cells respectively. Our aim was to study
NSE and S·IOO in serum over 4 days following injwy; our hypothesis was that
levels would be elevated with jugular venous (N) levels greater than arterial.
METHODS: We recruited 24 patients with TBI admitted to the intensive care
unit. Paired arterial and N blood samples were taken on admission, and at 24 h,
48 h and 96 h following injwy. Analysis of serum for NSE and S-100 was
performed bY IRMA. A total of 160 samples (80 pairs) were analysed. Venous
serum samples were taken from 12 healthy volunteers to act as controls.
RESULTS: (All units=mcglI) Median age was 34yrs (range 17-69). Median
Glasgow Coma Score was 6.5 (range 3-13). Median time from injury to admission
sample was 8h 30 min (range 5-14 h). Mean N levels of S-IOO (1.05, 950/oCI
[0.58-1.52)) were significantly higher than arterial (0.99, [0.55-1.43], p=O.020)
over the 4 days. For NSE, there were no differences between mean N (11.40,
[9.72·13.08) and arterial levels (11.00, [9.65'12.351, p=O.42). The table shows the
time course for NSE and S·IOO in N serum '0 values from two tailed t test).
Time NSE(mc.lI) S-IOO (mcoll)

Mean 95%CI 0 Mean 95%CI n

Controls 6.9 6.3-7.5 NO'
Admiss 14.9 10.7-19.1 <0.001 0.88 0.36-1.39
24 h 10.8 8.4 -13.2 0.003 1.30 0.13-2.47
48h 8.8 6.2-11.4 0.140 0.98 0-2.05
96h 9.1 5.7-12.6 0.113 1.04 0-2.24

, NO - not detected; lower Imut ofdetectIon =O.2mcglI. Pabent samples for S
100 which showed <0.2mcgII were assigned a level of zero for statistical analysis.
SUMMARY AND CONCLUSIONS: Levels of both NSE and S-IOO were
elevated in N and arterial serum following TBI. There was a small, but
significant, elevation of S-IOO in N serum, compared to arterial; surprisingly
fhis was not the case for NSE. NSE levels were highest on admission, whereas S
100 levels peaked around 24h after injwy.
The next step is to relate the profiles ofNSE and S-100 to injury severity, CT
findings and outcome - they may be of some predictive value.
REFERENCE:
(I) Yamazaki Y, et aI. Surgical Neurology. 43:267-271, 1995
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NO INFLUENCE OF IDEBENONE ON CEREBRAL AMYLOIDOSIS AFffiR
ISCHEMIC BRAIN INJURy

Ryszard Pluta"',Maria Barcikowska',Miroslaw Ryba1 and Grzegorz Debicki1

'Medical Research Centre, PAS, Warsaw; 'Academy of Physical Education,
Biaia Podlaska, Poland

Introduction
The two most recognized pathological features of Alzheimer's disease (AD)
are amyloid plaques and neurofibrillary tangles. Ischemia has been identified
as a risk factor for AD (1). Increased free radicals producrion may directly
contribute to f}-amyloid peptide (f}A) aggregation and deposition. It has
been shown that idebenone prevents oxidative stress mediated cell death
and the process of amyioidogenesis. In this study, we examined the effect
of idebenone on f}.amyioid precursor protein (APP) deposition in ischemic
brain.
Methods
Rats (n= 15) under ether anaesthesia, were subjected to 7.5 min global
cerebral ischemia (GCl) (2). They were treated p.o. one day before and four
days after GCI (n=5 on idebenone 100mglkglday, n=5 on placebo). At 6
months after GCI, the animals were perfused with phosphate-buffered saline
followed by 2% paraformaldehyde. For immunocytochemistry, we used
antibodies raised against synthetic peptides corresponding to the aa residues
of APP; monoclonal antibody (mAb) 22C11 against N-terminal of APP, mAb
6EI0 recognizing 1·17 aa residues of f}A, mAb 4G8 recognizing 17-24 aa
residues of f}A, polyclonal antibodies (pAb) SP 28 recognizing 1-27 aa
residues of f}A, and pAb RAS 57 against C-terminal of APP (CAPP) (l),
Results
In both groups, treated and placebo we observed extracellular deposits of
f}NCAPP ranged from numerous small dots to irregular diffuse plaques. We
found the long·term increased f}NCAPP expression in the intracellular space
in both groups, In the present study, f}A immunoreactivity was found in
both unchanged and markedly damaged neurons and in glial cells.
Conclusions
It has been shown that p.o. administrarion of idebenone did not influence
deposition of f}NCAPP after ischemic brain injury. These effects suggest that
idebenone is not useful for the preventing and treatment of cerebral
amyloidosis and/or AD.
References
(1) Pluta R et al., Brain Res. 633: 41-52, 1994
(2) Pluta R et aI., Acta Neuropathol. 83: 1-11, 1991
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NITRIC OXIDE DOES NOT AFFECT CEREBROSPINAL FLUID DYNAMICS
IN CATS

Shingo SUGIOKA, lunichiro KOTANI, Teruyuki YASUTOME, Yoshihiro
MOMOTA', Alan A ARTRU' and Yutaka UEDA

Department ofAnesthesiology, Osaka Dental University, Japan
, Department ofAnesthesiology, University ofWashington, USA

Introduction
Recent studies of the cerebral vascular effects of nitric oxide (NO) indicate that
NO plays a complex role as a cerebral vasodilator. Faraci and Heistad (1) reported
that NO had significant effects on blood flow to choroid plexus, the major site of
formation of cerebrospinal fluid (CS~ J. However, the effects of NO on u;~
formation (Vf) and reabsorption (Va) rates have not been reported. Because Vf
and Va are important determinants of intracranial pressure (ICP), we examined the
effect of NO on CSF dynamics in cats using the technique of ventriculo-cisternal
perfusion (VCP).

Methods
Six adult cats anesthetized with N,O/O.5% sevoflurane in 0, were used for this
study. Cannulae were inserted into a radial vcin and femoral artery, and the animal
was placed in the prone position with its head in a stereotaxic apparatus. VCP was
performed using lactated Ringer's solution with 0.5% blue dextran. NG-nitro-L
arginine methyl estel (L-NAME), an inhibitor ofNO synthase (NOS), was given
[iv] as a 30 mgikg bolus and I mgikgirnincontinuous infusion. Vf, Va, ICP, regional
cerebral blood flow (r-CBF), mean arterial pressure (MAP), body temperature,
and blood gas tensions, glucose and hematocrit were measured before, during and
after discontinuing L-NAME.

Results
MAP increased significantly with L-NAME and then decreased to control values
after discontinuing L-NAME. Vf, Va, r-CBF, and other systemic values wcre not
changed with L-NAME.

PO-2-066

RELATIONSHIP OF BRAIN TEMPERATURE TO
BRAIN METABOLISM AND CORE TEMPERATURE IN
PATIENTS WITH SEVERE HEAD INJURY

Alois Zauner, Egon Doppenberg, Matthias Menzel, Harold Young,
Ross Bullock

Neurosurgery, Medical College of Virginia, Virginia, USA

Introduction
Temperature profoundly affects cellular functions. Hypothennia is
an important means of protecting brain cells from the deleterious
effects of ischemia after severe head injury. There is a linear
relationship between temperature and cerebral metabolic rate of
oxygen in animal models. However the influence and significance of
brain temperature in severely head injured patients on brain
oxygenation and metabolism is not well understood.
Methods
We compared continuous measurements of brain oxygen, brain
C02, brain pH, and hourly brain chemistry (glucose, lactate), to
brain temperature and core temperature. A multiparameter sensor
(brain oxygen, C02, pH and temperature) was inserted into frontal
cortex, via a three lumen bolt, along with a standard ventriculostomy
catheter and a microdialysis probe in 25 severely head injured
patients.
Results
Mean brain temperature was 0.3 to 0.5 "C higher than rectal
temperature in patients with a brain tissue oxygen of greater than 30
mmHg and a CPP above 70 mmHg. However, for patients with
poor outcome (n =10), and brain tissue oxygen of less than 20
mmHg, brain temperature was more than I"C lower than core
temperature. Spontaneous hypothennia (5 patients; brain
temperature < 36.0°C) correlated with low CBF, low brain tissue
oxygen and poor outcome. Brain temperature was in all 25 patients
closely related to core temperature, brain oxygen, CPP, brain
glucose, and CBF (all p ~ 0.001).
Summary and Conclusions
Brain temperature is closely related to core temperature, brain
metabolism and CBF in this study. Brain temperature monitoring
not only guides therapeutic cooling for ICP management in the
future, but it may also indicate brain metabolism, and relate to
regional CBF. Clearly further studies are needed.
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REPEATED HYPERBARIC OXYGEN INDUCES ISCHEMIC TOLERANCE IN

GERBIL HIPPOCAMPUS

Kojiro Wada, Masataka Ito', Takahito Miyazawa, Hiroshi Katoh,

Hiroshi Nawashiro and Katsuji Shima

Depanment of Neurosurgery, National Defense Medical College.

and 'Undersea Medical Center, Japan Maritime SelfDefense Force, Japan

Introduction

Hyperbaric oxygen (HBO) has been used in humans in the treaunent of stroke.

The present study was designed to determine whether repeated administration of

HBO induces tolerance to a subsequent ischemic insult that would usually be lethal

to CAl neurons.

Methods

Fony-nine gerbils were used. HBO (100% oxygen at 2 aunospheres absolute) was

administered for 1 h to gerbils either for a single session or every other day for five

sessions. Two days after HBO pretreaunenl, the gerbils were subjected to 5 min of

forebrain ischemia by occlusion of both common carotid arteries under anesthesia.

Results

Seven days after recirculation, neuronal density per I-mm length of the CAI sector

in the hippocampus was significantly beuer preserved in the five·session HBO

pretreaunent group than in the ischemic control group and in the single-session

HBO pretreatment group. Immunohisteehemical staining for the HSP-72 in the

CAI sector performes 2 days follOWing pretreaunent revealed !hal the five-session

HBO pretreatment increased the amount of HSP-72 present compared with thaI in

the ischemic control group and in the single HBO pretreatmenl group.

Summary and Conclusions

These results suggest that tolerance againsl ischemic neuronal damage was induced

by repeated HBO pretreatment, which is thought to occur through the induction of

HSP-72 synthesis.

P-2·071

SIGNIFICANCE OF MANAGEMENT FOR CEREBRAL PERFUSION

PRESSURE IN POOR-LEVEL PATIENTS WITH SUBARACHNOID

HEMORRHAGE

T, Moriya, N. Hayashi, H. Kushi, T. Saitoh, K. Kinoshita, T. Shibuya

Deparunent of Emergency and Critical Care Medicine, Nihon University School

of Medicine,

Tokyo, JAPAN

A surgical treatment in poor-level patients with severe subarachnoid hemorrhage

(SAH) is still controversies. In this paper, we present the impcrtance for

management of cerebral perfusion pressure (CPP) in the treaunent of severe SAH.

[Clinical Material and Methods) Ten patients with poor-level of SAH (Hum and

Kosnik Grades IV and V: WFNS SAH scale V) have been treated by aggressive

combined therapy. The summary of this treaunent is as follws, (1) surgical

obliteration of the aneurysm within 24 hours, (2) application of spinal or

ventricular drainage, (3) large decompressive craniotomy and implantation of

intracranial cranial pressure (ICP) sensor into the subdural space, (4) management

of hemodynamic changes using Swan-Ganz catheler. (5) maintenance of treatable

ICP and systemic blood pressure (SBP) to secure CPP>80 mmHg, (6)

measuremenl of middle cerebral anery (MCA) velocity using Transcranial Doppler

(TCD) at 3 times a day and practice of percutaneal transluminal angioplasty (PTA)

if nessesary, (7) ealier selling of mild hypcthermia, 35 10 36 'C of the at the
jugular bulb venous temperature, (8) use of aulhorized kinelic therapy 10 prevent

complications including aleleclasis and pneumonia (Results) In eight of 10

patients, CPP was controlled above 80 mmHg by applicalion of large

decompressive craniotomy and CSF drainage. Seven of 10 patients (70%) were

detecred angiospasm by TCD. Moderate disability according 10 the Glasgow

OUleome Scale (GOS) was observed in 3 patients (30%), severe disability in 4

patients (40%), vegetalive stale in 2 patienls (20%) and dead in a patients (10%).

(Conclusion) We experienced aggressive treaunems to decide the therapeutic

starategies in poor-level patients wilh SAH. In this series. the results were

suggested that early management for the cerebral ischemia and mainlaining the

CPP> 80 mmHg were important to the successful oUlcomes. [References) (I)

Le Roux PO, J Neurosurg. 85: 39-49. 1996 (2) Nowak G. Acta Neurochir 126:

33-37,1994 (3) Kassel NF, J Neurosurg. 73: 18-36,1990
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Effects of brain surface cooling on cerebral
ischemia in cats

Y. Noguchi, N. Ukita, M. Yunoki, M. Kawauchi. S. Asari, T. Ohmolo

Department of Neurological Surgery, Okayama University Medical
School

Introduction
The cerebroprotective effets of hYPolhennia have been extensively
studied in various animal models of iSt'hemia. Whole body cooling is
the most common method for hypothermia. fn order to induce
hypothermia during temporal occlusion in anurysm surgery, in this
study, we tried brain surface cooling as a new method of selective
l'main cooling, and evaluated the effects of the method on foral cerebral
ischemia using a cat model of transient middle cerebral artery (MeA)

occlusion.

Methods
Cats underwent 1 hour of MeA occlusion followed by 5 hours of
repertusion.Rrain surface cooting was induced immediately after MeA
occlusion for 4 hours in hypothermia group(0=7), but not 1n
normothermia group(n=7). Brain surface cooling was perfonned with
saline perfusion in subdural space. Rectal temperature, brain surfat:e
temperature and deep hrain temperature were monitored,and regional
cerebral blood flow(rCBFHH 2 clearance) and somatosensory evoked
potential(SEP) were continuously measuerd.After reperfusion, water

content was also measured by specific gra"imetric technique.

Results
Outing brain surface cooling, although Rectal temperarure maintained
about 37'C. Brain surface temperature decreased to 33 'C rapidly. The
rCBF was lower in hypothermia group than in nonnothennia group for
3hours from reperfusion. The recovery of Sf.P "amplitude was
signifkantly hi~er in hypothermia group than in nonnothennia group
at 4andS hours after reperfusion. In tbe gray matter, water content
was significantly lower in hypothermia group than in nonnotherrnia

group, there was, however, no significant difference in white matte).

Conclusions
These results demonstrate that brain surface cooling may be useful
in avoiding ischemic injury duting temporal occlusion in anurysm
surgery.

P - 2·074
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Kyu-Man Shin, Jun-Hyeok Song. Myung·Hyun KHn, Seoul, K....
Dcportmart .fNOIlnlOIUpr)', Mok-dong HoopitaJ. Ewha Womana Univemty, SeouL K....

IntroduetioD : The purpose of this experimental study is to determine Ihe
protective effect of pretreatment of mannitol, steroids, thiopental sodium
and nimodipine against the acute focal cerebral ischemia.
Methods : The energy metabolism of the brain was measured utilizing
the high liquid performance chromatography in the brain tissue of the
cats. The experimental animals were sep3Illted into three group. In group
I ( the sham control group) the middle cerebral artery(MCA) was not
occluded. In group II ( the recirculation group ) the MCA was occluded
for 5 hours and reperfused for 2 hours. In group III ( the treatment
group) the combination of mannitol (2grnlkg), steroid (30mglkg), and
thiopental sodium(5mglkg) were administered intravenously at 30
minutes before occlusion of the MCA. The mannitol and steroids were
repeated every one and half hours and thiopental sodium every hours.
Nimodipine(3uglkglmin) was continuously intravenous infused during 7
hours, initiated 30 minutes before induction of ischemia.
Re&ults: I) Adenosine derivatives: In group III ATP and ADP were very
highly significantly increased to 485.35% and 218.45% respectively and
the total adenylate to 170.27% of the value of group II. AMP reduced to
62.62% of the group II. 2) Adenylate energy charge(E.C.) : In group III
E.C. was increased to 196.67% of the value of group II and recoveried to
78.67% of the group I. 3) GTP and total guanylate: In group /II GTP and
lotal guanylate were very highly significantly increased to 351.55% and
241.22% of the value of the group II respectively. 4) UTP and total
uridylale : In group III UTP and t0181 uridylate were highly significantly
increased to 4296.30% and 222.22% of the value of the group II
respectively.
CODelusioD The above results suggest that the pretreatment of this
therapeutic combination of the drugs may have an effective means or
treating acute focal cerebral infarction and would be applicable in the
clinical field in which the ischemia is anticipated during major cerebral
anery occlusion.
Reference: I) Hiff IT: Cerebral protection J.neurosurg. 1986; 65: 579
591 2) Suzuki J, Yoshimoto T, Kodama N, et al A new thrapeutic
method for acute brain infarction revascularization following the
administration of mannitol and perfluorochemicaIs- a preliminary repan.
Surg. Neural 1982; 17; 325-332 3) Spetzler RF, Nehls DG : cerebral
protection against ischemia. Cerebral Blood Flow. Editor Wood JH.
McGraw-Hill Book Co 1987; 651-{j76
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CEREBRALCIRCULATION RESPONSE TO SHOCK FROM
INDUCED SEIZURES

Wlodzimierz Lewelt and Russell Hummel III

Department of Anesthesiology, Virginia Commonwealth University,
Medical College of Virginia, Richmond, Virginia, USA

Introduction
Seizures induce dramatic response in cerebral circulation and
physiology, which, when long enough may result in brain damage.
Electroconvulsive therapy (ECT) causes similar responses, but of
short duration, thus hard to assess by available cerebral blood flow
(CBF) techniques (I). Therefore, we continuously evaluated ECT
effect on the mean flow velocity (Vm) in a middle cerebral artery
using transcranial Doppler (TC-2000 EME) system.

Methods
In patients with depression, ranging in age from 18 to 66 years
(45.2 ±. 14.8 years), twenty seven ECTs were performed under
intravenous anesthesia. The Vm, heart rate (HR), mean arterial
blood pressure (MABP), end-tidal C02, and electroencephalogram
were recorded at rest, during anesthesia and during ECT with five
minute recovery.

Results
The VM increased from 37.3 ±. 9.5cmls to 90.5 ±. 25.7cmls
(p < 0.001) within one minute following ECT stimulus. With
termination of seizure activity Vm returned to near-normal value at
the fifth minute of recovery. The HR (except for initial bradycardia)
and MABP responded to ECT with tachycardia and hypertension
that were more persistent than Vm changes.

Summary and Conclusions
We found that Vm, trend of which may reflect CBF changes,
increased significantly with ECT stimulus. This reaction seemed to
be determined by duration of seizure activity and was accompanied
by autonomic response.

References
(I) Lewelt W. et aI., Anesth. Analg. 76: S224, 1993

PO· 2-077

EXCITATORY NEUROTRANSMITTERS INFLUENCE ENERGY
METABOLISM AFTER SEVERE HUMAN HEAD-INJURY:
EFFECT OF INJURY TYPE

B. Alessandri, E. Doppenberg, S. Koura, J. Woodward and R. Bullock
Medical College ofVirginia, Div. of Neurosurgery, Richmond, VA, 23298, USA

Introduction
Results from animal models of traumatic brain injury have clearly indicated that
tissue survival depends upon substrate delivery versus consumption which may
be increased by excitatory neurotransmitters. High glutamate has been seen in
focal human contusion, especially. Therefore, we investigated the
interrelationship between glutamate, lactate and glucose in relation to the type of
injury in severely head-injured patients.

Methods and Results
Severely head-injured patients (n=36) were selected in which glutamate, lactate
and glucose was analyzed in the same sample. Patients were divided into agroup
with the probe placed next to the ventriculostomy catheter ("diffuse" injury) and
a group with the probe placed adjacent to focal contusions ("contusion" injury).
A Spearman rank correlation between glutamate, lactate and glucose was
performed over 6-96 hrs for each patient and aone-sample t-test (hypothesis: Ho)
was then used to test for significance ofmean intra·patient correlation.

TABLE J: Mean intra-patient Spearman rank correlation between dialysate
glutamate, lactate and glucose and p-values ojone-sample t-tests

.. .....IM !-fest .....IM ~ ....- t_
All (36) 0.30 0<0.001 0,17 0<0,02 0.11 0<0.11

"d_"CU) 0.J3 0<0.01 0,18 0<0.02 0.2t 0<0.037
....._"114\ 0.24 o<O.OS O.IS 0<0.34 .(1.02 0<0.80

Summary & Conclusions:
I. Avery strong positive correlation between glutamate and lactate was seen in
"contusion" and "diffuse" injury; which supports the concept (Pellerin Land
MagistreUi Pl, Proc. NaIl. Acad. xi. USA 9/: /0625-29. 1994) that glutamate
may 'drive' glycolysis;

2. The expected inverse relationship between glucose and lactate was not seen:
3. In "diffuse" injury, glutamate and glucose appear positively correlated, but
not in focal "contusion" injury.

Abstracts
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DIFFUSION EFFICIENCY IN CEREBRAL EXTRACELLULAR
SPACE: CHANGES INDUCED BY ISCHEMIC CELLULAR
SWELLING

T. Kawamata, Y. Katayama, and T. Mori.

Depanment of Neurological Surgery, Nihon University School of
Medicine, Tokyo 173, Japan

Introduction
Cerebral ischemia induces accumulation of toxic substances in the
brain tissue. Such toxic substances are released to extracellular
space (ECS), diffuse into surrounding tissue, and are removed or
detoxicated by glial or other uptake systems. In ischemic brain,
however, the diffusion in ECS may be impaired by reduction of
extracellular volume due to ischemic cellular swelling. In the present
study, t4C-sucrose was perfused into ECS as an ECS marker, and
sucrose diffusion in ischemic brain tissue was investigated usittg
microdialysis technique.
Methods
Wistar rat was anesthetized with halothane inhalation, and a pair of
microdialysis probe (probe A and B) was placed into the frontal
cortex with 1.5 mm distance. Ischemia was induced by decapitation.
One probe (A) was then perfused with 14C-sucrose to administer
sucrose into ECS, and the other (B) with Ringer solution. Dialysate
fractions were collected in probe B to detennine level of 14C-sucrose
diffused from probe A. The dialysate concentration of sucrose was
measured by a scintillation counter. Animals without decapitation
were employed as a nonnal control.
Results
In the normal control, sucrose concentration in probe B
progressively increased and reached plateau level within 30-40 min
after initiation of sucrose perfusiott in probe A. In ischemic brain, in
contrast, the increase in sucrose level was less pronounced during
first 40 min. The sucrose concentration, however, continuously
elevated in ischemic brain even after 40 min, and exceeded nonnal
control level within 60 min.
Summary and Conclusion
Since sucrose is not taken up by either cells or capillaries, above
findings suggest that cellular swelling and shrinkage of ECS occurs
during cerebral ischemia, and the diffusion efficiency in ECS is
impaired. This may enhance accumulation of toxic substances and
resultant cellular damage in cerebral ischemia.

PO·3-080

INTRAOPERATIVE IN-VIVO MEASUREMENT OF HEMOGLOBIN, OXY
HEMOGLOBIN, OXYGEN-SATURATION AND CYTOCHROME aa3
WITH THE NIOS MULTISCAN OS 10/30'": A NEW METHOD FOR DE
TERMINATION OF CEREBRAL BLOOD FLOW AND OXYGEN META
BOLISM IN BRAIN TUMORS AND VASCULAR MALFORMATIONS.

H.A. Trost, "K.M. Scheufler, OF. Steinberg, D. Plev and Ch.B. Lumenta

Neurosurgical Departements, KH Bogenhausen MOnchen and "University
Bonn, °lnstitute of Radiation Biology, University Essen, Germany

Introduction: Anew, NIRS (Near·lnfrared Spectroscopy)-based
technology (Multiscan OS 10130'") allows for easy, quick and non·
invasive intraoperative measurement of tissue oxygenation in vivo.

Methods: Multiscan OS 10/30,. scans a tissue sector of defined
geometry at 400 to 1200 nm with 0.3 nm intervals (2.400 single measure
ments per scan) and at a scan rate of 400 Hz. Data are visually displayed
at 1 Hz, implicating that approximately 106 single measurements are
contained in one digitally displayed scan. The systems newly developed
software is based on the phenomenon of coherence-photons and allows
for real time measurement of the absolute values of total hemoglobin
(tHb) and oxy-hemoglobin (Hb02) in mg/ml tissue as well as the
determination of tissue oxygenation (S02) from 100% to 0%.

Results: Afirst series of intraoperative measurements comprising 40
cranial and spinal neoplasms and cerebrovascular malformations has
revealed characteristic interindividual differences with respect to intra
tumoral oxygenation and the feasibility of diHerenliating tumor from
unaffected brain tissue as well as monitoring cerebral oxygenation during
temporary vessel occlusion.

Summary and Conclusions: With suitable (subcortical or cortical)
localisation of an intraaxial neoplasm, certain stimulation dependant
alterations of local tissue oxygenation and tissue perfusion within both
normal brain tissue and gliomas can be objectively assessed during
functional stimulation by means of SSEP and VEP. Thus, even spatially
discriminating measurements of local tissue oxygenation within extensive
gliomas become feasible before, under and after functional stimulation.
Continuous realtime characterisation of oxygen metabolism allows for
monitoring during temporary occlusion of cerebral arteries, especially in
cerebrovascular surgery, provided smaller probes are developed.
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NON CONCORDANCE BETWEEN NEAR INFRA-RED SPECTROSCOPY
AND CEREBRAL OXYGEN SATURAnON IN BRAIN DEATH
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RELVEVANT ISCHEMIC THRESHOLDS DETECTED WITH NEAR
INFRARED SPECTROSCOPY (NIRS) DURING CAROTID SURGERY
ISCHAEMIA

Stephen Lewis', John Myburgh', Emma Thornton', Peter Reilly'
, Department ofNeurosurgery, Royal Adelaide Hospital, Australia.
, Department of Intensive Care, Royal Adelaide Hospital, Australia.

In one Group A patient a significant fall in regional saturation occurred in
association with sustained systemic hypoxia. In addition no signals were detected
in the contralateral hemisphere in 2 patients in Group B who had undergone
craniectomy.
Conclusion
In the absence of cerebral blood flow, the devices tested in this study detected
oxygen saturation values in the upper to normal range. These values can only
reflect scalp oxygenation and indicate either a problem in algorithm designed to
filter extracranial signals or in the quality of the received signal.
Reference
1. Lewis SB et ai, Crit Care Med 24:1334-1338,1996.

Introduction
Ncar infra-red spectroscopy (NIRS) has been proposed as a non-invasive method
of assessing regional cerebral oxygenation. However, clinically significant
episodes of global cerebral desaturation, as detennined by jugular venous
oximetry, have not been detected by NIRS (tNVOS 3100) (1). The aim of this
study was to compare 2 different NIRS devices in a series of brain dead patients
with absent cerebral blood flow_
Methods
2 groups of 4 head injured patients (2 female, 6 male) who fulfilled the clinical
criteria for brain death were included in the study. Cerebral oxygen saturation
was monitored in Group Aby the Somanetics tNVOS 3100 and in group B by the
Critikon 2020 cerebral oximeter. Transcranial Doppler ultrasonography (TCD) of
the middle cerebral arteries (MCA) was performed prior to monitoring. After 10
minutes stabilisation at FlO, 1.0, cerebral oxygen saturation was recorded
continuously for 20 minutes. In addition 4 control subjects for each device were
monitored at rest for 20 minutes breathing room air.
Results
TCD assessment of MCA flow velocity in group A and B was consistent with
absent cerebral circulation.

Device
Brain dead
Control

Regional saturation (%)(mean ± sd)
Group A Group B
Somanetics Critikon
79±4 74±2
71 ± 3 65± 3

PJ Kirkpatrick, J Lam, P AI-Rawi, P Smielewski, M CzosDyka, JD
Pickard.
Dept of Neuonurgery and the MRC Brain Repair CeDtre, Cambridge
UDiversity, UK.

Introduction: Recent experience with mulit-modal monitoring of adults
during carotid surgery has indicated that cerebral NIRS contamination due to
external carotid anenuation can be conected. I In this study we have explored
the hypothesis that corre<.1ed NIRS may allow quantification in tenos of
clinically relevant endpoints, and have anempted to cross calibrate corrected
NIRS changes against variables known to warn of severe cerebral ischaemia
(SCI).
Methods: Established criteria for SCI were applied to 72 consecutative
patients undergoing carotid endarterectomy. A relative fall in middle cerebral
artery flow velocity (l1FV) of >600/0, and/or a sustained fall in cortical
electrical activity (cerebral function monitor) were employed as criteria. NlRS
(ipsilateral frontal region) signal changes were computed and configured to
calculate the difference (MlbmJr) in relative concentration in oxy- and deoxy
haemoglobin before and after carotid clamping. Extraeranial contributions to
the .iHh.... was conected by co-monitoring skin blood flow using laser Doppler
f1owrnetry, and by the application of interrupted time series analysis staged
clamping of the external and (2 minutes later) the internal carotid vessels. I

Results: Data from 54 patients was considered suitable for finaI analysis.
Causes for exclusion were related to instability of blood pressure. There was
good eonelation between l1FV and l1Hh.... (r=().68, p < 0.0001). Eleven (20"10)
patients developed SCI in which conected.iHhddT was >6.00mollL (median
9.60mollL; range=6.1-12.8) No patient with.iHh"", <6.0 OmollL showed
SCI (median O.OOmollL; range=0.0-5.1). Thus a .iHhdiff threshold of
6.00mollL provided a sensitivity and specificity of 100% for the development
of SCI during carotid clamping. Two patients in the series developed
postoperative neurological deficits with watershed infarcts on CT scans. Both
belonged to the group which showed SCI during surgery.
CODclusion: Quantified NIRS can provide a clinically relevant indication of
SCI in the adult brain pro,ided extracranial contamination is corrected

Reference: 1. Lam J, A)-Rawi, Smielewski, Czosnyka M, Kirkpatrick PI.
Estimation of the extraeranial influence on near infrared cerebral changes
during carotid surgery by laser Doppler co-monitoring. Stroke (1996) In Press.

CPP change
(mmHg)
9.3 +/- 3.4
7.3 +/- 0.2
8.5 +/- 1.8

PO-3-082

TRANSCRANIAL CEREBRAL OXIMETRY - NON-INVASIVE
MONITORING OF REGIONAL OXYGEN SATURAnON AFTER
ACUTE BRAIN INJURY

1. Meixensberger, K. BUchner, 1. Dings, S. Baunach, K. Roosen

Department ofNeurosurgery, University of WUrzburg, F.R.G.

Introduction
Transcranial cerebral oximetry offers a method of continuous, non-invasive, real
time monitoring of regional oxygen saturation (rSO,). Although different studies
demonstrated the occurrence of cerebral hemodynamic events reflected by
changes in rS02 e.g. during carotid endarterectomy, the discussion is still going
on, whether this technology is sensitive to detect hemodynamic changes in patients
after acute brain injury. Therefore we were interested to study rS02 in correlation
to invasive regional brain tissue oxygenation (p(ti)O,) after changing paCO, and
administration ofmannitol to control intracranial hypertension.
Methods
Simultanous monitoring of rS02 and p(ti)Oz of frontal brain tissue was perfonned
continuously in 21 patients after acute brain injury to study hemodynamic changes
after change of paCO, (n ~ 25) and/or adminstration of mannitol (n = 34) All
patients were sedated, ventilated and treated according to a standard protocol (day
0-10 after trauma). Additionally intracranial pressure (ICP) and arterial blood
pressure (MAP) were recorded and cerebral perfusion pressure (CPP~ MAP - ICP)
was calculated using computerized multimodal data storage and analysis. At least
before during and after the tests arterial blood gas analyses were made to
detennine pH, BE, pO, and pCO,.
Results
Depending on baseline conditions three groups with reduced « 15 mmHg),
normal (IS - 30 mmHg) and hypcremic (> 30 mmHg) p(ti)O, were analyzed aftcr
paCO, change (mean 7.1 +/- 0.4 mmHg):
p(ti)O, % rSO, ehonge % p(ti)O, ehonge

/mmHg paCO, /mmHg paCO,
< 15 mmHg -0.7+/-0.5' -2.8 +/-2.3
15-30 mmHg - 1.3 +/- 1.4 - 2.3 +/- 1.8
> 30 mmHg - 1.5 +/- 1.0 • - 0.2 +/- 0.4
Values as mean +/- SO, p< 0.05

After mannitol administration (0.5 glkg body weight) a minimum rSO, change of
1.0 +/- 0.4 % could be found, while improvement of p(ti)02 reached 3.7 +/ - 4.1
mmHg for the whole group.
Conclusion
So far invasive measurement of P(ti)02 is more sensitive to changes of cerebral
blood flow, but continuous non· invasive monitoring of rS02 by near infrared
spectroscopy can detect hemodynamic changes in patients after acute brain injury.

PO-3-084

SINUSOIDAL INPUT TEST FOR MEASUREMENT OF CSF
PARAMETERS: MATHEMATICAL ANALYSIS

Kischnick B.. Brinker T., Beck H., Nguyen B.. Samii M.
Dept. of Neurosurgery Nordstadt Hospital Hannover, Germany

Introduction: We present a new method to evaluate intrathecal infusion
tests with a sinusoidal variation in the infusion rate (..sinusoidal input
tesn. The method computes efficiently the standard CSF parameters
(outflow resistance R and compliance C) as well as their specific
nonlinear dependence on the ICP.
Methods and Results: The CSF system is described by Rand C,
both varying with pressure, by a first-order, nonlinear differential

equation: dP(t) I dt = (R(P)(Q(t) + Qo) - P(t)) I (R(P)C(P)) with

ICP P(t), infusion volume rate Q(t), physiological CSF production

rate Qo' The infusion volume rate for the sinus input test is given by
Q(t) = 'if + 'if sin(2,gi) The response of a slightly nonlinear system to
a sinus input test is nearly sinusoidal itself.
When the ICP response is plotted against the input volume rate after
approximation by means of a least-squares fit, the data points form an
ellipsoidal curve. The ellipse is geometrically described by its
extensions along the P(t) and Q(t) axis, pand 'if respectively, plus
the excentricity (or phase shift) rp of the ellipse. From the excentricity,

the time constant r is calculated as r = tan(rp) I (2;if).

Thus, the resistance can be assessed as R = PI 'if ~rl-+-4-tr-;1'-f-;2'-r71
and compliance as C = r I R.

This numerical ellipse fit technique yields values for Rand C over the
ICP range covered during the sinus input test (piecewise linear
approximation). The ICP range can be selected by the mean infusion
rate and the amplitude of the sinus input test. The results of the
sinusoidal input test were confirmed experimentally by serial constant
rate infusions in 10 rats.
Conclusion: The presented technique of a sinusoidal input test gives
reliable results on CSF absorption and intracranial compliance in rats.
The test provides the possibility to obtain resistance pressure profile by
a single test cycle in contrast to the constant rate infusion technique
which needs a series of tests for this purpose
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COMPUTATIONAL MODELLING OF INTRACRANIAL
PRESSURE DYNAMICS IN THE RAT

Terrance 1. Malkinson, Quentin J. Pittman and Roland N. Auer

Faculty of Medicine, The University of Calgary. Calgary, Canada.

Adult male Sprague-Dawley rats (290-340 gm)were anesthetized with

urethane (1.5 gm/kg) and positioned in a stereotaxic frame in a sphinx

posture. Body temperature was maintained at 36.8°C by means of a

heating pad. Results represent the mean ±SD. The mean pressure

recorded by cannulation of the lateral cerebral ventricle (LCV) was

69.38±17.61 mm/saline (n=250) and the frequency histogram was

Gaussian. The mean pressure recorded by cannulation of the

subarachnoid space utilizing the subarachnoid screw technique was

46.93±17.80 mm/saline (n=300) and the frequency histogram was

non-Gaussian with more observations occurring at the low end of the

distribution. The P/V compliance curves obtained from the bolus

injection (0-100 uI) of saline into the LCV were also different. The

curve for pressures recorded (n=380 observations from 38 animals)

from the contra-lateral LCV was exponential in nature increasing to

1430 mm/saline at 100 ul. The curve for pressures recorded (n=380

observations from 38 animals) from the subarachnoid space was

identical over the pressure range of 0-80 mm/saline but then became

increasingly attenuated at greater volumes reaching a lower level of

806 mm/saline at 100 ul. Pulsation pressure increased in both cases

with raised pressure. The P/V compliance curve has been determined

for the constant infusion of saline into the LCV over the volume range

0-100 ul and the time range of 0-420 seconds at 60 second intervals

(n=1200 observations from 120 animals). A three-dimensional matrix

is currently under construction relating infused volume, duration of

infusion, and the resulting change in pressure. The application of

computational analysis, prediction, modelling, and graphical

techniques to this experimentally obtained data will allow the

researcher to interactively examine more closely the kinetics of the

pressure relationships within the skull.

PO·3·086

THE ICP-DEPENDENCY OF RESISTANCE TO CEREBROSPINAL
FLUID OUTFLOW: A NEW MATHEMATICAL METHOD FOR CSF
PARAMETER CALCULATION.

Introduction
The intemational accepted calculation methods concerning the
cerebrospinal fluid dynamics proceed from a pressure independent
resistance to cerebrospinal fluid outflow. In a new model we focus our
attention on pressure dependency of resistance.

Method
In our calculation model we are monitoring the complete pressure
course p (t) over the time t during and after the infusion. The
comparison of the pressure rise On (p) during the infusion and the
descent Off (p) after the infusion in the same pressure level allows to
construct all formulas for C (p) and R (p).

Results
For the deSCription of the cerebrospinal fluid dynamics a non linear
equation is suijable:

C(p)
R (p)

Conclusion
The simuKaneous measurement of the resistance and compliance
dUring a single investigation allows to minimize the patients exertion.
In contrast to the classical methods (1,3) ij is not necessary that the
ICP reaches a plateau. Our mathematical method (2) diverges with
the description of a pressure dependent slope of the function for the
resistance from the static examination models. For that we are able to
take the non linearity of the cerebrospinal fluid resorption is into
consideration.

References
(1) Katzman R and Hussey F, Neurology 20: 534-544, 1970
(2) Meier U and Kunzel B, Zentralbl. Neurochir. 49: 233-237, 1988
(3) Marmarou A, Shulman K et aI., J. Neurosurg. 43: 523-534, 1975
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Dynamic Interrelation of Spontaneous ICP-Fluctuations to Blood
Pressure and Cerebral Oxygenation in Comatose Patlenta

Steinmeier R, Bauhuf C, Hubner H, Laumer R, and Fahlbusch R
Neurochirurgische Klinlk, UniversitAt Eriangen·NOmberg, Erlangen, Ger
many

INTRODUCTION: Spontaneous slow fluctuations of ICP·waves are supposed
to be induced by a decrease of cerebral perfusion pressure or an increase
of pca,. This theory Introduced by ROSNER is based upon a descriptive
phenomenological approach wijhout the application of specific methods
of time series analysis. Modem technical developments now allow the
continuous measurement of blood flow velocity and oxygen extraction
corresponding to CBF and cerebral metabolism. The analysis of the
Interrelationship of these signals provides new pathophysiological as
pects.

PATIENTS AND METHODS: ICP, blood pressure (aBP), blood flow velocity in
the MCA (FVMCA, by transcranial Doppler sonography), pOz
(polarographic measurements wijh Clark-type-electrode) and cerebral
oxygen extraction (oximetry in the jugUlar bulb, SjOz) were recorded
continuously for 30 minutes three times a day in 16 comatose patients
with SAH (IV or V HuntlHess) or traumatic brain injury (GCS <7),
digitalized and stored on a computer disc. Methods of time series analysis
with power spectrum for the single signal and cross correlation between
each of the signals were applied for 2048 data points (corresponding to
436.9 s).

RESULTS: ClassicaIICP-B-waves were found in 5 patients. In these cases,
signal fluctuations comparable with B-waves (same frequency
characteristics) were also found constantly in the aBP, FVMCA and SjOr
signals.

Cross-correlation revealed a mean time-delay between the aBP and ICP·
waves of 6.89 ±1.90s, the correlation being negative In 81%. A positive
correlation with much shorter time delay was found In one patient with a
disturbed cerebral autoregulation. The mean time delay between FVMCA
and ICP was 1.50 ±1.29s, and between ICP and Sja, 9.47 ±2.21s. The
correlation was positive for these two cross-correlations.

CONCLUSIONS: These data show that a constant interrelationship exists
between the slow fluctuations of aBP, FVMCA, ICP, and oxygen extraction.
There is evidence that failure of autoregulation significantly modifies time
delay and the correlation between aBP and ICP, and that cross
COrrelation between aBP and ICP might become a means to continuously
analyze cerebral autoregulation. Animal experiments are currently
performed to validate our hypothesis conceming autoregulation.

PO· 3·091

SIGNIFICANCE OF EARLY TRANSIENT POSTASPHYXIC
ELEVATION OF ICP IN NEWBORN LAMBS.
Pauline Ting and Paul Wang
Howard Universijy, Washington, D.C., USA

Introduction
Understanding the significance of perturbed neuropathophysio
biochemical profiles associated with asphyxia may unravel mechanisms of
neurological marbidijy. Thus, we studied changes in brain microcirculation
(ICP, BBB, water content), oxidative metabolism, EEG and neurological
function in temporarily asphyxiated lambs (LB) of <1 week old.
Methods
Under Chloralose anesthesia 22 LB were asphyxiated (Gp 1) until their
arterial MBP was ~25 torr, and then resusc~ated. Arterial pH/gases,
epldurallCP, EEG,BBB, MRS31P (4.7T magnet), brain water (SG), and
rectal temperature were manilored. Neurological examination was done on
1, 2 and 3 days following lhe resuscilation (R). Five sham-operated LB
wijhout asphyxia served as controls (Gp 2).
Results
Eight asphyxiated LB depieted BBB disruptions ( Gp 1A) at 1 and 24 hours
after R, but the remaining (Gp 1B) and Gp 2 LB had intact BBB. There was
no signilicant differences in the severijy/duration of asphyxia between Gp
1A and B. However, there was a signilicant transient increase in ICP In Gp
lA wilhin 20 minutes of R (Gp lAz13; lB.8 torr, p<0.05). The ICP
threshold for intact neurological survival and BBB integrity following
asphyxia was s10 torr. When this threshold was exceeded, 80% of the LB
showed BBB disruption (p < 0.01), the laner was associated w~h 100%
incidence of severe neurological deficits. In contrast, all those w~h ICP <10
torr ,or wijh intact BBB after asphyxia, survived inIacl (p < 0,01). However,
lhe SG values were not signilicantly differant between Gp 1 sacrificed at t
h Rand Gp 2. EEG from 4 LB revealed lsoelectric recordings during
asphyxia, but, slight recovery at lh R, desp~e intact BBB. MRI w~h and
wijhout Gd contrast obtained from 4 asphyxiated LB were normal.Thelr
MRS31 P measurements revealed a signilicant drop In PCr/Pi ratio from
preasphyxic level of 3.6 to 0.1, but recovered by 0.5h R. In addijlon , ATP
and brain intracellular pH dropped signilicantly during asphyxia, but,
recovered wijhin 0.5 h R. All these 4 LB surviVed intact.
Summary and conclusions
The study showed that the transient postasphyxic increase of ICP to >10
torr wijhin half hour of resuscijation was associated w~h poor neurological
outcome and BBB disruption. In addition, normalization of MRS31P
spectrum preceded EEG recovery, and had good outcome.
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INCREASED PLEURAL PRESSURE MEDIATES THE EFFECTS OF
ELEVATED INTRA-ABDOMINAL.PRESSURE UPON THE CENTRAL
NERVOUS AND CARDIOVASCULAR SYSTEMS
Geoffrey L Bloomfield. MD; Philip Ridings. MD; Charles Blocher, BS;
Harvey J Sugerman. MD. Div. of GeneraVTrauma Surgery, Medical
COllege of Virginia, Virginia Commonwealth University
Elevated Intra·abdominal pressure (lAP) is a serious complication of
abdominal trauma that may be even more devastating in patients with
combined head and abdominal trauma. It was hypothesized that some of
the deleterious effects of increased lAP are mediated by increased
pleural pressure (PP) and that these effects Include increased
intracranial pressure (ICP), altered systemic hemodynamics. and
decreased cerebral perfusion pressure (CPP). Methods: Anesthetized,
ventilated swine had a balloon inserted into the peritoneal cavity and
catheters placed to measure ICP, PP, central venous prossure (CVP),
wedge pressure (VIIP) and systemic arterial pressure (SAP). Following
baseline measurements. lAP was Increased by incrementally innating
the balloon and parameters were re-measured 30 min after each
increase. Group 1 (n=5) had lAP raised to 25 mmHg above baseline,
then released. Group 2 (n=3) underwent stemotomy and pleural incision
in order to prevent the increased PP with increased lAP. Results:
Elevation of lAP to 25 mmHg above baseline caused an increase in PP
(9.2±1.5to 17.2±2.1)·, ICP (6.6±1.lto 19.6±4.3)·, CVP (4.6±O.6to 10.4
±1.5) and WP (7.8±O.9to 14.0±1.0)·; whereas CI (3.4±O.3to 1.6±O.1)·
and CPP (78.3±4.4to 62.1±8.2)· decreased. Abdominal decompression
retumed ICP and all hemodynamic parameters to nearly baseline levels
and increased CPP (62.1±8.2to 73.8±S.0). Stemotomy negated all
effects of increased lAP except decreased CI (2.5±O.2 to 1.2±O.1)·.
Conclusions: Increased lAP causes increased PP, ICP. CVP and WP;

whereas CPP and CI are
decreased. Prevention of
increased PP negates the
effeds of elevated lAP.
Abdominal decompression
restores all parameters towards
baseline levels. The mediator of
increased IAP's adverse effeds

• " " .. .. .__ upon the central nervous and
lAP ( H ) cardiovascular systems appears

to be an increase in PP that is
transmilled across the central vasculature, increasing vascular
pressures and impeding venous drainage of the cranial compartment.
(.p < 0.05, ANOVA. Measurements are mean ± SEM).

PO-3-094

POSTfRAUMATIC WHITE BLOOD CELL ACTIVATION: A
PHENOMENON THAT DOES NOT WORSEN ICP WITHIN
THE FIRST 6 H AFTER INJURY

Roger HanI, Max Medary, Max Ruge, Karl E Artors and Jam
Ghajar

The Aitken Neuroscience Institute and Cornell University Medical
College, New York, NY, USA

Early inflammatory responses to acute cerebral insults are
involved in the pathogenesis of secondary brain damage. The present
study was conducted in order to test the hypothesis that white blood
cell (WBC) activation after traumatic brain injury (TBI) contributes to
increased ICP.
Methods Nineteen anesthetized rabbits had chronic cranial
windows implanted three weeks prior to experimentation and were
divided into three experimental groups: Group I (n=5) sham-operated
animals without injury. Group II (n=7) and Group III (n=7)
underwent fluid percussion injury and were given either vehicle
(Group II) or Imglkg of the anti-adhesion monoclonal antobody
(MoAb) "IB4" (Group III) 5 min before injury. Intravital
fluorescence videomicroscopy lllchnique was used to visualize WBC
traffICking (Rhodamine 6G, Lv.).
Results WBC sticking to pia venules increased significantly
over 6 h after TBI (Group II) and was completely abolished by the
MoAb (Group III). ICP increased from 4±3 mmHg to 18±13 and
13±9 at 5 min and 8±3and 7±5 mmHg at 6 h after TBI in Groups II
and III, respectively. No significant difference was seen between
Groups II and III. WBC accumulation in brain tissue and its
inhibition by "IB4" was confinned by histology.
Conclusion We conclude that increased ICP within the first
hours after TBI is not related to WBC activation. Other mechanisms
such as early WBC-independent blood-brain bamer disruption
leading to vasogenic edema (previously demonstrated by us in the
present model) may be responsible for posttraumatic ICP increases.

399

PO·3-095

TIlE VASOPRESSIN. PROLACTIN AND ALDOSTERONE INTERAC-n!JN IN lep
ELEVATION AND BRAIN EDEMA PATHOGENESIS
V.D.Tenedieva, 1.A.Voronina, V.G.Amcheslavsky, E.E.Kalinina, V.P.Kulikovsky,
N.D.Tenedieva

Burdcnko Neurosurgery Institute, Moscow, Russia

Introduction
ICP elevation is known to result in vasopressin (VP) levels' increase. The mechanism
obscurities of brain edema (BE) which is one of the autodestructive tissue damage
consequences after operation in patients with brain ttID10rs (BT) are a basis for studing
another biological active molecules that can participate in reaction cascades

Methods
VP, prolaclin (Prl), aldoslerone (AId) levels III artery, jugular (Vj) and peripheral vein and
CSF dynamics atter operation were examined by RIA in 103 patients with different BT
localIzation. ICP was estimated by CT, neurology and ophtalmology data, transcranial
Doppler ultrasonography A.ccording to calculated medium value~ (m) of Vj VP dynamic
levels for each patient 3 Groups of patients were distinguished. The extreme difference
values (d) of examined parameters were also calculated

Results
In Vj: The VP levels were up to 6.21 pmol/l (d-678), 17.06 (d-15.41) and 53.01 (d-57.58)
in 1st, 2nd, 3rd Groups. The Prllevels were nonnal in I and 3 Groups but were increased
in Group 2 with significant d value. Aid level' increase were more frequent and pronounced
in' Groups 1 and 3. In CSF: VP and Aid levels were increased in all patients (however, Aid
levels were wldetectable in 41, 23 and 36% accordingly from I to 3 Groups), PrJ values
were increased in patients of Group 1. Localizations of 81: the basal, fossa posterior and
hemispheric cerebral {tunors were in 60, 30 and 10% of cases in Group I in contrast to 0,
64 and 36% in patients or Group,3. III the majority of cases the pronounced BE and ICP
elevation (especially in Groups I and 3) correlated \\~th significantly increased Aid and PrJ
or VP and Aid andlor Prllevels.

Summary and Conclusion
These findings indicate the considerable VP values increase in fossa posterior and
hemispheric cerebral (vs. basal) Bl localization. 111is fact seems to reflect the availability
intact VP-secreting neurons and/or other stimulus for VP secretion. TIle signilicant
magnitudes of blood and CSF Aid typical for patients with marked metabolic and regulatory
disturbances (BE, Iep elevation etc.) is of special interest in line with discovery of two
brain intracellular steroid receptor populatIOns. Prohably in examined patients extreme Aid
and its brain receptors (tvfRs) actIvation may enhance ~lIular excitability and
Na'concentration, thus contributing to neuron damage and Na' homeostatic control
violation. 'nle obtained data confinu the activation of doubling compensatory body systems;
relationship between the extremely high levels of studied biological active molecules and
Iep elevation and BE development in BT This may serve as a basis for modern
phamlacologicalusing of VP, Prl and AId receptor antagonists.
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PEROPERATIVE EXPERlMENCES WITH SUBDURAL ICP
MEASUREMENT. REGIONAL ICP DIFFERENCES.

Bundgaard H, Cold G. E, Landsfeldt U.
Departmenl ofNeuroanaesthesia, Aarhus Universit)' Hospital.
Aarhus. DK-Denmark

Introduction
Regional differences in ICP are important factors influencing cerebral perfusion
pressure and consequently regional CBF. However, studies of regional ICP
differences during craniotomy are few.
The aim of this stud)' was to investigate regional ICP differences during
craniotomy for cerebral tumor.

Maltri.1 and Methods
After removal of the bone nap and exposure of dura, the ICP was measured
subdurally \\ith a 22G carumla connected via a water-filled polyethylene catheler
to a pressure transducer. This technique has recently been described (I).
In 26 patienLS, subjected to supratentorial craniotomies, srudies of subdural
pressure were perfonned lWice and simultaneousl)'. In 15 patients the two
measurements were perfonned in the same horizontal plane and in 1] patients in
the same venical plane. Right and left differences in subdural pressure were
studied in 9 palients with infratentorial cerebral rumor.

Results
In the 15 paired studies of subdural ICP in the horizontal plane, a fairly good
correlation was found ()' =0.809x + 1.223 R = 0.9232, P < 0.001). In the stud)' of
paired subdural pressure in the venical plan, a significant correlation was found
between the venical distance of the two measurements and the difference in ICP
()' = 1.91x - 3.25 R = 0.902, p<O.OOI), indicating that the ICP is highest in the
most declive pan of Ihe brain. In patients with infratentorial cerebral lWnor,
right/left difference in subdural pressure was onl)' observed in patients with lateral
tumor. The ipsilateral subdural pressure was always highest. Adifference as great
as 16 mmHg was found in these patients.

Conclusion
This stud)' demonslrates dilTerences in regional ICP within the area of the
exposed dura. Regional dilTerences might be caused b)' the inlluence of the tumor
andlor gravit)'. It is supposed that differences in pressure as well as high pressure
might cause cerebral herniation after opening of the dura.

RefereDces: (I): Cold G. E et al. British) of Neurosurg. 1996;10:69-75.
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The influence of PEEP on ICP and CPP.

C. van Velzen', A.I.R. Maas2, W.J. Thijsse2

Departments of Anesthesiology' and Neurosurgery2. University Hospital
Rotterdam, The Netherlands.

Introduction: In neurosurgical patients with pulmonary complications the use
of positive end expiratory pressure (PEEP) is often necessary to ensure
adequate arterial oxygenation. The aim of the present study was to investiga
te in a limited number of patients the influence of PEEP and CPAP on ICP and
CPP.
Material and methods: Thirteen patients with severe head injury were
studied. nine of these were on artificial ventilation, four intubated but not
ventilated. Arterial blood pressure, ICP and CPP were continuously manito·
red. In the ventilated patients and expiratory airway pressure was changed
every 15 minutes to levels of 5, 10, 5, 0, 10 and 0 cm H20.
In the non·ventilated patients CPAP was increased at 15 minutes interfalls
from 0 to 3, from 3 to 5 cm and back to 0 cm. At the end of each study
period arterial bloodgasses were analysed.
Results: The results of the ventilated patients are summarized in table 1. No
~allY significant changes of ICP or CPP were noted after changing the
PEEP setting. In the patient study with CPAP no changes of ICP were noted
In two patients studied a slight increase in mean arterial blood pressure was
noted and in one patient a slight decrease.

Table 1: PEEP in cm H20

10 10

mean ICP 19/ 20/ 19' 19/ 18/ 18' 19/
+/. SO 12.2 11.0 13.0 11.1 12.2 12.5 16.8

mean CPP 86/ 90/ 90/ 85/ 92/ 93 88/
+1· SO 23 23 16.2 20.0 23.7 21.2 19.0

mean arterial blood 1061 1091 1101 105 1101 1111 1071
pressure +1· SO 20.1 18.5 16.3 16.0 21.5 19.9 19.0

mean arterial pOt 16.71 17/ 16.1/ 16/ IS' 15.8/ 16.6/
+1, SO 2.24 2.61 1.68 3.05 3.11 2.26 1.93

Discussion: In this small study in normovolemia we could find no adverse
influence of PEEP or CPAP on ICP or CPP. If anything a tendency was noted
for an increase of mean arterial blood pressure and CPP after instituting 10
em of PEEP. Although PEEP appears safe in normovolemic patients careful
monitoring is recommended when PEEP is necessary in patients not optimally
rehydrated.

P-3-100

INTRACRANIAL PRESSURE CHANGES FOLLOWING A BOlUS DOSE OF MIVACURIUM.

Tullin Cafiero, Pasquale Mastronardi, Basilio Mazzarella,
Lucio Siella·, Anlonio Bernardo·.

Institute of Anaesthesiology and Reanimation. University of Napoli-Italy
• Institute of Neurosurgery. University of Napoli- Italy

lntrodw:tion
It is well-known that the use of succinylcholine (S) is associated with

many side-effects -tachyphylaxis. phase II block, bradydysrhythmias,
hyperkalemia and malignant hypertermia. Furthermore S is
contraindicated in neurosurgical patients in whom any increase in ICP is
deleterious. The purpose of this study was to evaluate effects of
Mivacurium (M). a short-acting neuromuscular hlocking drug, on ICP
during tracheal intubation in neurosurgical patients.

~
Ten patients. ASA I or II, aged 40-6R years, undergoing surgery for

various intracranial pathology were studied. ICP was monitored via an
intraventricular catheter connected to a poligraph (Honeywell). Heart rate.
systolic, diastolic and mean artcrial pressure were recorded every minute.
Following premedication and induction of anesthesia a single bolus dose
of M 0.2 mglkg was injected i.v. and ICP was recorded for 3 minutes and
then tracheal intubation was performed.

Results
No significant changes in ICP during neuromuscular blockade were

recorded. Tracheal intuhation was perlllrmed in excellent or good
conditions in most of the cases.

CoTlt:lusion
Mivacurium provided excellent or good conditions for intubation

without increasing ICP. This preliminary study encourages us to use M
for maintenance of neuromuscular blockade by continuous infusion in the
neurosurgical patient.
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Dynamic hypolhalamic-hypophyseal responses 10 exogenous releasing
factors administration:correlation with ICP trends in the severe head
injured palienls.
Della Corte F.• 'Mancini A., #Valle D., Gallizzi F., Pennisi M.A., 'De Marinis
L. Institutes of Anesthesiology & Critical Care and 'Endocrinology,
#Department of Internal Medicine II; Catholic University School of Medicine,
Rome, Italy.

Abnormal responses of hypophyseal honnones (GH, TRH, PRL) to
administration of exogenous hypothalamic releasing faclors (GHRH and TRH)
have been previously described (I). In the present study authors analized the
GH, TSH, and PRL responses to synthetic hypothalamic releasing factors in
order to evaluate the role of ICP in determining hypothalamus-pituitary function
in the acute phase of severe head injured (HI).
Methods. A group of22 severe head injured patients, all males, aged 18-58 yrs
(mean age 29±3 yrs) was retrospectively studied. On admission, all patients had
a GCS from 4 to 8 (average GCS=6,09±O,29, motor GCS=4,14 ± 0,25).
Outcome was evaluated with the GOS at six months after the trauma. Hormonal
tests were performed on I" (TRH-test) and 2'" day (GHRH-test) after the trauma.
On the basis of ICP the pts were divided: pts with normal ICP throughout the
time of monitoring (10 pts, 45,5%), pts with episodes of intracranial
hypertension (IH) amenable with therapy (10 pts, 45,5%) and pts who showed
IH refractory to standard therapies (2 pts, 9%). The last two groups were
considered together for statistical evaluation (Mann·Whithney U-test). Results
are reported in the following table.

Group A Group B significance

GH after GHRH ("gIL) 477 ± 274 1389± 71 I N.S.
PRL after GHRH ("gIL) 241 ±38 526± 168 N.S.
TSH after TRH ("Ulml) 174 ± 60 240 ± 70 N.S.
GH after TRH ("gIL) 389 ± 280 827±320 N.S.
Discussion and conclusions. Eventhough Group B showed higher response than
Group A, this difference is not significant. High ICP values can modify the
hypothalamo-pituitary functions; it is well known that "empty sella syndrome"
shows alterations in both the GH, PRL and cortisol 24 hourS profile and response
to direct stimulations. The data reported here suggest that the hormonal fmdings
in HI could not be strictly dependent from lCP. Conversely, a primitive
hypothalamic-pituitary derangement seems occur in these patients.
References
I. Mancini A., Valle D., Conte G., et al. In Growth Honnone Secretagogues.
Bercu B.B. and Walker R.F. eds. Springer.Verlag New York 1996 pp 335
345.
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THE RELATIONSHIPS BETWEEN PARAMETERS OF CSF
DYNAMICS IN THE PATIENTS WITH BENIGN INTRACRANIAL
HYPERTENSION SYNDROME CAUSED BY VENOUS OUTFLOW
DISORDERS.

Gasparian Sergey S., Shifrin Michial A.
Burdenko Neurosurgical Institute, Moscow, Russia

Introduction
The evolution of clinical signs of benign intracranial hypertensinn (BlH)
syndrome caused by venous outOow disorders is a result of CSF outflow
failure and brain swelling. In order to define some compensatory mechanisms
in evolution of ICP we have investigated possible relationships between
parameters of CSF dynamics in 24 patients, stenosis of jugular vein -2
patients and arterio-sinus fistulas -2 patients).
Methods
All the palients were investigated by standard neurological and
ophthalmological examinations, carotid angiography (CA), CT and in 7
patients by MRI and MRI-angiography. In order to estimate the parameters
of CSF dynamics we used modified constant pressure infusion test (CPIT).
with evaluation of CSF pressure (Po), CSF outflow resistance (R), elasticity
of cerebrospinal system (EI), intrasinus pressure (Pis). effective pressure (Po
Pis) and CSF production rate (F).
Results
All the patients had a severe papilloedema and fast decrease of VF during a
period of 2 to 10 weeks. CT observations were the following : slit
syndrome· in 7 patienl' and alarged optic nelVe in I I patients. We noticed
signs of thrombosis of the superior sagittal sinus (3) and one of transversal
sinuses (17) by CA and/or MRI-angiography. All patients with signs of
thrombosis had a prolongation of venous phase on CA.
As a resuh of invesligation we have determined : the tendency to the

increase of R up to 14 mmHg/ml/min-1 with raised Pis up to II mmHg.
increased Po up to 30 mmHg in accordance with raised P is and R, inCicase of
EI up tn 0,5 ml-l in the patients with Pis up to II mmHg.
Fast and severe impairmcnt of visual function in the patients with venous

outflow disorders confirms the hypothesis about low capacity of
compensatory mechanisms of cerebrospinal system. We suppose. that in the
patients wilh BlH syndrome impairment of venous outflow leads to elevation
of Pis, R, Po, and is accompanying by increased EI. These changes reflect
compesalory processes in order to stabilize cerebrospinal system in the
process of evoluLion of intracranial hypertension.
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DUTCH NORMAL PRESSURE HYDROCEPHALUS (NPH) STUDY.
Randomised comparison 01 low and medium pressure shunts

A.J.W.Boon and J.Th.J.Tans on behalf of the Dutch NPH Study
Group, Westeinde Hospital, The Hague, The Netherlands.

Introduction
The optimal opening pressure of shunts for the treatment of patients
with NPH is a matter of continuing controversy not sellled by
randomised studies.

Methods
Of 101 NPH patients, fulfilling strict entry criteria, 53 were
randomised to low pressure (LP)=4cm H20, and 48 to medium high
pressure (MHP)=1OCm Medos Hakim VP shunts. Gait disturbance
and dementia were quantified by a NPH scale (NPHS) and handicap
by the Modified Rankin scale (MRS). Patients were assessed prior to
and 1, 3, 6, 9 and 12 months after surgery. Primary outcome
measures were the differences between first and last NPHS and
MRS scores.

Results
Using intention to treat analysis of all patients the LP group did
better without reaching significance. Mean improvement on NPHS
was 30.0 for the LP and 23.2 for the MHP group (p=0.15) and on
MRS 1.41 compared to 0.98 (p=0.08). With efficacy analysis
excluding serious events and deaths unrelated to NPH in 96 patients
the advantage of LP was lost on NPHS. Mean MRS changes were
1.43 for LP and 1.07 for MHP shunts (p=0.1 3). Mostly transient
subdural effusions (SDE) were found in 71% of LP and 34% of MHP
shunts (p=0.0002). Both within LP and MHP group outcome was
better without than with SDE but none of the differences came near
significance.

Summary and conclusions
This study yielded an important trend in favour of LP shunts which
was not statistically significant. We advise to treat NPH patients with
LP shunts if the occurrence of SDE can be drastically reduced.
Otherwise MP shunts are preferable.

PO-3- 104

The Evaluation of the prognostic value of a 72 hours prolonged
spinal drainage for Normal Pressure Hydrocephalus

T. Yamamoto, A. Marmarou, J. Dunbar, and H. Young

Division of Neurosurgery, Medical College of Virginia. USA

Introduction
Identifying NPH patients who may benefit by shunt diversion

remains difficult. At the suggestion of Dan Hanley at Johns Hopkins,
we utilized a 72-hour continuous external drainage protocol to help
identify which patients should be shunted. The objective of the study
was to evaluate the prognostic valuc of this tcchnique.
Methods

Thirty-five patients (20 malc, 15 female) diagnoscd as NPH with
enlarged ventricles were admitted to MeV for prolonged spinal
drainage at a rate 10 cc/hour for 72 hours. Prior to admission, video
recordings of patient gait were obtained and neuropsychological tests
were measurcd. Following 72 hours of drainage, both video and
ncuropsychological measures were repeated. In addition, for 10 days
following discharge, a questionnaire was completed by the patient
and caregiver to determine the level of improvement. Patients which
showed clinical improvement within this time frame, as documented
by improved video and neuropsychological scorcs, were shunted.
Those not showing signs of improvcmcnt wcre recommcnded for
continued follow-up.
Results

Thcre were no complications associated with continuous 72-hour
external drainage despite the mean age of 70.3 years (range 31 to
89). Prior to drainage, 15 paticnts showed combined gait disturbancc,
dementia, and urinary incontinence; 12 patients showed both gait
disturbance and dementia; 8 paticnts showed only one symptom of
the classical triad (6, gait disturbance; 2, dementia).
Of the thirty-five drainage patients, 20 (54%) improved clinically by
72 hours. Within thcse twcnty patients, 14 wcre shunted. Follow-up of
these shunted patients at 3 months showed 12 (85.7%) had improved,
while 2 (14.3%) showed no change. In those patients that did not
improve following 72·hour drainage (n= 15), only one of three
shunted patients showed improvement.
Of the 18 patiems in this study that werc not shumcd, 16 remained
unchanged and 2 wcre clinically worse.
Conclusion

We believe the 72-hour cxtended drainage protocol is safe and
may have prognostic value.
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SINUSOIDAL INPUT TEST FOR MEASUREMENT OF CSF OUTFLOW
RESISTANCE IN NORMAL VS HYDROCEPHALIC RATS.

Brinker T., Beck H, Kischnik B., Nguyen B., Oi S', Samii M.

Dept. of Neurosurgery Nordstadt Hospital Hannover, Germany
'Dept. of Neurosurgery Tokai University Kanagawa, Japan

Introduction: CSF outflow resistance of normal and hydrocephalic rats
was measured by a newly developed intrathecal infusion test with a
sinusoidal variation in the infusion rate ("sinusoidal input test").

Methods and Results: In 10 adult rats a hydrocephalus was produced
by the instillation of kaolin into the cisterna magna. The animals were
used for the experiments 6 weeks later, when a high pressure
hydrocephalus has been developed. 10 nonmal rats were used as
control. A 1 mm nylon catheter was introduced into the cisterna magna
via the occipital bone. In each animal the CSF outflow resistance profile
was estimated by a series of constant rate infusions of saline. Then the
sinusoidal input test was performed (rate between 0 and 50 ~I,

frequency = ). The sinusoidal inputtes! estimated R(mm Hg I mllmin) in
the normal versus the hydrocephalic animals according to the table:

Conclusion: The sinusoidal input test enables the measurement of the
CSF outflow resistance profile of rats by one infusion cycle in contrast to
the constant rate infusion technique which requires a time consuming
series of infusions. The sinusoidal input test demonstrated in the
hydrocephalic rats a delayed adaptation to the rise in ICP.

PO-3-107

Shall patients with asymptomatic and compensated hydrocephalus
be operated upon by a ventriculo-peritoneal shunt?

Anders Larsson, Hannes Stephensen and Carsten WikkelsO

Institution of Clinical Neuroscience, Department of Neurology and
Neurosurgery, GOteborg University, Sahlgrenska University Hospital,
Sweden.

Between 1984 and 1994 we investigated 350 patients referred for
hydrocephalus. Twenty-four of these could be classified as
'asymptomatic" or "compensated' hydrocephalus, i.e. patients with
ventricular enlargement but no or non-progressive symptoms.

The mean age of the 24 patients was 42 years (range 20·61
years). Thirteen were men, 11 women. All but one had a head
circumference exceeding the 95th percentile (57 em) and most had an
massively enlarged ventricular system. Ten patients had no symptoms
typical of hydrocephalus. In 15 patients the ventricular enlargement had
been a coincidental finding during in the investigation of various cerebral
disorders. However, on examination, all patients showed signs of motor
or psychometric impairment. All patients were subjected to our
standardized diagnostic procedure for NPH patients on admission, if
necessary repeatedly, and at regular intervals post-operatively. The
following findings in the technical investigations were considered as
positive indicators for a favorable outcome after CSF diversion; (a)
ventricular reflux and block of convex~y flow in communicating
hydrocephalus at cistemography; (b) enlarged third ventricle and
enlarged temporal horns at CT or enlarged third ventricle, enlarged
temporal horns and aqueductal flow-void sign at MRI (c) a reduced basal
frontotemporal flow at regional CBF measurement; (d) improvement at
CSF-Tap-Test in communicating hydrocephalus.

Eighteen patients underwent surgery (eleven received a Sophy
SUB, 4 a Orbis-Sigma Cordis shunt and in 3 patients a Endoscopic third
ventriculostomia was perfonmed) and all improved, most of them
considerably. Mental function, gait and incontinence improved in all. Five
of the patients classed as "asymptomatic" were operated with an
excellent result. Six patients with minor symptoms and signs were nol
operated upon. At follow-up one of these showed deterioration, the
remaining were unchanged.

In conclusion we have presented clinical data which has led us to
question the entities "arrested" and "compensated" hydrocephalus, by
showing that adults with a hydrocephalus since childhood, irrespective of
the severity of their symptoms, most often clearly benefits from shunt
surgery.
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IN-VIVO ASSESSMENT OF PROGRAMMABLE SHUNTS

PRICE D_ J. PINDERFIELDS HOSPITAL WAKEFIELD

INTRODUCTION
The majority of patients requiring shunts are treated

for persistent intracranial hypertension. Partial or complete
loss of patency almost invariably presents as a recurrence
of the symptoms of raised pressure. Partial or even
complete shunt failure in patients with normal pressure
hydrocephalus is much less easy to recognise as their
symptoms are more insidious and they develop over a
longer period of time.

RESULTS
Of a series of 230 patients with Normal Pressure

Hydrocephalus as defined as an outflow resistance of at
least 14mmHg/ml/min., I have shown that the chance of
significant clinical improvement is related to the height of
outflow resistance above that threshold level. For the last
73 patients, I have taken advantage of the availability of
Sophy and Medos programmable valves which have proved
ideal for the titration of opening pressure for individual
patients with their varying needs. Of the 56 patients who
became significantly less disabled as a result of a shunt, 9
subsequently deteriorated and returned to their original
condition. To determine as to whether this was due to shunt
failure or merely a further progress in the underlying
degenerative disease such as cortical infarcts, infusion
studies were repeated at two pressure settings of the valve.
These demonstrated very graphically the degree of patency
and the accuracy of shunt adjustments with external
magnetic systems. Only 3 of the 9 patients had shunt
obstruction and I was therefore able to conclude that the
remaining 6 would not benefit by a shunt revision.
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SLEEP ABNORMALITIES AND INTRACRANIAL PRESSURE FINDINGS IN
NOCTURNAL RECORDING IN PATIENTS WITH HYDROCEPHALUS.

M.A. Poca·, M.D. Calzada', J. Sahuquillo·. M. Busto", A. Rovira". E. Rubio'.

Departments of Neurosurgery'·). NeurophysiologY") and Magnetic Resonance Unit
(IDI)H Vall d'Hebron University Hospitals. Barcelona. Spain.

Introduction: Intracranial pressure (ICP) mon~oring is a useful method in selecting
candidates for surgical treatment in some types of hydrocephalus. Most of the
important abnormal findings are found during ovemight recording. Moreover, in
some patients with hydrocephalus abnormalities in sleep siructure have been
reported. These sleep abnormalities may be important in justifying shunting in
patients who are olygosymptomatic or asymptomatic, specially children and
adolescents. The aim of this study was to investigate sleep abnormal~ies and ICP
findings during overnight recording in different types of hydrocephalus.

Patients and Methods: Simu~aneous extradural ICP and polysomnographic
recordings were done on 32 patients with hydrocephalus of different etiologies.
According to ICP recording, patients were included in one of the following
categories': Active Hydrocephalus: mean ICP > 12 mm Hg; 2) Compensated
Hydrocephalus: mean ICP<12 mm Hg with abnormallCP waves: 3) Arrested
Hydrocephalus: mean ICP<12 mm Hg, normallCP recording and no pathological
waves. According to these categories, 12 patients had an active, 12 a
compensated and 8 an arrested hydrocephalus. Besides ICP,
electroencephalogram (C3-A2), chin electromyogram, right and left electro
oculogram, chest and abdominal movements and airflow were monitored
overnight. Mean ICP aod the percentage of A and Bwaves were evaluated in the
global nocturnal recording and different sleep stages.

Results: In active and compensated hydrocephalus, patients who presented sleep
apoeas showed high and low amplitude Bwaves during stages 1 and 2 and REM
sleep. In tIl,",se cases, ICP increases were related to apneas or hypoapneas and
a reduction in arterial oxygen saturation. In those patients without breathing
disorders, ICP increases were only observed during REM sleep. Sleep and ICP
abnormalities were more frequent in active than in compensated hydrocephalus.
In both types of hydrocephalus, fragmented sleep, a very low proportion of stages
3 and 4 and a decrease in the proportion of sigma rhythms were observed. In
arrested hydrocephalus only irrelevant ICP irregularities during REM sleep were
found.

Conclusions: In the work-up of patients with hydrocephalus, continuous ICP
monitoring must always include one overnight recording. In active and
compensated hydrocephalus, the highest mean ICPs and greatest amount of
abnormal waves appear mainly in specific sleep stages. In these cases, sleep
abnormalities are frequen~y observed. The clinical significance of these
abnormalities are discussed.

,. Sahuquillo J, Rubio E, Codina A, et al. Acta Neurochir (Wien) 112: SO-61. 1991
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CLINICAL APPLICATION OF PHYSICALMODELLING OF CSF
PRESSURE-VOLUME COMPENSATION: COMPUTERISED

INFUSION TEST

Marek Czosnyka, Stefan Piechnik , Jo Copeman , Wojciech Maksymowicz, Piotr
Smielewski, John D. Pickard

MRc Cambridge Centre for Brain Repair and Academic Neurosurgical
Unit, Addenbrooke's Hospital, Cambridge, U,K

Background: The mathematical model of CSF pressure volume<ompensation
introduced by Mannarou et al. (1. Neurosurg 1978, 48:332-344) and modified in
later studies, provides a theoretical basis for the differential diagnosis of
bydnx:qlbaIus. The CooJpuIerised IDfusion Test was designed to compeosale for
the disadvantages ofKatzman's lumbar infusion method: inadequate =racy of
estimation of the resistance to cerebrospinal fluid outflow and poor predictive
value in normal pressure hydrocephalus.

Method: Accuracy was improved by intracranial pressure signal processing and
model analysis for measurement of cerebrospinal compensatory parameters. These
include the CSF ouUlow resistance, brain compliance, pressure-volume index,
estimated sagittal sinus pressure, CSF formation mte and other variables. Infusion
may be made into the lumbar space, ventricles or, when assessing shunt firnction
in·vivo, the shunt antechamber.

Resul1s: The computerised test has been used for five years in a multi-<:entre
study (UK, Poland, Denmark) in 350 hydrocephalic patients of various ages
(n= 136 in children), aetiologies and states of cerebrospinal compensation. The
principles of using the test to characterise different types of CSF circulatory
disorders in patients presenting with ventricular dilalaIiOI1, including brain
atrophy, normal- and high-pressure hydrocephalus are presented. Our studies
showed a positive correlation between cerebrospinal compensatory pammeters and
the results of shunting (group analysis of n=53 patients, Poland), but such a
prediction remains difficult in idiopathic normal pre$ure hydrocephalus,
particularly in the elderly.

ConclusWn: Although nOl all patients presenting with aboormal CSF circulation
may improve after shunting, computerised infusion test is an important element of
diagnosis in hydrocephalus. Wben considered in conjunction with the
hydrodynamic properties of hydrocephalus shun~ it provides a valuable method
for the testing of shunt firnction in vivo.
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SLEEP ASSOCIATED ARTERIAL OXYGEN DESATURATION IN
PATIENTS WITH HYDROCEPHALUS

Marc D. Malkoff, Alexander Y. Razumovsky, Michael A. Williams.
Michael N. [)iringer, Cecil O. Borel. Daniel F. Hanley

The Johns Hopkins University, Baltimore, MD, USA

Introduction
The purpose of this prospective study was to describe the Pesf changes,

appearance of B-waves, and systemic arterial oxygen saturation (SaO:z) changes
in a group of patients with occult communicating bydrocephalus.
Methods
Eight patients with hydrocephalus were admitted for elective lumbar Pesf

monitoring. Respimtory function was monitored continuously. Chest
plethysmography was performed using the electrical impedance method with a
Marquette respiratory rate monitor. Sa02 was recorded by a pulse oximeter
(Nellcor Inc.). Pesf. respiratory pattern and Sa(hwere recorded continuously for

24-72 hours. Sleep-wake pattern was divided into three stages: a) wakefulness;
b) oormal sleep, identified on the hasis of visual monitoring and regular
respiratory rhythm; c) abnormal sleep, defined as sleep with an irregular
breathing pattern such as sleep apnea, hypopoea. or Cheyne-Stokes respiratioos.
Results
We had 16 days of Pcsr, Sa~ , and chest plethysmogmphy tracings suitable for

evaluation. There were 8775 minutes of monitored sleep. Pcsfwas elevated

durinll29% of the sleep period. In six potients P csr elevations and B-wavc,

occurred only in sleep and always in association with altered pattern of
respimtion. In the two other patients B-wave activity occurred during the awake
state. During periods of Pcsf elevation B-wave became more prominent. B-waves

werc usually associated with systemic arterial oxygen desarumtion. howcver. the
peak of Pcsf usually preceded the low point of~ desaturatioo.

Summary and Conclusions
Tbe association ofelevated Pcsr, B-waves and arterial~ desaturatioo represeols

increased CSF outllow resistance in patienls with occult communicating
hydrocephalus. This may be due to the limited ability of the cerebrospinal fluid
system to compensate forinereases in cerebral blood flow oreerebrospinal fluid
volwncs. We propose that B-wave activity in our group of patients is initiated
by respiratory irregularity and may be explained by cerebral blood volumc
changes resulting from variation in Sa02 or arterial C~ pressure.
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CEREBRAL HEMODYNAMICS IN PATIENTS WITH NORMAL
PRESSURE HYDROCEPHALUS.

Adnan I. Qureshi, Alexander Y. Razumovsky, Michael A. Williams, John A.
Ulatowski, Daniel F. Hanley.

Neurosciences Critical Care Division, Johns Hopkins Medical Institutions,
Baltimore, MD 21287-7840, USA.

IntroductIon
Chronic cerebral ischemia is one of the possible mechanisms of cerebral injury
in nonnal pressure hydrocephalus (NPH) (I). We evaluated cerebral hemo
dynamics before and after cerebrospinal fluid (CSF) drainage in patients with
presumed NPH and their relationship with clinical outcome.
Methods
We measured mean cerebral blood flow velocity (mCBFV) by transcranial
Doppler ultrasound in the right middle cerebral artery (MCA) before and after 3
days of controlled CSF drainage (10 cc/hour) in 13 patients with presumed
NPH. Patients were clinically evaluated before and after CSF drainage. The
change in neurological function was scored according to a standard scale (range 
3to +3). Patients were divided into those with clinical improvement (total score
> 0) or without clinical improvement (total score:s; 0) after CSF drainage.
Results
Patients with clinical improvement after CSF drainage had lower baselinc
MCA-mCBFV (30.2±7.5 cm/sec [mean±SDJ) compared to those without
improvement (MCA-mCBFV 38.0±6.4 cm/sec, p=O.06). Compared with
baseline MCA-mCBFV, there were no significant changes in MCA-mCBFV
after CSF drainage in patients with clinical improvement (34.3±10.2 cm/sec,
p=0.3) and without clinical improvement (39.2±10.2 cmlsec, p=0.8).
Summary and Concluslnns
Low resting MCA-mCBFV in patients who improve after CSF drainage is
consistent with the mechanism of partial ischemia in NPH. However, lack of
change in MCA-mCBFV in patients who improve with CSF drainage suggests
that early improvement may occur by other mechanisms.

References
I. Kushner M, Younkin D, Weinberg J, Godberg H, Reivich M. Neurology
(Cleveland) 34:96:99, 1984.
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BEHAVIOUR OF THE CEREBROSPINAL FLUID AND DISSOLVED
SUBSTANCES

Darko Ore~kovic, Marijan KJarica' and Velimir Lupret'

Department of Organic Chemistry and Biochemistry, "Ruder Bo~koviC"

Institute, 'Department of Pharmacology, Medical Faculty, 'Department of
Neurosurgery, University Hospital "Sisters ofMercy", Zagreb, Croalia

INTRODUCTION
According to the classical hypothesis the cerebrospinal fluid (CSF) flows
unindirectionally as a river canying dissolved substances from brain
ventricles through subarachnoid spaces and it is absorbed into cerebral
venous sinuses. Since, we have recently questioned this hypothesis we
wanted to investigate does one way bulk flow of CSF and dissolved
substances exist inside CSF spaces.

METHODS
Distribution of substances through CSF spaces \\"3S investigated by
monitoring of 'H.inulin and 'H'\\"3ter distribution in cats CSF. The sanlples
were taken from different part of CSF system and radioactivity was
measured by Beckman LS 100 C counter. The way of CSF bulk flow was
studied in cats by cannulated aqueduct of Sylvius and measuring outflow rate
of CSF under physiological pressure.

RESULTS
Behaviour of labelled substances after application into different part of CSF
spaces in cats (n=20) showed multidirectional distribution of substances in
CSF. Following cannulation of aqueduct of Sylvius in cats it \\"3S not
observed escape of CSF (at physiological pressure) throughout the open
cannula during two hours (n=4).

SUMMARY AND CONCLUSION
The obtained results indicate that the CSF does not behave as a slow river,
and that is necessary to abandon the classical framework of thinking in CSF
physiology in order to explain distribution of dissolved substances and
dynamics of CSF.

REFERENCES
Ore~kovic D, Sankovic M, Froebe A, KJarica M. Croatica Chemica Acta
68:511-520, 1995
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MAY ASSIS1ED OR AUTO REGULAlED SHUNTVALYES ADDRESS
1HESHUNTRELAlEDCOMPUCATIONS EFFECI1VELY7

Hassan M, Higashi S, Yamashita J

Department of Neurosurgery, Kanazawa University Scbool of Medicine
Kanazawa, Japan

Introduction:
There had been diffetellces in selecting the shunt valve systems in spite of mud
development in diagnostic procedures and selection of patients. Auto regulation
of shunt flow by implanted valves Iite siphon reducing devices (ASD, SCD) and
self regulating flow regulatory (SRFR) valves as weU as assisted regulation of
programmable valves are the Iatest valves available. Optimum in vitro pressure
-flow study may reveal the efficacy and limitations of these valves.

Methods:
Pressure-flow relationsbip was examined with a complete sbunt systems of
Delta, Pboenix CRX (medium pressure) and Codman·Mcdos valves, wbere the
variable factors affecting the valve performance were considered. These included
postw-aJ bydrostatic differential pressure changes with variable bead and valve
positions, abdominal back pressure, temperature, cboroid plexus pulsation,
external pressure upon valves.

Results:
Closing pressure of valves changes with alteration of posture bringing different
flow patterns with different valves. Sbunt flow in Delta valve was found
dependent on lbe implantation site and was susceptible to extemaI pressure.
Pboenix CRX valves responded to alteration of bydrostatic pressure and found
moderately resislant to negative pressure and flow was unaffected by extemaI
pressure. Programming in Codman-Medos valve was dependable but ineffective
in controUing posture related flow cbange as observed in a conventional valve.

Summary and Conclusion:
The concept of controlling lbe sipbon effect with postural changes introduced
newer expensive devices, not proved superior yel as it is reported that some are
affected adversely by external pressure and othe(1) are susceptible to diagnostic
procedures. Self adjusting flow regulating valves should be less expensive and
its greater resistance to negative pressure may prove more acceptable to lbe
bydrocepbaIic patients. Further in vivo studies sbould prove the efficacy of
these valves and acceptability of sucb studies.
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CSF Dynamics during Lidocaine-Induced Seizure Activity in
Rabbits; Effect of 1reatment with Midazolam and Propofol

Yoshihiro Momota'#, Alan A. Artru', Karen MPowers',
Yutaka Ueda#

'Department of Anesthesiology, University of Washington
School of Medicine, Seattle, WA
#Department of Anesthesiology, Osaka Dental University,
Japan

Introduction
TIlis study was designed to determine a)CSF dynamics and
BBB permiability during lidocainefL)-induced seizures, and
b) whether post treatment with propofol abolishes L-induced
seizures as effectively as midazolam.

Methods
With institutional approval, rabbits were anesthetized
with fentanyl and nitrous oxide in oxygen for surgical
preparation and ventriculocisternal perfusion. They were
divided into midazolam(n=6) and propofol(n=6) groups. CSF
dynamics were determined at each of four experimental
conditions: baseline, L-induced seizures, treatment with
midazolam or propofol, and return to baseline. At the end
of study, L again was given to induce seizures, Evans blue
was injected iv, and brains were removed and sectioned to
assess BBB permiability.

Results
CSF formation rate(6±1 to 7± 1 Ill'min-', mean ±SE) and
resistance to reabsorption of CSF (428 ± 160 to 763± 160
cmHzO'ml-"min) were not significantly different between
conditions or groups. Propofol (3.8 ± 1. 3 mg' kg-') stopped
seizure activity, as did midazolam (2.0 ±1.7 mg·kg-').
Evans blue staining of the 84 brain sections was grade 0
(no staining) =48%, grade 1(gray only) =49%, grade 2(gray
and some white) =7%, and grade 3lextensive gray and white) =
0%, with no significant difference between groups.

The Summary and Conclusions
These findings indicate that L-induced seizure activity
does not affect CSF dynamics. Propofol and midazolam both
treat seizures without changing CSF dynamics. BBB break
down following seizures was modest and not different with
propofol than with midazolam.
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INCREASED INfRA-ABDOMINAL PRESSURES AND CARDIAC FILLING
PRESSURES IN OBESITY ASSOCIATED PSEUDOTUMOR CEREBRI

Harvey Sugerman, Geoffrey Bloomfield. Warren Fellon Ill. Michael Nakatsuka

Division of Generalffrauma Surgery, Deparunent of Surgery and Depanmem of
Neuro-ophthalmology, Medical College of Virginia. Virginia Commonweallh
University, Richmond. Virginia

Introduetion
We have previously documented a significant decrease in cerebrospinal fluid
(CSF) pressures and correction of headache and pulsatile auditory tinnitus in 8
morbidly obese patients at 3 years following gastric bypass induced weight loss.
We hypothesized thaI intra-abdontinal pressure (lAP), as estimated from urin:u)'
bladder pressures (UBP), are eLevated in patients with pseudoturoor cerebri and
central obesity. as measured by sagittal abdontinal diameter (SAD), and this
leads to an increased pleural pressure (PP), measured by a transesophageal
pressure transducer, which raises central venous (CVP), pulmonary artery
pressure (PAP) and pulmonary capillary wedge pressures (PCWP). increasing the
resistance to venous return from the brain.

Metbods
5 women with pseudotumor cerebri, including I with a CSF leak and I wilh a
patent lumboperitoneal shunt, were studied prior to gastric bypass (4 patients)
and adjustable laparoscopic gastric banding (I patient) for obesity with
measurement ofCSF pressure, SAD, UBP, PP. CVP. PAP and PCWP.

Results
UBP (21 ± 4 cm H,O) and SAD (29 ± 3 cm) were significantly (p < 0.001)
elevated in these patients with an elevated CSF pressure (314 ± 82 mm H,O )
when compared 10 a previous data base of non-obese patiems. The trans
esophageal PP (15 ± 10 mm Hg), CVP (20 ±6 mm Hg), PAP (32 ±4 mm Hg)
and PCWP (23 ± 7 mm Hg) were all markedly elevated (p < 0.001) when
compared to previous obese patients without pseudotumor cerebri.

Summary and Conciusions
These dala support the hypothesis that eentral obesity raises lAP which increases
pp and cardiac filling pressures impeding venous return from the brain leading to
increased intracranial venous pressure and increased intracranial pressure
associated with pseudoturoor cerebri. The paticnl with the CSF leak ceased 10
leak 4 months after gastric bypass induced loss of 30 kg. Headaches and pulsalile
tinnitus resolved in all patients including the patient with a patent
lumboperitoneal shunt.
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Combination of ICP monitoring and repeat CT scanning in initial non surgical
management of aeute subdural hematomas: a prospective study of 14 patients
in a consecutive series of 65 eases.

Franco Servadei, Maria Teresa Nasi, Andrea Nanni, Gilberto Vergoni, Patrizia
Cenni and Giuliano Giuliani, from the Division of Neurosurgery, Intensive Care
Unit, Service ofNeuroradiology ,OspedaJe M.Bufaiini, Cesena. Italy

INTRODUCTION
In 1993 we identified retrospectively, in a published series of 412 comatose
patients, 12 cases of acute subdural hematomas initially managed conservatively
with a combination of ICP monitoring and repeat CT scan with good results.

METHODS AND RESULTS
From January I , 1994 to May 31. t996, we admitted 65 comatose (GCS<8)
patients harbouring acute subdural hematol1l2S 5 mm thick or more. There were 45
males and 20 females, average age was 54 yrs and the cause of trauma was RTA in
45 (70%) cases. On the basis of the conclusion of our previous work, we have
prospectively decided to initially conservatively treat the following cases a) GCS
stable or improving from the scene of accident b)The first CT scan was always
obtained within 3 hrs of injury. The examination was repeated within 12 hours
from injury and showed either initial hematoma reabsorption or hematoma
stability c) Hematoma thickness of less than 10 mm and ntidline shift of less than 5
mm d) lep of less than 20 mm Hg . In the case of conservative management lhe
ICP monitoring was deliberaily inserted in the subdural space ( with a fluid filled
catheter at lhe beginning of the study and later with a strain gauge catheter tip ,
Cadman Man.). Out of 65 cases , 14 patients fullfilled these criteria and were
initally managed non surgically. We compared all the clinical and radiological
parameters between the two groups' patients with immediate surgical indication
and patients with initial non surgical treatemenl. No statistically significant
differences were seen concerning average age, causes of trauma, GCS on
admission and worst GCS, presence of pupillary abnormalities and time from
injury to admission. As obvious, hematoma thickness (p<O.OOOI) , midline shift (
p<0.05) and mean ICP (p<0.05) were reduced in the conservatively treated patients
. Hematoma reabsorption was visibiJe on repeat of CT in all of the cases within 48
hrs and in 6 cases already within 6 hours from injury. Two parients were operated
after an initial non surgical management only because of increased rcp An other
CT scan showed in both cases an enlarging parenchymal contusion whereas the
subdural clot was either unchanged or even reduced. The outcome of the non
surgical group was 9 cases of functional recovery (GR+MD) out of 14 patients
whereas in the surgical group there were only 14 cases of functional recovery out of
51 patients (p<0.02) . In conclusion initial non surgical management of a selected
subgroup of subdural hematoma patients using a combination of Ie? monitoring
and repeat of CT seems to be reasonably safe.
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FACTORS INFLUECING THE INCRESE IN INTRACRANIAL
PRESSURE AFTER THE RUPTURE OF CEREBRAL
ANEURYSM

Thomas Brinker and Madjid Samii
Depanmem ofNeurosurgery, Nordstadl Hospital, Hannover. Germany

Introduction:
It was investigated whelher the increase in intracranial pressure (ICP) after
aneurysmaL rupture could be explained by acule changes of the dynamics of the
cerebrospinal fluid system. Particularly two factors were considered: the space
occupying effect of blood released into the subarachnoid space and the
synchronous acute impairment of cerebrospinal nuid absorption.

Methods and Results: the resistance to cerebrospinal nuid outnow (R) was
determined after subarachnoid hemorrhage (SAH) which was produced by constanl
rate infusions of different volumes of blood (2.4 ml) injected under differem
pressure conditions (mean ICP 8-80 mm Hg) into the cisterns magna of 21 cats.
Based on the experimental results an exponential equation predicting the Rafter
SAH was derived in terms of the following parameters: R before SAH, the
volume of blood infused, the mean ICP during the infusion and a constant k (k
was calculated by a curve filting procedure). The equation for R was implemented
into a mathemalical model of CSF dynamics (Marmarou et al 1978). Assuming
thatlhe bleeding rale after aneurysmal rupture depends physically on the gradient
between the arterial blood and lhe intracranial pressure, the model was used to

calculate the bleeding rate during SAH. Two different flow curves were calculated
and experimentally tested hy compuler controlled cistern infusions of blood.
During the infusion ICP rised within seconds up to 56.5 ± 7.8 (n=3. Mean ± SD)
or 81.5 ± 2.9 mm Hg (n=5). This pressure range was maintained over the period
of infusion (5 minutes), although the infusion rate decreased according to lhe
compulations exponentially from 3.2 ml/min or 3.8 ml/min to approx. 0.2
ml/min. The voLume of lhe infused blood was less than I mllkg body weight
(2.9 or 3.2 ml).

Conclusion: The typical increase in ICP, as reeorded after aneurysmal rupture
in man, depends on acute changes of the CSF dynamics. It can be reproduced by
an experimental computer controlled cisternal infusion of blood.

References: (1) Marmarou, A. Shulman K, and Rosende RM: A nonlinear
analysis of the cerebrospinal fluid system and intracranial pressure dynamics. J
Neurosurg 48.332-344. 1978.
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Lumboperitoneal Shunting in Patients with Benign
Intracranial Hypertension Syndrome

Gasparian Sergey S., Serova Nataliya K, Scherbakova Evgeniya
Ya.
(Burdenko Neurosurgical Institute, Moscow, Russia)

Introduction:
The evolution of benign intracranial hypertension syndrome (BIH)
leads to impainnent of vision. In patients with CSF dynamic
disorders conservative therapy is not always effective. The aim of
current study was to analyze the efficacy of lumbo-perioneal
shunting (LPS) in treatment of patients with BIH syndrome.

Methods:
In 37 patients (from our clinical series in 133 patients with BIH
syndrome) LPS procedure was perfonned (James, Codrnan). The
indications to operation were failure of conservative therapy, low
visual function with constricted vision fields, promination of optic
discs to more than 2D decrease of draining function of
subarachnoid spaces revealed at radioisternomiolography,
increased outflow resistance (more than 12 mmHg/m1/min.-I) at
CSF infusion test.

Results:
We observed improvement of vision in 65% of cases partial or
complete regression of papillocccdema in 72% of patients in period
from 2 to 12 months. Twenty percent of patients returned to nonnal
activity. LPS was not effective in two patients who presented
secondary atrophy of optic nerve. Radicular pain was noted in
three cases and intestinal paresis at first week after surgery in one
case. Clinical manifestations of hypotensive syndrome were
present in nine patients but regressed in two weeks, five patients
were reoperated on for adhesive process around'abdominal catheter
in period from 6 months to one year afler surgery.

Conclusions:
We suppose that the patients with BIH syndrome caused by CSF
and venous outflow disorders may be treated by LP shunting,
which can be one of the effective methods for prevention of
blindness in patients with Brn syndrome.
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EFFECTS OF MIVACURIUM ON CEREBROSPINAL flUID PRESSURE IN PATIENTS WITH
AND WITHOUT INTRACRANIAL HYPERTENSION.

Tullio Caliero", Salvatore Razzino", Pasquale Mastronardi,
Basilio Mazzarella

'Department of Anaesthesia and Reanimation-S. Rocco Hospital, Sessa
Aurunca, Italy

Institute of Anaesthesiology and Reanimation, University of Napoli. Italy

Introdru:tion
Mivacurium(M) is a non-dcpolarizing neuromuscular blocking drug

with a duration of action shorter than that of other neuromuscular
blocking agents. The availability of a non-depolarizing drug with a short
onset and rapid recovery without deleterious effects on cerebrospinal fluid
pressure (CSFP) is desired in neurological ICU. The aim of this study was
to evaluate the effects on CSFP of M in patients with cerebrovascular
insult and requiring muscle relaxation to facilitate mechanical ventilation.

~

Twelve patients, aged 45-75 years, wheighing 60-85 Kg, suffering from
intracranial haemorrhage or isehaemic stroke were studied. CSFP was
monitored via a catheter in lumbar subarachnoid space connected to a
Statham transducer and to a monitor (Sirecust-Siemens). M was
administered as a single bolus dose of 0.2 mg/Kg i.v..Heart rate, systolic.
diastolic and mean arterial pressure were recorded every minute aftcr M
injection.

Results
In all patients no significant changes in CSFP were recorded. The

cardiovascular parameters were stable in all cases.

Conclusion
M raprcsents a valid and manageablc non-depolarizing neuromuscular

blocking drug in managcment of comatose patients with dccrcased
intracranial compliance and rcquiring muscle relaxation for satisfactory
ventilation.

References

I) Ali H.H. et aL BrJ.Anaesth. 61,541-46,1988
2) Caldwell J.E. et aL BrJ.Anaesth.., 63,393-99.1989
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Hemicranicctomy in patient with "malignant" middle
cerebral artery infarction • the influence of timing.

Thorsten Steiner, Stefan Schwab, Alfred Aschoff and Wemer Hacke

Department of Neurology, Department of Neurosurgery. Ruprecht-Karls
University of Heidelber, Germany

Introduction
Fatality rates of patients with malignant middle cerebral artery infarction
(MMCAI) were found to be between 40 and 80% (I). Rieke et aL Have shown
that decompressive surgery (DS) can improve the unfavourable outcome in a
well defined group of patients with MMCAI (2). Still, the innuence of timing
surgery remains unclear.
Methods
Ongoing, open prospective trial on patients with MMCAI (2). We studied
different time periods between onset of symptoms to admission (OAT), clinical
deterioration (ADT), intubation (OIT), and DS (ADST). Outcome of survivors
was assessed by Banhel Index (BI) and Rankin Scale (RS).
Results
DS has been performed in 52 patients with MMCAI. The majority of operated
patients had BI scores between 60 and 70 points, and RS scores of 3.

Time Death Survivors
(n=14) (n=38)

OAT(hrs) 10.1 17.3

ADT(hrs) 25.5 42.

OIT(hrs) 27.1 29.5

ADST(hrs) 32.4 44.1

Summary and Conclusion
Clinical development before surgery seems to influence outcome of patients
whith MMCAI. Our data suggest that those palients who clinically deterioratic
slower, take profit from DS. Optimal timing of surgery is difficult to assess in
individual patients with MMCAI. Most important is a reliable, clinical
observations. Once clinical deterioration occurs and CCT rcveals midline shift,
we would perfonn DS.
References
(I) Hacke W. Schwab S et aI., Arch Neurol. 53;309-315, 1996
(2) Rieke K. Schwab S el aI., Crit Care Med. 23; 1576·1587, 1995
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Monitoring Intracranial Pressure outside the Intensive Care Unit

IR Chambers, K Bingham, A Clark, S Prahara( H. Fernandes' and
AD Mendelow'
Regional Medical Physics Department, Newcastle General Hospital
and 'Department of Surgery {Neurosurgery). University of Newcastle
upon Tyne.

Introduction
Intracranial pressure is an important parameter in the management of
the acutely brain injured patient. The Camino fibre-optic transducer
tipped catheter system has greatly facilitated the use of ICP
monitoring. Outside the ITU physiological monitors may not be
readily available and their cost prohibits them being routinely
available in other clinical areas. There are several conditions where it
may be desirable to both monitor and record the ICP over protracted
intervals and it has already been established that computerised
recordings are better at detecting secondary insults 1

Methods
The Camino 420V monitor does provide a chart recorder option.
However this does not allow the precise recording of ICP data for
subsequent analysis. The Camino transducer system provides an
analogue output signal of approximately 10mv/mmHg. This signal is
level shifted to allow for negative pressures and connected to the
input of a 12-bit Maxim Analogue to Digital converter. The whole
circuit was fabricated inside a 25-way 'D plug' shell and connected
directly to the parallel printer port of a laptop computer.
A software package was developed which displays both the real
time ICP input waveform and a long term chart recorder style trend
graph and the data is stored in a spreadsheet-compatible data file. It
will also record non-invasive blood pressure readings, if such a
machine is connected to the laptop's serial interface.
Discussion
The vast majority of recordings that we have obtained have been
from patients who have suffered either a subarachnoid haemorrhage
or an intracerebral haemorrhage The system has proven to be
reliable and easy to use. It has greatly helped several research
projects which have been set up to investigate the physiological
effects after brain injury.

Jones et al Computer monitoring of secondary insults.
Neurosurgical Anaesthesiology 6:4-14, 1994
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ICP CHANGES AFTER EXPERIMENTAL SAH OF RATS USING
NEWLYDEVELOPED EDP SENSOR

Ken Kamiya. Shigenori Harada. Nobuko Yamashita, Kazuo Yamada,
Hajime Nagai*

Department of Neurosurgery, Nagoya City University
• Nagoya Rehabilitation Center
Nagoya, JAPAN

Introduction
Several experimental SAH models of rat have been advocated from many
institutes. In order to clarify lCP changes after SAH, cisternal
measurement or other methods were employed. However, CSF space and
cranium of rats are very small and these measurements have a lot of
difficulty aOO inaccuracy.
We developped newly formed EDP sensor for small animals with Toyota
central institutes aOO Tokai Rika Denki.

Melhods
In Sprague-Dawley rats, a burr hole 3 - 4 mm in diameter was made and the
EDP sensor(fig. I) was fixed on the skull with cyano-acrylates glue.
Experimental SAH was produced in modified Sheffield method. We
examined immediate early gene expression( HSP 70, c-fos, c-jun ) and
pathological changes in chronic stage.

Results
We separated these animals into two groups according to ICP changes after
SAH (High and Low ICP group. The low ICP group revealed early gene
expression especially in the cortex and other regions exposed to CSF. The
high ICP group also revealed early gene expression and delayed neuronal
death in th ipsilateral hippocamus(CAI Md 2)

Summary and Conclusions
Our precise ICP measurement for
rat experimental model clarified that
initial brain damage due to SAH
caused delayed neuronal death in the
high ICP group. This result mighl
explain the onset of severe ischemic
damage: secondary 10 cerebral
vasospasm. On the other hand. the
low ICP group might explain the
occurrenceoccurrence of ischemic
tolerance by the inirial brain
damage due to SAH.
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NON - INVASIVE REGISTRATION OF ICP

FirschingR*, Schulze M*, Motschmann M**, Behrens-Baumann
W**

*KJinik fur Neurochirurgie. ** KJinik fur Augenheilkunde
O.-v. Guericko>-Universitiit
Leipziger Str. 44
39120 Magdeburg
Germany
Tel: 0391-6715534 Fax: 0391-6715544

The pressure within the veins of the retina is equal to or higher than
the ICP. as the drainage of the central retinal vein passes through the
optic nerve, which is engulfed by CSF. In 21 patients it was
attempted to register the pressure of the retinal veins and the findings
were compared with conventional ICP measurements.

Methods: There were 18 patients with hydrocephalus and 3 patients
with head injury. Pressure of the retinal veins were determined with
oculodynamometry. ICP was measured with intraventricular catheters
or at operation of the underlying cause in 18 patients and
3 patients with epidural registation.

Results: The pressure of the retinal veins correlated well with the
intracranial pressure.

Discussion: Oculodynamometry requires some cooperation from the
non comatose patient. In comatose patients it is possible to perform
ocu1odynamometry as long as the eyelids can be retracted. Usually.
however, pupils need to be dilated with a mydriatic agent, which may
be hazardous in comatose patients. In papilledema venous outflow
pressure is .markedly higher than ICP. Altogether, registration of the
pressure of the retinal veins seems to be useful as a non-invasive
screening method and in some cases of head injury.

Reference: Firsching R, Meyer-Schwickerath R: Non-invasive
assessment of intracranial pressure by measurement of retinal central
venous pressure. Child's Nerv Syst 10: 415, 1994
Meyer-Schwickerath R, Kleinwaehter T. Firsching R. PapenfuJl D:
Central retinal venous outflow pressure. Graefes Arch Clin Exp
Ophthalmol233, 783-788.1995
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THE RELATIONSHIP BETWEEN THREE-DIMENSIONAL
VIBRATIONS IN BRAIN AND BRAIN DYSFUNCTION BY
CHANGES IN EPIDURAL MECHANICAL PRESSURE ON
HEAD INJURY MODEL IN THE CAT
Kazuo Yoshida M.D., Hiroji Kuchiwaki M.D., Suguru Inao M.D.,
Takayukt Tanaka M.D.,Yoshihisa Kida M.D., Tatsuya Kobayashi
M.D.
DepaJ1ment of Neurosurgery Komaki City Hospital, Japan

Introduction
The mechanism of the brain injury by an impact has still not
satisfactorily clarified. In the present study, we measured 3
dimensional acceleration on the intact dura when the impact (20
msec) was done from the dura to determine relationship between
the degree of impact to brain and the brain dysfunction.
Methods
Anesthetized adult cats. which vibration waves were measured on
the dura matter in left parietal region, were stimulated from the
right temporal dura or the frontal dura using a mechanical stimulator
(Ito 4 mm). These waves were analyzed using the fast Fourier
u'ansform (FFf). Also partial FFf was used for estimating
sequential changes in vibration. Furthermore, we differentiated
the velocity of the waves toward the 3 dimensions, using cross
correlation. Auditory evoked responses (ABR) and somatosensory
evoked potentials (SEP) was measured to assess the brain function
until 15 minutes after injury.
Results
The bigger the impact is, the longer conduction time of the wave
are measured on the neuronal axis on the both impact directions.
However, in comparison with temporal impact, the frontal impact
gave rise to higher frequency with large amplitudes and longer
duration of vibration. especially to the neuronal axis. Although
the amplitude and the conduction time of SEP \l(ere unchanged in
every cases, the ABR 3rd-5th interpeak latency was prolonged
until 10 minutes especially in the frontal impact group.
Conclusions
We speculated that high frequency with large amplitude and long
dW'ation time of vibration, especially to the new'onal axis. concerned
the brain destruction when head injury was occurred. So it is
suggested that frontal impact leads to more severe brain dysfunction
than the temporal impact.
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ANALYSIS OF INTRACRANIAL PRESSURE MONITORING
IN 60 PATIENTS WITH CLOSED HEAD INJURY

S.H. Khan. H.C. Onyiuke

Department of Neurosurgery. Hartford Hospital/University of Connecticut

Introduction
The current methods of intracranial pressure (ICP) monitoring and management
in closed head '"Jury (CHI) include intraventricular and intraparcnchymal
fibcroplic catheters (IPC). Intraventricular method has previously been shown
to result in higher complications (I).

Materials and Methods
At a level I trauma center, 60 consecutive patients with CHI who either
underwent a "cntriculostomv (0=14), or IPC insertion (n=46) , '....ere seleCled.The
age. Glasgow coma score (6CS) at admission and discharge from neurosurgical
intcnsivc care unit as wcll as hospital. computed tomography (CT) findings.
opening pressure (OP), course of ICP. duration of monitoring. changes of
monitoring device, complications and outcome of these patients were nOled.
They were categorized into mild (GCS 13·15), moderate (GCS 9-12) and severe
(GCS 13-15) groups. A retrospective. comparative. analysis between the two
mcthods was donc. We applied the Kruskal-Wallis one way analysis of variancc
with chi square and Mann-Whitney U tests for sl.atislical significance.
Results
In this cohort. with a median age of 29 years (range 13-79 ycars), thc use of
IPCs at 78.4% and 83.3'1< dominated in GCS 3-M and 9-12; ventriculostomics
at 66.6% prevailed in GCS 13·15 (p=O.375). 50% of ventriculostomies were
used for more than 10 days and 28.5% for 1·3 days; IPCs were used more in 1
3 and 4-6 days categories (p=O.OO9). respectively. 64.2% ventriculostomies and
76% IPCs (p=O.OOOl had normal OP. In both methods. there wcrc increased
CT findings. especially loss of basal cisterns (p=0.02) and enlarged ventricles
(p=O.OOl) with normal OP. 14.2% of ventriculostomies and 5% IPCs had a
complication. There was one case of intracerebral hemorrhage and 2 of
inadrcrtent monitor Temtwal with the IPCs, but no infection with either
technique.
Conclusion
Intraventricular monitors arc comparable to IPes in tenns of complications and
outcome in this patient population.
References:
(I) Aucoin PJ. Kotilainen HR, Gantz NM. Davidson R, Kellogg p. Stone 8:
Intracranial pressure monitors: epidemiologic study of risk factors and
infections. AM J Med 60:369·376.1986.
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A NEW DEVICE FOR MEASURING THE INTRACANIAL
PRESSURE.
Development, Properties and Animal Tests.

Reihsner R.I. Beer R.J.2, Prosquill E.l. Schlag G.4. Holbauer 8.5

1) Ludwig Boltzmann Inslitutc for Experimcmal Plasic Surgery. 2) Institute for
Strength of Material, University Vienna. 3) Social Medical Center SMZ-Ost Vienna. 4)
Ludwig Boltzmann lnstilUte for Clinical ans Experimental Traumatology Vienna.
5) Vienna Donau.Hospital

The intracranial pressure can be measured either intraventricularly. intracerebraly
or using an epidural measurment device. From the viewpoint of the reliability of
the reading the first mentiond method is often prefered. However from the
viewpoint of the medical care a suitable epidural technique seems to be more
convenient. In addition a im.racranial measurement is for technical reason not
always possible. But it is well known that the measurements using the
commerically available epidural devices are either sometime artificially and with
some devices always systematically wrong. That was the reason the analyses the
know defects of the diffcrent epidural devices. There are two main reasons to be
found. The first one is coming up from the roughness of the cranial bone and
from the structure of the dura innuencing the loadtransfer into the sensor.
especially with sensors sensitity to changing boundary conditions. The second
reason is caused by the innuence of the thickness of the measurement device
itself. causing membran-stresses and an additional rheological process in the dura
which varies from patient to patient and can therefore not be removed by
compensation. That means iIlat a new epidural measurment device must be able
to integrate over area large enough compared to the roughness of the cranial bone
and should be insensitive to the boundary conditions and in addition it must be as
nat as possible. Furthermore it should be Illude by dispossable materials. must
be cheap and easy applicable. In spite of the fact that from the pressure-signal
relationship remains constant after the first sterilisation. proofed by additional
sterilisation experiments.
In this paper thc new ICP-sensor and its application is described in detail. The
signal-pressurc relationship shows a long-lime stability (no rheology within the
demended accuracy up to about 100 mmHg). the thermal properties (reaction to
fever or with lower temperature when cooling down the patient for iIlerapeulic
reasons) are tested using a specially developed calibration device. a dura-cranial
bone model and finally in animal tests in which the signal of the new epidural
sensor was compared with an accompaning inlracranial measurcment. It could be
shown that the aggreement between thcse two mcasurcmcnts is excelent and the
handling is quite simple and time saving. The necessury sterilisation prodedures
were done using gas-sterilisation.
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AMulti-Centre Database for Multimodality Clinical Monitoring
T Howells, D.F.. Signorini, P. Jones, P. Andrews

Clinical Neurosciences, Western General Hospital, Edinburgh, UK
I. Piper, G. Teasdale

Department ofNeurosurgery, Southern General Hospital. Glasgow, UK
C. Contant, C. Robertson

Department ofNeurosurgery, Baylor College ofMedicine. Houston, USA
M. Czosnyka, S. Piechnik, J. Pickard

Academic Neurosurgical Unit, Addenbrookes Hospital, Cambridge, UK.

Introduction: Recent advances in computetized clinical monitoring have
enabled the collection of databases containing minute by minute samples of
physiological parameters fot head·injured patients in intensive care. It has
been demonstrated that these detailed records reveal significant clinical
events missed in nurses' charts [I]. They also present the data in a form
readily accessible for later inspection and analysis. Despite this progress,
serious problems remain regarding the collection, validation and
interpretation of clinical monitoring data [2, 3]. We are currently establishing
common standards for collecting and sharing data, which will allow us to
develop and maintain a joint database. In addition to producing an expanded
dataset, this will allow us to share more readily and to validate theoretical
concepts and pratical results.
Methods: We have developed software for collecting data in the intensive
care unit and for displaying and accessing the data offline [4]. Data
collection modules have been developed for the Marquette 7000, Baxter
Explorer, and Kontron Kolormon 7250. We are developing interfaces for the
Marquette Transcom, Eagle and Solar monitors, and for the HP Merlin, which
incorporates its own data collection system. We are in the process of defining
a core set of demographic and clinical data fields which we will share in an
ASCII format. Similarly, an ASCII format will be agreeed upon for sharing
the monitoring data. This will allow easy translation to any database or data
analysis system.
Discussion: As it becomes more easy to collect clinical monitoring data, it
becomes more important to decide how best to manage the data. Without the
appropriate demographic and clinical data, or proper data validation and
sufficient sample sizes, these databases will be of little use. The development
of this joint database will be a step towards a world-wide consensus on how
best to manage this important resource.

1. Jones, P.A., J.D.Miller, et.al. J.Neurosurg. Anaesthes.: 6: 4-14,1994
2, Signorini, D.. Sampling issues in multimodality clinical monitoring data,
J.Neurotrauma (in press)
3. Czonyka, M., et aI., J. Clinic. Monit. Comput.ll:223-232, 1994
4. Howells, T.P., I.R. Piper, et ai, J. Neurotrauma: 12:3:471. 1995

PO-4-143

MULTIMODAL NEUROMONITORING AND STATISTICAL ANALYSIS
IN PATIENTS AFTER ACUTE BRAIN INJURY

A. J~ger, J. Meixensberger, J. Dings, S. Baunach, K. Roosen

Department ofNeurosurgery, University ofWarzburg, Germany

Introduction
Multimodal monitoring of different cerebral parameters seems to be of important
value in the treatment of severely ill patients after acute brain damage. While
data storage is routinely possible, data handling to study the pathophysiological
interaction (e.g. between ICP and various hemodynamic parameters) as well as
statistical analysis are unsolved problems. Therefore the issue of our study is to
demonstrate possibilities, which allow data management and analysis.
Methods
Multimodal neuromonitoring including intracranial pressure (ICP), mean anerial
blood pressure (MAP), cerebral perfusion pressure (CPP), endtidal CO, (etCO,),
regional tissue pO, (p(ti)O,), regional oxygen saturation (rSO,), and jugular
venous oxygen saturation (SjO,) was performed in 35 patients after acute brain
injury. The average monitoring time was about 4 days (range from 2 days to 8
days). After detecting and ehninating anifacts (by several independant
physicians according to a clinical protocol) data were statistically evaluated with
an self developed program based on Mathematica running on an UNIX
workstation. Only nonparametric statistical methods were used.
Results
Storing 6 parameters every ten seconds resulted in ASCII data files with a size of
about 500 kByte each day or about 2 Mbyte in 4 days, respectively. Handling
and statistical analysis of these large data sets was made possible by use of
Mathematica on a UNIX workstation. After data conversion we performed non
parametric time series analysis (e.g. cross correlation with respect to time-shift,
frequency analysis, trend analysis) to search for interactions between the
parameters mentioned above. Critical changes and critical changes per time in
these parameters were deftned and finally an automatic event detection has been
introduced. All results were displayed graphically.
Conclusions
The data handling and statistical analysis as described above may improve our
knowledge of pathophysiological reactions after acute brain injury and my help
us to optimize treatment in severly ill patients after acute brain damage.
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Comparison of Volume Flow and Waveform Analysis Derived
Parameters of tbe MCA flow Velocity Signal in Patients with

Subarachnoid Haemorrhage
I. Piper. L. Mascio. 1. Wardlow, P. Andrews

Clinical Neurosciences, Western General Hospital, University ofEdinburgh

Introduction: There is published work suggesting that in head injured
patients the shape of the MCA flow velocity waveform is different between
patients with high flow velocity (> 120 em/sec) compared with those with
lower velocity'. The aim of this pilot study was to define how specific TCD
waveform derived indices relate to volume cerebral flow (CBF) and jugular
saturation levels (Sj02) in patients with subarachnoid haemorrhage (SAH).

Methods: Ten patients with SAH were monitored for Sj02, CSF (nitrous
oxide method) and TCD waveform analysis of the MCA flow velocity signal.
Twenty two recordings were made of the TCD waveform during
measurement of the CBF simultaneously to recording of Sj02.
Measurements were categorised by mean MCA flow velocity into those
below 120 em/sec (range 51->118, median 95 em/sec) or those above 120
em/sec (126->160, median 142 em/sec).

Results: There were no significant differences between the normal velocity
and high velocity (> 120 cm/sec) groups in terms of Sj02 (67 ± 9 vs 62 ±
19) or CBF (113 ± 77 vs 80 ± 33 ml/lOOg/min respectively.). Sintilarly there
were no differences in the high frequency components of the Doppler
waveform as measured by the derived indices "k" (distortion factor) or the
HFC (high frequency centroid). Pulsatility index (PI) was significantly
lower (p < 0.001) in the high flow velocity group (0.5 ± .15) compared with
the normal velocity group (0.8 ± 0.1) despite there being no significant
differences in CPP between the groups (69.4 ± 14 (normal velocity) vs n ±
25 mmHg (high velocity)).

Conclusions: Although PI is lower in the high flow velocity group, this may
reflect only the increase in mean velocity in the PI equation and does not
indicate any difference in pathophysiology (e.g.: vasospasm) between
patients. This is supported by a lack of difference in CSF, oxygen extraction
or high frequency waveform component change between the groups.
Further work is planned, using bilateral MCA monitoring in order to detect
potential side to side differences.

1) Chan KH et al Surgical Neurology 38:433--136, 1992.
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CEREBRAL AtITOREGULAnON AFTER HEAD INJURY
ASSESSED USING TRANSCRANlAL DOPPLER

ULTRASONOGRAPHY.

StefanPiechnik, Marek Czosnyka, Piotr Smielewski, Peter Kirkpatrick,
John D. Pickard

MRC Cambridge Centre for Brain Repair and Acadentic Neurosurgical
Unit, Addenbrooke'. Bopital, Cambridge, U.K.

Introdua'ion:Disturbed cerebral autoregulation has been reported to be associated
with an unfavourable outcome following bead injury. Using transcranial Doppler
ultrasonography, we ioveI1igaIed whether baemodynamic responses to
spontaneous variations of cerebral perfusion pressure (CPP) provides reliable
information on cerebral autoregulatory reserve.

Methods:82 severe head injured patients were studied daily. Waveforms of
intracranial pressure (ICP), arterial pressure and transcraniaI Doppler flow velocity
(FV) were captured over two hour periods. Time averaged mean FV (FVm), and
the FV during cardiac systole (FVs) were resolved. The correlation coefficient
indices between FVm and CPP (Mx), and between FVs and CPP (Sx) during
spontaneous fluctuations of CPP were calculated over 3 ntinutes epochs, and
averaged for each investigation. Afurther 12 patients were monitored continuously
using these indices.

Results: Mx and Sx correlated significantly with CPP (r--<l.34, p<0.OO2; r--{j.38,
p<O.OOO8 respectively), with ICP (r-0.46, p<O.OOOI; r-O.34,
p<O.003respectively), the adntission Glasgow Coma Score (r--<l,34. p<O.OO25; r-.
0.38, p<O.OOO8 respectively), and with outcome following head injury (r-O.41,
p<O.OOO2; r = 0.48, p<0.OOOO9 respectively). I.n patients who died, oerebral
autoregulation was severely disturbed during the first two days following injury.
Continuous monitoring of autoregulatory indices demonstrated good sensitivity to
critical changes in CPP caused either by intracranial hYPertension or arterial
hypotension, changes in anaesthesia regime and ventilation parameters.

Conclusion: Indices derived from spontaneous fluctuations of FV waveform and
CPP descnbe cerebral vascular pressure·reactivity. They correlate with outcome
and therefore may be used for guiding autoregulation-<lriented intensive therapy.
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UNIVERSAL SOFTWARE FOR DATA-ACQUISITION AND ANALYSIS
OF CEREBROVASCULAR REACTMTY TESTS IN CLINICAL AND
EXPERIMENTAL CONDmONS

Peter Smielewski PhD, Marek Czosnyka PhD, Wojciech Zabolotny MSc, Peter
Kirkpatrick FRCS (SN), John D. Pickard FRCS,

MRC Cambridge Centre for Brain Repair and Academic Neurosurgical Unit,
Addenbrooke's Hospital, University of Cambridge (UK)

A computing system for the recording and on-line analysis of analogue signals
derived from bed-side cerebrovascular monitors in different pathophysiological
conditions was created and veryfied in clinical practice. The monitored signals
include arterial blood pressure and oxygen saturation, end-tidal carbon dioxide
concentration, cerebral blood flow velocities using transcranial Dopplcr
ultrasonography (TCD), and concentration changes in cerebral oxy- and
deoxyhaemoglobin from near infrared specuoscopy. The suncture of the system
is build around a client/server model with server application encapsulating
analogue to digital (AID) converter interface. The program has been designed to
provide a flexible tool for cerebrovascular dynamics investigations. It enables
the user to monitor and record raw signals, calculate time trends of complex
parameters, provides calculation 'wizards' supporting various tests of
cerebrovascular reactivity and automatically updates patients data bases.
Configuration and analysis adopts aritlunetic expressions of different signal
processing functions, various statistical properties for each signal, frequency
spectrum analysis using fast Fourier transformation, and correlation/cross
correlation. The software offers off-line analysis of non-invasive tests of
cerebrovascuJar reactivity including stress tests which employ carbon dioxide,
acetazolamide, the breath holding test, leg cuff inflation and deflation, and
uansient carotid artery compression. The software has been used for
examination of 58 patients with carotid artery disease (age range 48 to 87
years), in 22 normal volunteers (age range 20 to 30 years) for TCD studies on
cerebral haemodynamics, and for data analysis of recordings from 47 head
injured patients (age 16 to 63 years). Thc system provides a universal 1001 for
clinical and academic purposes. Its flexibility and advanced signal processing is
suitable for research based applications. By providing a user-friendly interface,
use of pre-set configuration files, and 'wizard' based calculations, the software
enables non-<:omputer technicians to perform routinely complex tests of
cerebrovascular reactivity.

P-4-14B

NONINVASIVE MULTlMODAL CEREBRAL MONITORJNG IN THE
INTENSIVE CARE UNIT.

Valery Amcheslavski, Grigory Toma, Gajne Margishvili. Sergey Madorski.
Alexander Parfenov. Emil Gaitur. Alexander Ostrovski. Ivan Savin.

Department of lntensive Care. Burdenko Neurosurgical Institute, Moscow. Russia.

Introduction
One of the goals of noninvasive multimodal ccrebral monitoring (NMCM) in
critically ill patients is the early detection and prevention of secondary brain
damage due to ischemia.

Metbods
NMCM was used in 21 patients with severe HI and in 10 patiems v.oith
subarachnoid hemorrhage (SAH). We preferred the bedside and non-invasive
methods: I)TCD for measurement of CBF velocity (Transpect Medasonics,
Germany; Sonas 2500 HP, USA): 2) NIRS (Cerebral Oximeter Invos 3100
Somanetics, USA) for investigation of cerebral oxygenation (CO); 3) registration
of SSEP (Phasis, ESAOTE Biomedica, Italy) that provide definite inforrnation to
integrity of neural pathways. This combination of methods in addition to detailed
neurological examination allowed us to receive more complete information about
functional, anatomical and metabolic state of brain.

Results
The patients were divided into 3 groups according to GOS: -patients with fatal
outcome; -patients "'th severe disability or vegetative state; -patients with good
recovery or moderate disability. In the I-st group bilateral high values of CBF
velocity (227±7 smlsec). bilateral absence of SSEP. bilateral changes of CO
unresponsive to therapeutic measures were revealed. In the 2-nd group -high
values of CBF velocity (211±15 smISek), predominantly on one side and
dislurhance5 of CO on lhe side llf \w..;()spasl11 \\'l'I"t;' observed. SSEP \VI:I"I: p~rsist~nt

asymmetric with improvemem in 2 cases. In the 3-rd group -moderate bilateral
increase of CBF velocity (140±8 smlse,), norrnal values of CO. asymmetrical
mild and reversible changes ofSSEP were observed.

Summary and Conclusion
NMCM in acute period of severe head injury and subarachnoid hemorrhage
revealed different disturbances of central conductivity and of cerebral
hemodynamic. NMCM turned oUI to be of great importance for patient· s clinical
evaluation, for choice of optimum treatment as \vell as for outcome prognosis.

References
(1 )Chan K-H, Miller JD, Deorden NM, lNeuroI.Neurosurg.Psychiatry. 55:787
791,1992
(2)Slavin KV, Dujovny M, Ausman 11. Hernandez GA, Luer M, StoddaIT H,
Surg.Neurol., 42:531-540.1994.
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EFFECTS OF HYPERVENTILATION AND INDOMETIlACIN ON
CPP, Sj02 AND BRAIN TISSUE P02 IN PATIENTS WITH SEVERE
HEAD INJURY

Imberti R, Bellinzona G, Ilardi M, Bruzzone P, Dionigi RV, Raimondi M,
CampagnaG

IRCCS Policlinico S. Matteo - 27100 Pavia, Italy

Purpose of this study was to investigate the effects of hyperventilation and
indomethacin administration on CPP, Sj02 and brain tissue P02 (Pbr02)
in 10 patients with severe head injury (GCS :":8).
ICP was measured by an intraparenchymal fiberoptic transducer (Camino
Laboratories), Pbr02 by a Clark-type electrode (Licox GMS), Sj02 by
intermittent blood sampling. In all patients Pa02 was > 100 nunHg.
The effects of hyperventilation were evaluated on II occasions.
Hyperventilation decreased ICP from a mean value of26.1±2.6 to l4±8.6
nunHg (p<0.05), but in 3 cases it was ineffective. In all cases
hyperventilation decreased Sj02 (from 76±10.9 to 68.5±12.1%,
p<O.OOI). Pbr02 decreased in 8 cases, while in 3 cases an increase of
Pbr02 was observed. On these occasions Sj02 was ~ 82%.
Indomethacin determined a decrease of ICP in all cases (27) from
49.3±14.5 to 18.4±7.6 nunHg (p<0.001). After indomethacin Sj02
decreased in 15 cases (from 70.6±8.1 to 64.5±8.4%, p<O.OOI). In these
cases CPP ranged from 38 to 75 nunHg. In 12 other cases indomethacin
determined an increase of Sj02. In these cases CPP ranged from 30 to 48
nunHg. When Sj02 was >78%, indomethacin determined an increasc of
Pbr02. Indomethacin increased Pbr02 also in 7 cases in which CPP
ranged from 34 to 57 nunHg and Sj02 was normal or low, while in 2
cases Pbr02 decreased (CPP was 52 and 75 nunHg, respectively).
This study suggests that Sj02 and Pbr02 are two complementary

parameters useful for the treatment of patients with severe head injury.
Vasoconstriction by either hyperventilation or indomethacin can be useful
to treat intracranial hypertension when Sj02 is >75%. The effects of
indomethacin on Sj02 (an index of global cerebral perfusion) and on
Pbr02 (an index of regional perfusion) scem to be dependent on the levcls
of CPP. Indomethacin can be useful to treat episodes of uncontrollable
intracranial hypertension associated with severely compromised CPP.

PO-4-151

CLINlCAL IMPACT OF A CEREBRAL PERFUSION PRESSURE BASED
ALGORITHM ON JUGULAR VENOUS DESATURATION IN ACUTE HEAD
INJURY.

Stephen Lewis' , John Myburgh'
1 Department ofNeurosurgery, Royal Adelaide Hospital, Australia.
, Intensive care unit, Royal Adelaide Hospital, Australia.
Introduction
Episodes of jugular venous oxygen (SjO,) desaturation correlate directly with
adverse outcome following acute head injury (I). The aim of this study was to
determine the impact of a cerebral perfusion pressure algorithm directed at
maintaining euvolaemia, PaCO, 35 - 40 mmHg, osmolality < 300 mosmollI, Sjo,
> 55% and cerebral perfusion (CPP) > 70 mmHg, on the incidence, duration and
associations of SjO, desaturation.
Method.
20 consecutive patients with severe closed head injury GCS ~ 8 were studied and
compared to 20 patients monitored prior to the institution of tbe CPP algorithm.
All patients had mean arterial blood pressure, intracranial pressure, Sjo" and
end-tidal Co" monitored. Jugular venous desaturation was defined as a SjO, <
55% for 10 or more minutes and confirmed as described previously (2).
Results
Demographics and presenting GCS were similar in both groups.

Pre algorithm (n =20) Post algorithm (n =20)
Number of desat. episodcs 42 7
Mean duration (mins) 84 48
Occurrence after injury (%)

o-24 hours 46 85
24 - 48 hours 38 0
> 48 hours 16 15

Associations (%)
Hypocapnia 45 0
Cerebral hypoperfusion 22 85
Intracranial hypertension 9 15
Combination of above 24 0

Conclusions
All episodes of desaturation in the post algorithm group responded to treatment.
Lower moderate and severe disability Glasgow Outcome Scores at 6 months were
demonstrated in the post algorithm group. In conclusion, therapies directed at
maintaining CPP > 70 mmHg are associated with a reduced incidence in cerebral
venous desaturation and potentially an improvement in overall outcome.
References
1. Gopinath SP et ai, J Neurol Neurosurg Psych 57: 717-723, 1994.
2. Lewis SB et al, Anaesth Intens Care 23:307-314,1995.
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DESIGN OF ACLINICALTRIAL FOR COMPARISON OF TWO
INfENSIVE CAREUNIT TREA1MENT PROTOCOLS

Charles F. Contant, Jr" Claudia S. Robertson, Alex B. Valadka, Shankar P.
Gopinath, Manuela Cormio, Masahiko Uzura

Department of Neurosurgery, Baylor College ofMedicine

introduction
Standard clinical trial designs are difficult to apply to the comparison of two

treatment protocols in the neurosurgical intensive care unit(NICU). Unlike a
drug bial in which the only difference in treabnent is the drug, treabnent
protocols may be different in multiple treatment goals. When the individual
clinicians must be aware of all these aspects of the the patient's treatment
prolOCol, having both prOlOCols runuing at the same lime in the NICU may lead
to many prolOCol violations. For this reason, we have explored alternatives to
designs in which the patients are individually randomized to each treatment.
Methods
The design chosen was one of the so-called incomplete block designs, and is

well-described in the statistical literature. The year was divided into three four
month periods, corresponding to the rotations of the residents through the NICU.
Eacb four-month period was divided into two month blocks of lime so that both
treatment types will be given in each four-month interval. All patients entering
the lCU during each two-month lime period received the same treatment. The
order in which the treatments were given was randomly selected for each four
month period. This design allows for the estimation of the treatment effect, the
effect of different resident groups, and the effect of the order of treatment. It is
assumed that the patients arrive in a random manner over time. It is also
assumed that there is no bias in selection of the patients who are included in the
bial. Selection bias may tested by maintaining a careful log of all patients who
are admitted to the NICU during the bial and hy comparing those selected for
inclusion to those who are not selected.

Results
We will present the comparisons of selected to non-selected patients.

Summary and Conclusions
We believe this design best fits the practical limitations of performing a

comparison of treatment modalities.

PO-4-154

CHANGES IN mRNA OF VASOACTIVE SUBSTANCE·
PRODUCING ENZYMES IN A RAT MODEL OF TRAUMATIC
BRAIN INJURY

Kcnneth I. Strauss and Raj K. Narayan
Departmcnt of Neurosurgery. Temple University. Philadelphia. USA

Introduction
The pathological sequelae of traumatic brain injury may be exaccrbated b)
vasoactive substances (e.g. nitric oxide, prostanoids) which can cause local
vasoconstriction, lot of autoregulation or vasospasm. The processes result ir
hypoxic/ischcmic injury and contribute to free radical mediated tissue damage
(lipid peroxidation). Such secondary post-traumatic insults are associated witt
worse clinical outcomcs. Enzymes that produce such vasoactive substances (e.g
nitric oxide synthascs or prostanoid synthases) are potential targets for
pharmacologic therapy. We have measurcd changcs in mRNA expression 01
several of these genes in a lateral cortical contusion model of traumatic brain
injury in the rat.
Materials and Methods
Sprague-Dawley rats (300-400g) were preansthcrized with isofluorane and
maintained with a mask-cone using a mix of oxygen and isofluorane (2-4%). A
6mm lett craniectomy was performed animals were randomly assigned to sham or
moderate injury groups (n=6), and subjected to a cortical contusion using a 4mrr
piston (4 m/s) to a depth of Omm (SHAM) or 3mm (INJURED). Postinjuf)
neurological and behavioral assessmcnts wcre performed at I and 3d just prior ((
decapitation. Brains were rapidly removed, frozen on powdered dry ice and stored
at -80°C until use. Lysate Rnase protection assays were performed to quantitatt
mRNA using species-specific radiolabled probes (I).
Results
Prostanoid synthase genes were observed to rise early after injury. Prostaglandir
H2 synthase (COX2) mRNA doubled by ld postinjury and by 3d had not returned
to control levels. Inducible nitric oxide synthase mRNA was also upregulated
though to a lower extent than COX2. Wc arc cvaluating postinjury mRNA
levels from comparable enzymes and thc vasoactive substances that they produce.
Conclusions
Modulation of gene expression has bccn demonstrated for genes that affec
vascular tone. Modulation of thesc enzymatic activities may be a rationa
sttalegy for improving outcome after phase of neurOlraurna.
References
(I) Strauss, K.1. And Jacobowitz, D.M.. Quantitative measurement of calrctinir
and B-actin mRNA in rat brain micropunches without prior isolation of RNA
Mol. Brain Res., 20(1993) 229-239.
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PRELIMINARY PBARMACOKINETIC PROFILE OF ENADOLINE, A
POTENTIAL NEUROPROTECTIVE AGENT.
Joanna P. Hinton· and G. Hudson, Department of Pharmacokinetics and Drug
Metabolism, Parke-Davis Pharmaceutical Research, Division of the Warner
Lambert Company, 2800 Plymouth Road, Ann Arbor, MI 48105.

Introduction.
An increasing-dose study of the tolerance, safety, and pharmacokinetics (PK)
of intravenous enadoline compared with placebo in patients with head injury
was initiated in November 1995. Enadoline has been shown to be
neuroprotective in rat, cat, and gereil models of acute focal ischemia with
associated total plasma concentrations of 50 - 200 ng eqlmL. Further, these
neuroprotective effects were associated with significant reductions in brain
extracellular fluid glutamate. In this first clinical study of intravenous
enadoline in head trauma patients, the objectives were to determine the safety
and tolerability of increasing intravenous doses and to determine the plasma
and cerebrospinal fluid (CSF) concentrations and PK during treatment. The
study was to end when either the maximum tolerated dose had been
determined or a mean maximum plasma concentration of ISO ng eq/mL had
been reached.

Study Design and Methods.
The study is an increasing-dose, double-blind, placebo controlled, parallel
group, multicenter design for 56 patients with head injury. In each of 7
blocks of 8 patients, 4 patients were randomized to receive study drug and 4
were to receive placebo. Patients on drug were to receive a 12-hour
continuous IV infusion at the following treatment rates starting between 24
and 72 hours of head injury: 0.06, 0.20, 0.60, 2.0, 6.0, 18, and 35 ~glkglhr.

In addition to the extensive safety and clinical measures, blood and CSF
samples were collected serially before, during the infusion and out to 192
hours post initiation of infusion. Enadoline equivalent concentrations were
determined with a validated radioimmunoassay. Plasma and CSF
pharmacokinetic parameters were calculated by standard non-compartrncntal
methods.

Results.
To date 4 of the 7 blocks have been completed. Enrollment in block 5 (6.0
~glkglhr for 12 he) is ongoing. Neither the maximum tolerated dose nor the
threshold plasma concentration has been reached. Mean (%RSD) plasma
Cmax values after the first 4 treatments were 0.73 (200), 0.83 (50),0.98 (10),
and 8.2 (56) ng eq/mL, respectively. Individual elimination tl/2 values ranged
from <I to 6 hr. Preliminary plasma and CSF PK results ,viII be discussed for
treatments completed and compared to therapeutic expectations.

PO-5-156

PREDICTION OF AXONAL INJURY BY A PHYSIOLOGICAL SCORING
SYSTEM IN AHEAD IMPACT MODEL.

Stephen Lewis', Michael Wong', John Finnie', Peter Blurnbergs', Jim Manavis',
Corinna Van Den Heuve\', Peter Reilly', Nigel Jonesl .

I Department of Neurosurgery, Royal Adelaide Hospital, Australia.
, Neuropathology Laboratory, Institute ofMedical & Veterinary Science,
Australia.

Introduction
Quantifying the effect of head injury in laboratory models is difficult. Axonal
injury has been semi-quantitatively measured in a laboratory model ofhead injury
by a sector scoring method utilising amyloid precursor protein (APP) as a marker
of axonal injury (1). Recently we described a physiological scoring system (PIIS)
which correlated with the degree of axonal injury as determined by the A1'P
sector score (APPS) ("'=0.81, p<O.OOI) (I). The aim of this study was to further
investigate the correlation between physiology (PHS) and pathology (APPS)
scores in a model ofaxonal injury.
Method.
10 merino sheep were studied. 8 were impacted in the left temporal region using
a. variable impact force and 2 served as controls (no impact). All sheep survived
for 2 hours following the insult. Arterial blood pressure, intracrartial pressure,
cerebral blood flow and heart rate were monitored continUOUSly. Arterial blood
gases were measured every 10 minutes. All brains were perfused fIXed with
formaldehyde. Imrnunostaining with APP was used as the marker of axonal
damage and the distribution of APP positive axons scored according to a sector
scoring method (APPS) (I). The PUS was calculated by weighting the percentage
shift from preinjury values for each monitored parameter over the first hour after
injury.
Results
In all impacted animals widespread axonal injury was identified. All monitored
physiological parameters were shifted 20% or more from preinjury values. Peak
responses were recorded within the first minute after injury. The correlation
between APPS and PUS was significant ("'=0.87, p<O.OOI).
Conclusions
Quantifying the physiological effect of a head impact model of axonal injury has
been shown to correlate with APP positive axonal damage. This physiological
score may offer a guide to severity of injury and degree of axonal damage.
Reference
1. Lewis SB et ai, J Neurotrauma 13: 505-514, 1996.
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LOSS OF MYOGENIC RESPONSE IN THEMIDDLE CEREBRAL
ARTERY FOLLOWINGSEVERE BEAD INJURY IN THE RAT
EikeM Golding, Claudia S. Robertson, and RobertM Bryan, Jr.

Dept ofNeurosurgery, Baylor College ofMedicine, Houston, TX 77030 USA

IDtroduetiou
Loss of autoregulation is a common roseIVation in patients with severe head
injury. A component of autoregulation iJ the myogenic response which is
defiDed as the characteristic of blood vessels to constrict with increasing and
dilate with lowering of transmwal pressure. The aim of the present study was
to examine the effect of uaumatic brain injury (TBI) on the myogenic
response in the rat middle cerebral artery (MCA).

Method.
The rigbt hemisphere was injured in twelve male rats (2.5% isoflurane
anesthesia) using controlled cortical impact (CCI, 5 m/sec, 3 mm
deformation) (I). The left hemisphere was used as control. At 24 hours
postinjury, segments of MCA ipsilateral (immediately outside the
hemorrhagic zone) and corresponding contra\ateral segments were haJVested,
mounted in a vessel chamber, and pressurized (2). After a one hour
equilibration period, pressure was increased over a given range in the
presence and absence of extlllcellu1ar Ca"'. Removal of Ca'· eliminates the
myogenic response and provides the passive properties of the vessel to
changing pressure.

Result.
Lumen diameters ofMCAs contralateral and ipsilateral to the injury were not
significantly different at 20 mm Hg [145 ± 11l1JD (mean ± se, n:12) and 136
± 11 l1JD (n:10), respectively). Contra\ateral vessels constricted 11.5% in a
pressure dependent manner when the lumen pressure was increased from 20
to 100 mm Hg in increments (p:O.002L In contrast, ipsilateral vessels dilated
5.6% (p:O.OI). In the absence of Ca , contralateral MCAs dilated 20.5%
(p<O.ool compared to contra\ateral MCAs with Ca'i. The dilation in the
ipsilateral MCAs was the same regardless of the presence or absence of Ca'+.

Summary and Conclusion.
We conclude that following severe CCI injury in the ra~ MCAs contralateral
to the injury maintained a myogenic response while the ipsilateral MCAs
showed complete abolition of the myogenic response. The loss of a myogenic
response may be the primary cause of autoregulatory dysfunction after TBI.

Referentea
(I) Dixon CE, et al., 1. Neurosci. Methods 39: 253-262, 1991
(2) Bryan JrRM, etal., Am. J. Physiol. 269: Hl171-H1174, 1995
Supported bY PHS POI NS 27616.
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CONTROLLED CORTICAL IMPACT (CCl) IN MICE: EFFECT OF
INSULT SEVERITY AND ASSESSMENT OF FUNCTIONAL OUTCOME

EH Sinz, CE Dixon, JK Schiding, RSB Clark, PM Kochanek

Safar Center for Resuscitation Research and Depanment of Anesthesiology and
Critical Care Medicine, University of Pittsburgh, Pittsburgh, PA

Introduction
Transgenic and knockout strategies in mice should facilitate investigation of
mechanisms of secondary injury after traumatic brain injury (TBI), but reports
of 181 models in mice are limited.'" We sought to more fully characterize the
CCI model of 181 in mice including: I) monitoring/control of brain
temperature (Temp), 2) evaluation of effects of insult severity, and 3)
assessment ofmotor and cognitive dysfunction.
Material and Methods
C57BLl6 mice (n:24) were anesthetized with isotlurane in N,OIO" brain Temp
was controlled, and craniotomy performed over the left parietal cortex. CCI
parameters were 3 mm flat tip, 6 mls velocity. To assess effect of injury
severity on histology, depth was varied (1.0, 1.5, or 2.0 mm). For studies of
functional outcome, a 1.0 mm insult was chosen and compared to shams (0=8,
craniotomy). Motor function was assessed 1-7 dafter TBI (beam balance).
Cognitive function (spatial memory acquisition) was assessed 7-2 I dafter TBI
using Morris water maze (MWM) modified for mice. At 21 d, contusion and
hemispheric volumes were determined from serial brain sections.
Results
There was no mortality. In pilot studies, brain Temp decreased to 32'C during
anesthesia, but was readily controlled. After a 1.0 mm insult, beam balance
latency decreased for the initial 3 d vs sham (p<0.05). Latency to find the
hidden platform in the MWM was increased (injured vs sham, p<0.05). Brain
loss in injured vs non· injured hemisphere was related to injury severity
(1O.7±3.5, 16.6±6.7, 19.9±4.0% in 1.0, 1.5, and 2.0 mm depth, respectively).
Contusion volume increased between 1.0 and 1.5 mm insult (8.4±0.6 vs
1O.4±I.6% of injured hemisphere); but 2.0 mm did not further augment
contusion volume. Contusion was limited to cortex only after a 1.0 mm insult.
Summary
CCI is feasible in mice. A 1.0 mm depth with a 6.0 mls velocity produces a
contusion involving> 8% of the injured hemisphere with significant motor and
cognitive deficits. Brain Temp monitoring in mice is necessary. This model
should be useful to assess secondary mechanisms of injury after TBI.
ISmith el aI, J Neurotrauma, 1995; 2Chen et ai, J Neurotrauma. 1996. Support: American
Heart Assoc., PA Affiliate, NINDS 2P50 NS303I 8·04A I. and Dept. of Anesthesiology/CeM.

Abstracts

P'5 ·163

Introduction: Delayed post-traumatic hemorrhage into
underlying contusion can cause significant mass effect,
The authors identified a subgroup of young patients
with initial mild/moderate head injury, who presented
with orbito-frontal punctate contusions, which within
24 hours, expanded into dramatically larger non
coalesced hemorrhagic contusions.
Methods: Four consecutive patients within a 17 months
period admitted to our institution with the above
radiographic picture were presented and their clinical
and treatment courses compared.
Results: After observing the relentless downhill
course of the two earlier patients treated expectantly
for control of intracranial pressure (ICP), our
treatment protocol changed to early prophylactic
intubation and moderate hyperventilation, insertion of
intraventricular catheter for ICP monitoring, hyper
osmolar therapy with mannitol, sedation, chemical
paralysis, and eventually pentobarbital for control of
increased ICP. These interventions were taken more
rapidly, and mostly prior to dramatic clinical and
radiographic deterioration. These two subsequent
patients had a prolonged course of ICP elevation and
intubation, requiring tracheostomy placement. However,
the clinical outcome was excellent, with both patients
decanulated from the tracheostomy in 6 weeks, and both
patients returned to relatively normal functions.
Conclusion: Though this series consisted of only 4
patients with similar radiographic and clinical courses,
the authors advocate early aggressive medical treatment
for this subgroup of patients prior to deterioration.
The outcome difference can be great if the lesion is
not recognized early,

DELAYED ORBITO-FRONTAL CONTUSION: EARLY TREATMENT

PROTOCOL
Thomas T. Lee and Philip A. Villanueva
Dept of Neurological Surgery
Univ of Miami School of Medicine
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MANAGEMENT OF TRAUMATIC CEREBELLAR HEMORRHAGIC
CONTUSIONS AND HEMATOMAS (TCHC)

Domenico d'Avella, Francesco M. SaJpietro, Filippo F. Angileri, Fabio Cacciola,
Massimo CardaIi, Antonino Germano, Giovanni la Rosa, Francesco Tomasello

Neurosurgical Clinic, University ofMessina Medical School, Messina, Italy

Introduction
TCHC are unusual lesions and their surgical management is still controversial:
some advocate early evacuation of all traumatic intracerebellar clots, while
others emphasize the possible "benign" behavior of traumatic cerebellar
hemalomas and suggest, in selected cases, an expectant policy.

Methods
From 1990 to 1996, 2350 patients underwent CT scan for moderate or severe
head injury at our Institution. Thirteen patients (0.55%) were retrospectively
identified as harboring TCHC. There were 9 male and 4 female patients (mean
age, 42 yr, range 4-88 yr).

Results
Patients were divided into two groups. In Group I (n : 7) G.C.S. at admission
was S 5. Five of these patients had concomitant supratentorial lesions which
was the cause of neurological deterioration and evacuated in 2 cases. Surgery
was not performed in the others because of the moribund status. All these
patients died or survived in vegetative state. In Group II patients (n: 6), all with
"isolated" intracerebellar clots, CG.S was::: 8. The initial clot size was < 3 em
in 3 cases and > 3 em in the others. Five patients were managed conservatively
and one was operated on, and all recovered completely. Three patients, aged 4,
9 and 12 yr, exhibited an evolving clinico-radiological course.

Summary and Conclusions
The "isolated" intracerebellar traumalic hemorrhages appear to be relatively
benign lesions. We do not recommend immediate surgery in all cases. Indication
for surgery emerges from a combination of both serial CT monitoring and
careful clinical surveillance, since in the case of "pure" posterior fossa lesions
the role of ICP monitoring in assessing the need for surgical evacuation before
deterioration is still to be established. Finally, although based on a limited
number of cases, our results suggest that a significant proportion of TCHC are
prone to evolve. As recently emphasized for the supratentorial companment,
hemorrhagic contusions on initial CT examination should be considered at risk
for early development of evolving intracerebellar hemorrhage.
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INTRAHOSPITAL TRANSPORT IN THE ACUTE PHASE AFTER HEAD
INJURY

C Mattioli, A De Vitis, M Gemma, MR Calvi, L Beretta.

Neurosurgical ICU-Scientific Inst. Hosp. S. Raffaele-Via Olgeuina 60, 20132
Milano, Italy.

Introduction
In the flfst hours following acute head injury, uncoupling between CBF and
CMR02 can occur and desaturation phenomena (low Sj02) are often present.
The purpose of this study is to evaluate our transport modality and ensurc no
further brain insults.

Method
We studied 16 transfers from ICU to the neuroradiological department on 10 head
injury patients admitted to our Hospital between April 1996 to the present time.
Transports were carried out within the flfst 36 hours of the head injury. The
patients were transported by a neurointensivist and a porter, the GCS was 6.37±
1.58 on admission and 6± I.I2 on the flfst day, medium age 27.9 yrs (min 19,
max 51), the admission CT disclosed 2 epidural hematomas, 2 subdural
bematomas, 6 brain contusions. Observations were perfO/med both before and after
transportation: we measured Intracranial Pressure (lCP), Cerebral Perfusion
Pressure (CPP), jugular hemoglobin saturation, arterial hemoglobin saturation.
Pa02, PaC02, pH, Pv02, PvC02, internal temperature. Continuous infusion of
sedatives, analgesics and eventually amines were unchanged during transport. The
patients were previously ventilated in CPPV. Immediately prior to transpon they
were curarized and connected to Oxylog ( a portable ventilator) in IPPV
maintaining unvariated minute volume and respiratory rate. There was also
continuous monitoring of blood pressure, cardiac rate, and 02 saturation. During
the diagnostic process the patient were ventilated in CPPV using the Drager
Ventilator with the same values as previously stated.

Results
Outcome on discharge from ICU was I death and 9 survivors. Medium time span
for transport was 63 minutes. No significant differences were found in the
ICP,CPP and %HbSa02 before and after transp.: ICPm pre·transp. was 20, ICPm
post·transp. 23, CPPm pre-transp. 74, CPPm post·transp. 77, HbSa02 pre·
Ifansp. 97.9, HbSa02 post·transp. 98. Significant differences were found in the
PaC02 pre·and post·transportation and %Hbj02 pre· and post-transport. PaCm
pre = 33.0±5.6 vs. PaC02 post = 30.5±.7 (p = 0.036) Hbj02 pre = 67.6±8.7 vs.
Hbj02 post = 61.6±8.1 (p = 0.028) (Wilcoxon test).

Conclusions
Our prelimnary study points out that, having used all our possihle resources in
order to maintain patient stahility, transport caused cerebral desaturation probably
attributed to a de(.Teased PaC02.

P'5 -166
CEREBRAL PERFUSION AND INTRACRANIAL PRESSURE DYNAMICS
IN ACLOSED-HEAD DIFFUSE BRAIN INJURY MODEL IN THE RAT

Paul Tompkins, FA Stevens, Greg Halko, and L. Philip Carter

Department ofNeurosurgery, University ofOklahoma, HSC, Oklahoma City, OK

INTRODUCTION
Diffuse brain injury is an important component of human closed·head injury. A
model ofdiffuse brain injury in rats has recently been reported (I). We have
extended this model to include measurement of laser Doppler cerebral perfusion
(Cpl, intracranial pressure (lCP), pressure volume index (PVI) and compliance (C)
in control and injury groups, pre- and post trauma.

METHODS
Sprague-Dawley rats anesthetized with pentobarbital (4Omg/kg, IP) were prepared
for closed·head injury as described in the literature (I). Bilateral laser Doppler fibers
were placed on the lateral parietal cerebral cortex. The cisterna magna was
cannulated for ICP and Cmeasurements. Blood gas, pH, mean arterial blood
pressure (MBP) and respiration rate were monitored tluoughout the experimental
time (-30 pre- to 120 min post-injury).

RESULTS
Control animals showed no significant change in any measured parameter tluoughout
the experiment. Spontaneously breathing animals that died (50%, within 7min pust·
injury) had respiratory failure with concomitant decreases in CP and MB?
Spontaneously breathing animals that lived showed an inrrnediate bilateral increase
(150% above pre·injury levels) in CP followed by a gradual decline over the next 30
min post injury (25% below pre-injury values). From 30 min to 120 min post
injury, C? increased toward pre·injury levels. Animals that were artificially
ventilated showed an inrrnediate increase in CP (+100%) with a decrease to ·13% at
3min post-injury, increasing to +50% at 120 min post-injury. ICP, PVI and C
remained stable in all groups pre- to post·injury.

SUMMARY and CONCLUSIONS
In agreement with the literature (I), 50% of the head injured animals without
respiratory assistance die within a few minutes of impact due to respiratory failure.
Animals that survive the initial injury experience a period of reduced cerebral
perfusion that may lead to long term problems. While this diffuse head injury modet
results in significant alterations in CP, there are no significant changes in ICP,PVI or
C from 2 to 120 minutes post injury.

(I) Marroarou A, Foda MAA, van den Brink W, Campbell J, Kita H, and
Demetriadou K, J. Neurosurg. 80:291-300,1994.
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Diffuse Axonal Injury (DAI) Is Not Associated With Elevated Intracranial Pressure
Thomas T. Lee, MD, Marcelo Galarza, MS, and Phillip A. Villanueva, MD

Depar/ment ofNeurological Surgery, University ofMiami School ofMedicine
Introduction. Traditionally, intracranial pressure (lCP) monitoring has been
utilized in all patients with severe head injury (Glasgow coma score of 3·8).
Ventriculostomy placement, however, does carry a 4 to 10 percent complication rate
consisting mostly of hematoma and infection. The authors propose that a subgroup
of patients presenting with severe head trauma and diffiJse axonal injury without
associated mass lesion, do not need ICP monitoring.
Materials &Methods, Twenty-two patients sustaining blunt head trauma and fitting
our strict clinical and radiographic diagnosis ofDA! were enrolled in our study.
Inclusion criteria were severe head injury patients who did not regain consciousness
after the initial impact, and whose CT scan demonstrated characteristic punctate
hemorrhages of< 10 mm diameter at the grey-white junction, basal ganglia, corpus
callosum, upper brainstem, or a combination of the above. Patients with significant
mass lesions and documented anoxia were excluded.
ResulJs. Twelve (54.5%), tluee (13.6%), and seven (31.8%) patients had types I, n,
and III DAI, respectively. The admission Glasgow Coma Score (GCS) was higher
for types I and II than for type 1lI DA!. ICP was monitored from 24 to 165 hours,
with amean ICP for 22 patients of 11.70 nunHg (SEM=O.75) and a range from 4.27
to 17.26 nunHg. Types I , II, and 1lI DAI had a mean ICP of 11.53nunHg
(SEM=106), 13.1OnunHg (SEM=2.32), and 11.I6nunHg (SEM=1.31). Of all ICP
recordings, 89.5% (1583/1768) were:" 20nunHg, 9.3% (164/1768) were betwecn
21 and 30 nunHg, 10% (1711768) were between 31 and 40nunHg, and 0.2%
(4/1768) were greater than 40nunHg. Average mean arterial pressure(MAP) was
95.64nunHg (SEM=2.27), and 94.5% (1401/1483) of all MAP readings were
greaterthan 80nunHg. Average cerebral perfusion pressure (CPP) was 84.72
mmHg (SEM=2.0i), and 90.22% (1338/1483) of all CPP readings were greater than
70mmHg. Interestingly, patients with type 1lI DAI presented with higher MAP, and
consequently CPP, than Types I and II patients. No treatment for sustained elevated
rcp >20mmHg was needed except in one patient with extensive intraventricular and
subarachnoid hemorrhage who developed communicating hydrocephalus,
necessitating the subsequent placement of a ventriculoperitoneal shunt. One
complication from a catheter tract hematoma was encountered.

All patients, except type III DAI, generally demonstrated clinical
improvement with time. The outcome, as measured by Olasgow Coma Score (OCS)
and Glasgow Outcome Score (ODS) was similarly better with types I and II than
type llIDA!.
Concblsion. The authors conclude that rcp elevation in DAI patients without
associated mass lesions is not as prevalent as other severe head injured patients,
therefore ICP monitoring may not be as critical. The presence of an ICP monitoring
device may contribute to increased morbidity. Ofkey importance. however, is an
accurate clinical history and interpretation of the CT scan.

PO·5·168

THE BRAIN PARENCHYMA·PO, CATHETER INTERFACE,
A HISTOPATHOLOGICAL STUDY IN THE RAT.

W.A. van den Brink', I.K. Haitsma', A.B. Houtsmuller', J.M, Kros',
A.I.R. Maas', C.J.J. Avezaat'
Dept. of Neurosurgery', Dept. of Pathology',
University Hospital Rotterdam, The Netherlands

Cerebral ischemia is the main factor in secondary brain damage.
We have invastigated the value of local tissue pO, monitoring as parameter
for cerebral oxygenation in patients with savere head injury. Reliability of
such measurements is dependant on catheter characteristics and on the brain
parenchyma·pO, catheter interface. Characteristics of this interface were
evaluated in the experimental situation.
Histopathological and morphometrieal examination was performed on the
brains of 19 rats in whom catheters had been introduced for measuring of
pBr0 2• In each animal two catheters were inserted: one for actual measure
ment, one as reference. Twelve animals were studied for a period of one
hour (group 1); seven others for 24 hours (group 2).
The measured pBrO, varied considerably among the experiments. The
catheter caused a central bore with a surrounding zone of edema. In several
experiments blood in or surrounding this bore, or blood in the ventricles, was
found. These findings were similar in both measuring and reference cathe
ters. The presence of blood was associated with lower pBrO, values.

group 1 group 2

measured sham measured sham

pBrO, mean Isd) 28 (20) .. 33 (18) ..

radius bore liJm) 157151) 156 (441 184 (39) 191 (59)

zone edema liJm) 118 (601 134 (45) 123 (44) 121 (45)

blood (10.3 I'm') 83 (1431 12 (13) 70 (121) 83 (114)

The quantative damage to the tissue is very small and of no clinical importan
ce. The zone of tissue damage and surrounding edema around the catheter is
small enough to permit fast diffusion of oxygen over the brain parenchyma
catheter interface. Local micro hemorrhages around the tip of the catheter
were shown to be of some influence on measurement results. This observati
on should be taken into account when interpreting results in clinical studies.
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We found PO,ti increased by 100% to 500% in response to changes in FiO,
from 30% to 100%. The relation between pH" and pCO,ti depends on the
metabolic situation in the injured brain (graph 1,2).
Summary and Conclusions
The additional information by measuring pHti and pCO,ti will provide a better
understanding of the pathology after SHI and extend the benefit of brain tissue
monitoring. Potentially, the simple measure of increasing FiO, may improve
local brain oxygenation and metabolism.
Literature: [1) Neurosurg (19%) 37,6: 1168·JJ77

(2) Acta Neurochir (1996) SuppL 67 40·44
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Can We Improve Brain Tissue Osygenation witb Increased Inspired

Osygen Concentration?
MMenzel, MD, EDoppenberg, MD, AZauner, MD, RBullock, MD, PhD,
JD Ward, MD, HF Young, MD, AMannarou, PhD, PBrockenborugb R.R.T.
Department o/Neurosurgery. MeV. Commonwealth University. Richmond. Virginia

Continuous brain tissue oximetry is a newly clinical monitoring method, after
severe bead injury (SHI). With a new multisenser probe it is now possible to
continuously measure pO" pco" pH and temperature in brain tissue. Our early
studies ofbrain pO, have shown brain 0, tension < 20 mmHg in most patients
who do badly after SHI, and> 30 mmHG in most who do well (1,2).
The aim of this study was to explore the dynamics of brain pO, (PO,ti), pCO,
(pCO:/I), pH and temperature related to standardized increases in inspired
oxygen concentrations. We also assessed the effect of increased FiG: upon
glucose and lactate as measured by collecting extracellular dialysate in brain
tissue.
Methods
We measured PO:ti, PCG:ti, pH and temperature simultaneously in the frontal
cortex of 8 patients after SHI, using the Paratrend 7<Sl probe (Malvern, PA,
USA). Additionally we performed brain tissuc microdialysis in the frontal cortex
with samples every 30 minutes. The inspired oxygen was increased stepwise
from 30% to 60% to 100%over a period of6 hours.
Resulls
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Graph 1: Course or pCO,,;, pH, and pO"
during stepwise increase of inspired oxygen in
brain tissue (with linear trend line) related to a
JtartinC brain tissue OlneR lenl of 16
mmHG

Graph 2: Course OfpC02li. pHuand p02tiduring
stepwise increase of inspired oxygen in brain tissue
(with linear trend line) related to a staninc brain
tissue olnen level of45 mmHG
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AN OBSERVATIONAL STUDY OF BRAIN TISSUE pO" pCO, AND pH
IN HEAD INJURED PATIENTS.

AI-Rawi P.G., Piechnik S., Harland S., Datta A., Gupta A.K., Kirkpatrick P.l
University Dept. ofNeurosurgery, Addenbrooke's Hospital, Cambridge. U.K.

Introduction: Continuous monitoring ofbrain tissue pH, pCO, and pO, may give
valuable information on the condition ofcerebral tissues. Such information may
help lhe targeting and liming oftherapeutic interventions. The Paratrend 7
(Biomedical Sensors Ltd.) sensor is a single, compact, multiparameter sensor that
uses combined electrochemical and fibreoptic technology to monitor pH, pCO"
pO, and temperature. This sensor has been validated for corrtinuous intra·arterial
monitoring ofblood gases. The principles of the sensor should also be valid for
direct tissue measurements and therefore we have set out to evaluate its use as a
monitor ofbrain tissue pO" pCO" pH and temperature in adult head injured
patients.
Method: The Paratrend 7 (P7) was inserted into the brain tissue of 13 head
injured patients and incorporated into an established multimodality monitoring
system. Ethical approval and informed consent were obtained, AP7 sensor was
also placed into the femoral artery, for continuous monitoring ofblood gases. CT
scanning was used to confirm the position of the intracranial sensor. Data signals
from all the monitored parameters were digitised and collected at the bedside on a
laptop computer. Sensors remained in place for up to 7 days.
Results: No complications were associated with the use of the P7 sensor in the
brain. Excluded from the data analysis were those periods where P7 channels may
have failed or when artefact was detected. Brain temperature was consistently
0.25°C ±.. 0.18 higher than the temperature detected with the arterial sensor.
Pooling the data for all patients gave a mean brain pO, of3.56kPa (sd=O.67) and a
mean arterial pO, of 16kPa (sd=2.0). The mean brain pCO, was 5.85kPa
(sd=O.68) with a mean arterial pCO, of4.36kPa (sd=O.82), whilSt the mean brain
pH was recorded as 7.22 kPa (sd=O. 12) and arterial pH as 7.6kPa (sd=0.19). For
individual patients the changes in brain and arterial pO, showed large variations
during any 24 hour period. In many cases short time analysis of trends revealed a
reproducible pattern ofchanges related to clear periods ofarterial desaturation and
cerebral hypoperfusion.
Discussion: Our studies have shown that the P7 sensor can be inserted into brain
tissue safely, that they are reliable for up to 7 days and can provide continuous
quantitative information about the metabolic status of the injured brain. Such
technology may enable the early detection and correction ofpotentially damaging
secondary insults.

PO·5-172

DISTRIBUTION OF BRAIN TISSUE PO, IN CORRELATION WITH
OUTCOME AFTER SEVERE HEAD INJURY

J. Dings, A. Jager, J. Meixensberger, K. Roosen

Department ofNeurosurgery, University ofWurzburg, Germany

Introduetion
Monitoring of brain tissue pO, (p(ti)O,) after severe head injury (SHI), to deteet
secondary ischemia, becomes more and more routine. Although the critical
value is accepted at 10 - 15 mm Hg, still there is no proof that low p(ti)O, values
over a certain period influence outcome negatively. Therefore distribution of
brain P(ti)02 was correlated to outcome I year after SHI

Methods
Brain p(ti)O, monitoring is performed with a flexible, polarographic
microcatheter (diameter 0.5 mm, p02-sensitive surface 8 01012, position 2.5 em in
the frontal white matter). Depending on the Glasgow outcome score (GaS) I
year after SHI patients were grouped into bad outcome (GaS I - 3, n ~ 17) and
good outcome (GaS 4 + 5, n = 20). P(ti)O,-values from day 0 - 6were analyzed.

Results
age intuval trauma initial duration of artificial lesiontypt
(yrs) to p(ti)Ormoni. GCS monitoring readings (focall

toring(hrs.) (hrs.) (hrs.) diffuse)
good 28.9+/-9.6 27.5+/-7.5 5.8+/-1.7 141 35 8112
(n~20)

bad 34.3+/-10.5 22.6+/-8.6 4,8+/-2.1 146 58 6/11
(n~J7)

Values as mean +1- sd. or absolute.

Brain p(ti)O,-histogram of the bad outcome group shows a left-shift with more
values below 15 mm Hg (20 %) compared to the good outcome group
(12 % below 15 mm Hg).

Summary and Conclusions
Although brain p(ti)O,-monitoring was initiated 5 hours earlier in the bad
outcome group, this period might not influence the histogram significantly as i1
is only 3.4 % of the total mean monitoring time. The same holds true for the
greater period of artificial readings in the bad outcome group (4 % to 2,5 % in
the good outcome group). There is evidence that brain p(ti)O, values below the
critical level of 15 rom Hg might have an adverse effect on outcome 1 year after
SHL

PO-5-174

BRAIN TISSUE PO" PCO" PH AND BLOOD FLOW DURING AVM
RESECTION
Fady T. Charbel, William E. Hoffman, Mukesh Misra, James I. Ausman
University ofIllinois at Chicago, Chicago, Illinois

Introduction: It has been reported that an AVM is associated with a
decrease in cerebral perfusion pressure and blood flow which produces
tissue ischemia. During AVM resection it is suggested that the sudden
restoration of cerebral perfusion pressure may produce hyperemic related
injury.
Material and Methods: We evaluated whether brain tissue P02 PC02and
pH showed signs of ischemia before AVM resection and monitored changes
during AVM resection. Anesthesia was induced with thiopental and
Fentanyl and maintained with 1% Isoflurane and oxygen in air. Following a
craniotomy, a Paratrend tissue sensor which measures P02 PC02 pH and
temperature was inserted into the brain tissue. A laser Doppler sensor was
placed on the cortex surface in the same region. After equilibration, MAP,
tissue gases and pH were measured continuously from the start to the end of
AVM resection in 13 patients. Eight non·ischemic patients undergoing
aneurysm clipping served as time based controls for this study. These
patients were maintained at steady state conditions over a similar time
period as the AVM resection. MAP, blood gases and brain temperature
were similar between the two experimental groups.
Results: Under baseline conditions, brain tissue P02was 14 ± 5 mmHg in
AVM and 32 ± 15 mmHg in control patients (P < 0.05). Tissue PC02and
pH were 51 ± 7 mmHg and 7.09 ± 0.03 in AVM, not different from the
controls (50 ± 9 mmHg, 7.13 ± 0.02). During AVM resection (115 ± 33
min) P02increased to 50 ± 33 mmHg «0.05), PC02decreased to 46 ± 7
mmHg (p < 0.05) and pH increased to 7.43 ± 0.02 (p < 0.05). These
variables did not change in controls over the same time period. Surges in
P02were observed in AVM patients at times when a large AVM feeder was
occluded and were associated with the decrease in PC02an increase in laser
Doppler flow.
Conclusions: These results show that tissue hypoxia is present in AVM
patients under baseline conditions. Increase in tissue blood flow are seen
during AVM resection when tissue perfusion pressure is restored and this is
associated with tissue hyperoxygenation and C02Clearance.
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EXPANDING POSTERIOR FOSSA MASSES DO NOT CAUSE
REGIONAL BRAIN TISSUE PRESSURE GRADIENTS

Christopher E. Wolfla and Thomas G. Luerssen

Division ofNeurosurgery, Indiana University Medical Center,
Indianapolis, Indiana USA

Introduction: Previous work in our laboratory has shown that
expanding supratentorial masses produce regional brain tissue pressure
gradients (RBTP) in a pallern that is dependent upon the location of
the mass (1,2). This study was undertaken to determine the RBTP
response to an expanding posterior fossa mass (PFM).
Methods: RBTP was monitored in both frontal and temporal lobes,
midbrain, and cerebellum of 15 domestic swine. Posterior fossa
epidural masses were expanded incrementally adjacent the right
cerebellar hemisphere. Lumbar spinal fluid pressure (LSFP) was
measured in three animals. Ventricular and cisterna magna drainage
was undertaken in two animals.
Results: With mass expansion, no consistent significant RBTP
gradients were detected (p>0.05), even afler observation for 60 minutes.
During mass expansion, LSFP became less than (p<0.05) RBTP,
returning to near-normal values at maximum mass volumes. Drainage
ofCSF from the ventricles or the cisterna magna did not change the
findings.
Conclusions: 1. Unlike supratentorial masses, an expanding PFM
does not create reproducible RBTP gradients. 2. The pressure
differential that develops between the intracranial RBTP monitors and
LSFP suggests that lack of RBTP gradient formation may be due to
trapping ofsubarachnoid cerebrospinal fluid (CSF) in the intracranial
compartment. 3. Unlike expanding supratentorial masses, where the
location of the parenchymallCP monitor may be critical for making
management decisions, an expanding PFM which produces elevated
cerebellar RBTP may be detected with a frontal parenchymal monitor.
4. This finding is not apparently affected by continuous ventricular
drainage ofCSF.
References:
I. Wolfla CE, et al: J Neurosurg 84: 642-687, 1996
2. Wolfla CE, et al: J Neurosurg 1997, in press
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HISTOPATHOLOGICAL FINDINGS FOLLOWING FOCAL MASS LESION
AND INSERTION OF P02 SENSORS IN BALLOON EXPANSION MODEL
IN RATS.

G.H.Vince, R.Burger, K.Roosen
Dept. of Neurosurgery, UniverSity ofWiirzburg, Germany

Introduction
With the aim of estimating the degree of damage caused by the inflation of a
parietal epidural balloon and the insertion of bifrontal p02 sensors in a rat
model, thus determining the validity of the model and its comparability to the
epidural hematoma encountered in humans, we histologically examined the
inunersion fixed brains of 8 Sprague Dawley rats after inflation on an epidural
balloon. Additional 10 rats served as controls.
Methods
The epidural balloon was placed in a left parietal burr hole on the skull of the
rat and slowly inflated using a microsyringe until pupillaries dilated and EEG
read a flat signal. Maximum inflation was sustained for 10 minutes. Reper·
fusion lasted on average 178 minutes. The animals were then sacrifced and the
brains removed for 5 day immersion fixation in 3.7 % paraformaldehyde. We
prepared paraffin sections through the frontal lobe, the parietal lobe and
mesencephalon, cerebellum and medulla oblongata. Tissue sections were
stained with hematoxylin, Cresyl Violet and Luxol Fast Blue.
Results
In all 8 animals we detected diffuse brain swelling pronounced on the side of
the balloon and typical findings associated with raised intracranial pressure
with distortion of the brain, supracaJlosaJ, central and uncal herniation and
caudal shift induced elongated thalamic neurons. We found compressed and ol>
Iiterated arteries and consecutive temporal, occipital and superior cerebellar in
farction also typically seen in humans following supratentorial mass lesions.
Tissue edema is currently being determined using a computerized stereological
approach. Hypoxic alterations were detected in the hippocampus, particularly in
the CAl fields, in 6 animals unilaterally and in 2 animals bilaterally. The p02
sensors lay above the cingulum, usually within the thin line of white maller, but
always deeper than 3 mm. From 36 p02 sensor injuries 32 were found during
histopathological work up and measured under a microscope using a recticle
eyepiece. Diameters ranged from 0.37 to 1.0 mm (mean 0.62mm). Statistical
analysis proved no correlation between the yIelded p02 values and the degree of
sensor induced injury.
Conclusion
Histological changes found in the epidural balloon expansion model in rats are
consistent and morphologically comparable to the human epidural hematoma.
The p02 sensors used in this model cause only slight tissue disruption which
does not interfere with the measurement itself.
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THE INFLUENCE OF ICU PROCEDURES ON BRAIN OXYGEN TENSION

C. Hogesteeger, J. Vermeulen, W.A. van den Brink, A.I.R. Maas
Department of Neurosurgery, University Hospital Rotterdam,
The Netherlands

Introduction:
In our neurosurgical intensive care brain tissue oxygen tension is
routinely measured as parameter for cerebral oxygenation in patients
with severe head injury. The reliability of the technique and its clinical
value have been previously reported. In this presentation the influen·
ce of various intensive care procedures on cerebral oxygenation as
measured by brain tissue pO, is illustrated in individual patients.
Tracheal suctioning procedures without prior preoxygenation can
induce a decrease in PbrO" probably secondary to inadvertent
hyperventiation. Sedation in a not completely volume resuscitated
patient can induce a decrease in PbrO, secondary to a fall in cerebral
perfusion pressure. The effect of cerebral perfusion pressure on PbrO,
is further illustrated in a number of recording and subsequent analysis
performed. Changing the head position from 0 degrees to 30 degrees
elevation induced only minor changes in PbrO, in the majority of
patients.

Based on the illustrative recordings presented we conclude that PbrO,
is a sensitive parameter for cerebral oxygenation. Continuous monito·
ring can detect possible ischemic secondary insults, following inad
vertent hyperventilation during tracheal suctioning procedures or
unwanted decreases in cerebral perfusion pressure, resulting from
sedation. Careful analysis of the results permits recognition of un
wanted adverse insults following routine ICU procedures.

PO·5-179

MANNITOL THERAPY VS. CONTROLLED VENTILATION
DURING1HOUR OF TEMPORARY MIDDLE CEREBRAL
ARTERY (MCA) OCCLUSION IN THE RAT
Eckhard Rickels, Kathrin Konig, Stefan Kromer, Hans E. Heissler,
Petra Klinge-Xhemajli, Madjid Samii
Medizinische Hochschule Hannover, Neurochirurgische Klinik,
0-30623 Hannover, FRG

Background: The phannacological influence on infarction size is still
under investigation. Controlled ventilation might be a determining
factor.
Methods and Results: In two independent studies the efficacy of
mannitol on cerebral infarction after I hour of ischemia and reperfusion
was investigated. 73 male rats (study I, n.=50 and study II, nIt=23) were
anaesthetized and intubated. Animals in study I breathed spontaneously
and those in study II were controlled ventilated. Infarction was induced
by reversible clipping of the left MCA for 1 hour. The blood pressure,
heart r<lte, extracellular ion activities, and cortical OC potential were
monitored throughout the experiments. In both studies animals were
randomly assigned to receive isovolumetric infusions of 20% mannitol
(nl=29, nIt=II, 1.7 ml/h) or saline (n(=21, nn=12). Infusion started 10
min prior to ischemia and was maintained for I hour. For histological
examination the brains were cut into serial slices and infarction was
calculated morphometrically. Animals treated with mannitol showed a
percentual infarction of 11.5±2.2 % (mean ± SO) and 11.2±4.1 %,
whereas in the controls it was 20.6±4.1 % and 1O.4±2.7 % in study I
and n, respectively. In the control animals of study I infarction was
twice as big (p<0.05) as in the mannitol groups and the ventilated
controls.
Conclusion: Our results suggest that untreated animals benefit from
sufficient artificial respiration. Mannitol treatment alone reduces
infarction size considerably but in combination with controlled
ventilation no further reduction was accomplished. We conclude that in
this study mannitol does not contribute to the reduction in infarction but
its therapeutical effect is overlayed by the benefits of sufficient
controlled ventilation.
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BRAIN INJURY IMPAIRS ATP-5ENSITIVE K- CHANNEL
FUNCTION IN PIGLET CEREBRAL ARTERIES

William M. Armstead. University of Pennsytvania and The Children's
Hospilal ofPhiladelphia, Philadelphia, PA 19104
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POSTINJURY HYPERGLYCEMIA INCREASES MORTALITY AND
HISTOLOGICAL DAMAGE FROM SECONDARY ISCHEMIC INSULTS

Leela Cherian, J. Clay Goodman, Claudia S. Robertson. Deparunents of
Neurosurgery and Pathology, Baylor College of Medicine.

Conclusions
Infusion of glucose after the impact injury had adverse effects on the

consequences of a secondary ischemic insult that were similar to the effects of
preinjury glucose infusion. Although the postinjury glucose infusion was
associated with higher brain temperatures during the ischemia period, simply
keeping the hrain temperature constant with external heating did not duplicate
the severity of the adverse effects of glucose infusion. Other metabolic or
vascular effects of glucose are probably involved.

Introduction
In a previous study, preinjury hyperglycemia increased the damage caused by

a secondary insult after cortical impact injury in rats. The purpose of this study
was to examine the effect of postinjury glucose adminislration, which would
better mimic the clinical situation of patients being administered glucose
containing fluids during the early postinjury period.
Methods
Long Evans rats fasted overnight and anesthetized with isoflurane were

subjected to a 4 mlsec, 2.5 mm defonnation impact injury, followed in I hr by
40 minutes of bilateral carotid occlusion. Forty minutes before the carotid
occlusion, either 2 gmlkg glucose in 4 ml saline or saline was infused over 20
minutes. To control for the temperature effects of glucose infusion observed in
the previous study, half of the saline infused animals had their brain temperature
kept at 37'C throughout the impact/ischemia experiment by external heating.
The brains were examined at 2 weeks after injury for contusion volume and
neuronal loss in CA I and CA3 areas of the hippocampus.
Results
The significant results are summarized in the table below, as median (25~

percentile, 75~ percentile). Postinjury infusion of glucose resulted in a higher
mortality rate, and worse histological indices of brain damage than either saline
control group.

Saline

Introducdoo: Traumatic injury is the leading cause of death foc infants
and children and mortality is increased with head injury. Previous studies
have shown that pial arteries constricted and responses to seveml nitric
oxide (NO) dependent dilator stimuli were blunted after fluid pen;ussion
injury (FPl) in newborn pigs, Membrane potential of vascular muscle is a
major determinant of vascular tone and activity of r channels is a major
regulator of membrane potential. Recent data show that the NO releasers
SNP and SNAP as well as 8-Brorno cGMP elicit dilation via ATP
sensitive K+ channel (KAt") activation. The present study was designed to
investigate the effect of FPI on KATP channel function.
Methods: Chloralose anesthetized newborn pigs equipped with a closed
cranial window were connecled to a pen;ussion device consisting of a
saline-filled cylindrical reservoir and a melal pendulum. Brain injury of
moderate severity (1.9-2.1 atm) was produced by allowing the pendulum
to strike a piston on the cylinder. Data were analyzed by repeated
measures analysis of variance. An a level of p<O.05 was considered
significant
Results: FPI blunted dilation to cromakalim (10"8, 10'"M). a KATP agonist
(lOtI and 27±2 vs 3fl and 7±2% before and after FPI, respectively, n=8).
Similarly, FPI blunted dilation to calcitonin gene related peptide. an
endogenous KATP activator. FPI also blunted dilator responses to SNP,
SNAP, and 8-Bromo cGMP (10". IO~ (lOti and 2O±1 vs 2f1 and
8±2% for SNP before and after FPI; 9f1 and 16fl vs 2f1 and 4fl% for 8
Bromo cGMP before and after FPI. respectively, n=8). In contrast.
responses to papaverine and brain natriuretic peptide (10". 10~ were
unchanged after FPI (9fl, and 18fl vs lIfl and 20tl% foc papervine
before and after FPI. respectively. 0=8).
Conclusions: These data show that KATP channel function is impaired
after FPI. Furthermore. these data suggest that impaired function of
mechanisms dislal to NO synthase contribute to altered cerebral
hemodynamics following FPI.

Infusion
Brain TemperatUIC Kept at 37°C
Number of animals
Preischemia blood glucose (mg%)
Ischemia brain temperature (0C)
Mortality rate
Contusion Volume (mm3)
Viable CAl Neurons (cells/mm2)
Viable CA3 Neurons (cellslmm2)

No
16

102(86, t12)
35.5(35.1,36.5)
o

7.9(4.4,10.0)
2tt(t94,217)
I 15(1t3, t18)

Yes
18

t04(94, !t I)
37.0(37.0.37.0)-
4/18(22%)
18.3(6.6,49.4)
182(57,208)
107(35, tt3)

Glucose
No
20

346(277.388)
36.6(35.4,37.1)'
1t/20(55%)

64.2(30.8, t92.0)·
127(22. 197)"
87(14, !t4)
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EFFECT OF HYPOTHERMIA AND REWARMING ON CEREBRAL
ELECTROPHYSIOLOGICAL FUNCTION IN TRANSIENT ISCHEMIA

M. Kawauchi, S. Nishio, Y, Noguchi. S. Asari. T. Ohmoto

Department ofNeurological Surgery, Okayama University Medical School

Introduction
The protective effects of mild hypothermia have been demonstrated in
cerebral ischemia and traumatic brain injury. Meanwhile, somotosensory
evoked potential(SEP) has been utilized to monitor electrophysiological
function in experimental cerebral ischemia and clinical circumstances.
However, little has been known abont fnnctional recovery during mild
hypothermia and rewarming. We investigated the protective effects of
nypolll~(mia un lun(,;{ionai recovery using Si::?s as a lIuallliU:llivc
measurement of electorphysiological fnnction in experimental transient
focal ischemia, and the effects of different speed of rewarming.

Materials and Methods
Nineteen cats underwent one hour of left middle cerebral artery occlusion
under normothermic (36-3TC, n=6) or hypothermic (30-31 0c) conditions
followed by five hours of reperfusion with slow(n=6) or rapid
rewarming(n=7). Whole body hypothermia was induced during ischemia
and first three hours of reperfusion. The rewarming to 360C was done in
two hours (slow) or 30 minutes (rapid). SEPs and regional cerebral blood
flow (rCBF, hydrogen clearance) were monitored before and during
ischemia and reperfusion in all animals. The specific gravity of gray and
white matter was examined as an indicator of edema formation.

Results
Hypothermia reduced postischemic hyperperfusion, which was observed in
normothermic animals. During rewarming, SEP amplitudes have
recovered gradually. After rewarming, SEPs in the normothermic and rapid
rewarming groups remained partially depressed (20-40% of preocclusion
values), however, SEP recovery was significantly enhanced in the slow
rewarming group (p<O.05). Hypothermia followed by slow rewarming
reduced brain edema in gray and white matter, while rapid rewarming did
not reduce edema in white matter.

Conclusion
These results demonstrate that mild hypothermia may improve
electrophysiological function in transient focal ischemia, and rapid
rewarming appears to reduce the protective effect of mild hypothermia.

PQ·5·183

MORPHOWGICAL STUDY OF THE MJCROCIRCULATIONIN NORMAL
BRAINS AND IN PATIENTS AFTER ASEVERE HEAD INJURY.

A.Rodrlguez-Baeza " F.Reina', J.Sahuquillo', A.Poea' , A. Gamacho) and
J.Gonzalez-Olivan '.
Department of Morphological Sciences of the UAB', Departments of
Neurosurgery', Neurotraumatology Intensive Care Unit. Vall d'Hebron
University Hospitals. Anatomical Forensic Institute 4. Barcelona. Spain.

Introduction
The mechanisms involved in the cerebral blood flow (CBF) control are not
fully understood yel. Alterations on these mechanisms may play an
important role in the increase of the intracranial pressure found after a
severe head injury, specially when there is a difusse brain swelling.
However, etiological facrors and anatOmical structures involved in these
abnonnalities have not been defined yet. Our pUIpose is to study the cortical
microcirculation both in normal brains and in patients who died after a
severe head injury, in order to elucidate the morphological structures
involved in the CBF comrol, as well as to define Ihe miclOcfrculal0f,
panerns of normality and [heir modifications after a severe head trauma I.

Methods
We have studied twenty human normal brains and ten brains corresponding
10 pa tients who died after a severe head trauma, and who had been
previously monitorized in the Neurotraumatology Intensive Care Unir. The
5 tudy was carried out by means of the analysis with scanning electron
mic roscopy and confocal laser scanning microscopy. after intravascular
injection of Mercox~ and inununocitochemistry staining of endothelium.

Results
Cortical vessels are distributed in four main vascular layers. Along their
initial Iraject, we have observed Ihe presence of arterial anastomosis.
Plastic strips and vascular constrictions were common on the surface of
those vessels. Occasionally, plastic strips were associated to corrugaled
endothelium, mainly in patients who died after a severe head injury

The capillary network is continuous. On its surface, it was frequem
Ihe presence of images similar to pericytes. Patients who died after a
severe head Ifauma frequently showed images of blind endings and
corrugated surface of the casl.

Summary and Conclusions
Our data suggest that both endothelium-plastic strips unions and
endolhelium-pericyte unions may be important in the local comrol of Ihe
CBF. In patients who suffer a severe head injury, frequent abnormalilies as
aneriolar constrictions and blind capillary endings suggest the presence of
a local control of Ihe CBF. Although the etiology of these findings in Ihe
angioarchitecture could be multifactorial it is feasible that they may play an
important role in Ihe alterations of the CBF found in these patients.

References
I. l.ossinsky AS. VOrbrodl AW and W"niewski HM. 1. Neurocyto!. 24: 795-806, 1995.
Suported by Grants 96/1783 from the Fondo de Investigaciones Sanitarias de
la Seguridad Sociat (FISS) and PRfffi 112/95 from the Van d'Hebron Hospita~.
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Tbe role or tbe endotbelin system in pressure autoregulation or tbe
cerebral vessels
LMascia '", DWebb"', I Piper"', MSouter''''. P Andrews""

(I) University of Bari, Italy, University of Edinburgh. UK'"

INTRODUCTION The role of the endothelin system, as a potent vasoconstrictive
peptide (I) in the development of cerebrnl vasospasm after subarachnoid
hemorrhage (2; 3) and in focal cerebrnl ischemia (4) has been shown. Its influence
on pressure autoregulation is poorly characterised. Using the non selective r=ptor
antagonist (Bosenlan), we have investigated the effect of the endothelin system on
the pressure autoregulation of the cerebrovascular bed in normal rats.
METHODS: 10 Sprague - Dowley rats were studied, each artimaJ being its own
conlrol. All the artimals received Chloralose . Urethane anaesthesia and were
intubated and ventilated (paCoz 40 - 45 mmllg). Mean arterial pressure (MAP) nl
intraventricular intracranial pressure (ICP) were measured continuously. Cerebrnl
perfusion pressure (CPP) was calculated, blood gas samples taken through a
fernornl cannula with regional cerebrnl blood flow (CBF) measured using the
hydrogen - clearance technique.
STEP I, control: ICP, MAP and CBF were measured before and during
noradrenaline infusion (0'<>6-0.1 y/Kg/min) to increase CPP up to 20% baseline.
STEP 2 , bosenlan: STEP I protocol was repeated after a slow intravenous bolus
ofbosentan (10 mg/Kg over 5min; Hoffman- LaRoche LTD. Switzerland).
RESULTS: there was a significant difference (ANOVA p<O.OI) between STEP 1
and STEP 2CBF response to noradrenaline infusion (see table 1) although the
blood pressure was similar on the two occasions and not affected by bosentan.
The result was not affected when CBF was normalised for PaC02 = 34 nnnHg

TABLE I: CBF (mill 00 gr/min) change (not corrected for PaC02)
CBF baseline CBF pressure up p value

STEPI 37±6 42%15 N.S.
STEP 2 33±4 45± 16 < om

DISCUSSION: these data show that after inhibition of the endothelin system, the
pressure autoregulation is impaired. This indicates that blood flow autoregulation
could be mediated, in part, by endothelium-dependent contraction through
endothelin-I generation. The role of the increased expression of the endolhelin
system after vasospasm (SAH) remains to be defined.
References: 1- WG Haynes &OJ Webb (1994) Lancet 344: 852-854
2- F.Faraci (1993) Neurosurg Vol 33, No 4: 648-659
3- S. Roux et a! (1995) Neurosurg vol 37, No I : 78-86
4- F.C.Barone et a! (1994) Journa! Cereb Blood Row Metab vol 14: 337- 342
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APPLICATION OF THE TRANSIENT HVPERAEMIC RESPONSE
TEST FOR ASSESSMENT OF AUTOREGULATION IN HEAD
INJURED PATIENTS

Peter Smielewski PhD, Marek Czosnyka PhD, Peter Kirkpatrick FRCS (SN),
John D. Pickard FRCS.

MRC Cambridge Centre for Brain Repair and Academic Neurosurgical Unit.
Addenbrooke's Hospital, University ofCambridge (UK)

Introduction
The transient hyperaemic response test has been shown to provide an index of
cerebral autoregulation in normal individuals, and in patients following a
subarachnoid haemorrhage. In this study, the test was applied to patients who
have suffered a severe head injury, and the value of the test was assessed by
comparing its result with the individual's clinical condition (Glasgow Coma
Score), cerebral perfusion pressure (CPP), transcranial Doppler wave form
derived index for cerebral autoregulation (relationship between the CPP and the
middle cerebral artery flow velocity - FY), and outcome (Glasgow Outcome
Score).
Methods
Forty seven patients (age 16 to 63 years) with head injuries have been included.
Signals of intracranial pressure, arterial blood pressure, FV, and cortical
microcircniatory flux were digitised and recorded using special software for a
period of 30 minutes. Two carotid compressions were performed at the
begirming of each recording. The ratio of the hyperaemic FY seen after carotid
release and the pre-compression haseline FV (THRR) was calcnlated, as was the
correlation coefficient (Sx) describing the relation between slow fluctuations in
the systolic FY and cpp for the perind of recording.
Results
No sigrtificant changes in CPP during compression were found. There was a
significant correlation between the TIIRR and the Sx (r =0.49, p < 0.0001). The
hyperaemic response proved to be lower in patients with poor clinical grade at
presentation (GCS <6, p=O.OI), and lower in patients achieving a poor outcome
(GOS 3,4&5, p=0.003). Loss of post-compression hyperaemia occurred when
the CPP fell below 50 nnnHg.
Conclusion
The carotid compression test provides a simple index of cerebral autoregulation
which is relevant to the clinical condition and outcome of the severely head
injured patient.
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Cerebral Arterio-venous Difference of Blood Gases in the Assessment
of Brain Energetic State FollOWing Human Brain Injury
Ehud Shalmon, David A. Hovda, Daniel F. Kelly, Thomas C. Glenn, Marvin
Bergsneider, Michael Caron, Neil A. Martin and Donald P. Becker. Division
ofNeurosurgery, University of California School ofMedicina, Los Angeles
Introduction: Jugular bulb (JB) catheterization is used for determination of
arteria-venous difference (AVO) of various cerebral metabolijes. Increased
cerebral AVO of oxygen (AVDO,) and lactate production had been found to
be sensitive indicators of brain ischemia. Recent experimental and clinical
studies suggest that post-traumatic cerebral lactic acidosis is associated with
cerebral hyperglycolysis rather then ischemia. This study evaluates the
value of cerebral AVO of blood gases (BG) and their molecular ratios as
indicators nf energy metabolism of the brain and as a prognostic factor.
Methods: 25 severe head-injured patients who had JB catheters were
included in this study. 362 pairs of arterial and JB blood samples were
simultaneously obtained every 6-8 hours for determination of BG during the
first 10 post-injury days. The molecular concentrations of oxygen, CO" and
W (driven from pH), in each sample were calculated, and their AVO was
determined. The daily AVO of these metabolijes and their molecular
relationships were plotted.
Results: JB saturation (SjbOJ ranged 43.7-94.6% (average 71.1% :1:8.7%).
Average AVDO" AVDCO" and AVDH' were 1.82:1:0.61; 2.42:1:1.55; and
4.13:1:1.90 I-'mol/ml, respectively. Production of Wwas higher on days 4-7,
and decreased on days 8-10 post-injury. No daily changes in other BG
values were obselVed. The average calculated molecular ratios between
CO, production and oxygen utilization, between W production and oxygen
utilization, and between Wand CO, production were 1.36:1:0.88, 2.36:1:1.21,
and 3.79:1:1.07, respectively. In a subgroup of all 104 samples (9 patients)
who expired during the acute post-injury period, a slightly high production of
CO, and H' (2.56:1:1.52 and 4,65:1: 2.411-' mol/ml, respectively) was found. A
subgroup of 93 (26%) samples with SjbO, below 65.0%, had higher AVDO,
(per definition) and AVDCO, (2.49:1:0.42; and 2.97:1:1.411-' mol/ml,
respectively), and W production was 22% higher (5.03:1:2.21-' mol/ml).
Conclusions: This analysis suggests an association between increased
cerebral production ofWand low SjbO, (high AVDO,) state. It is postulated
that post-traumatic production of W represents cerebral hyperglycolysis
which contributes to the acidemia via lactate production; although analysis
of AVDO, may potentially indicate cerebral ischemia as the etiology of
cerebrallaclate production. Increased AVOW was found in association with
fatality, but this method poorly indicate outcome follOWing severe head
injury.
References: (1) Kawamata T, Katayama Y, Hovda DA, et al.: Brain
Research 674:196-204,1995. (2) Bergsneider M, Hovda DA, Shalmon E, et
al.: J Neurosurg. (in press). (Supported by NIH Grant #NS30308)
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Early signs of brain edema in acute infarcts of the brain

A.Hartmann, L.Solymosi
Neurologische Univ.-Klinik, 53105 Bonn, FRG

Introducion: Early therapeutic regimens in acute cerebral ischemia aim
at early reperfusion. This might provoke certain side effects, even
increase of intracranial pressure (ICP) due to development of reperfusion
edema. The consequence is that early reperfusion should not be
performed in patients with already existing signs of brain edema (BE).
Patients and Method: In 147 patients with acute infarcts of the
supratentorial brain tissue CCT have been done on day t or 2 of the
disease course. Development of (vasogenic) BE have been estimated by
indicators such as hypodensity, midline shift, narrowing of the SUlCI,
enlargement of the gyri and clinical symptoms of increased ICP. Their
frequency has been compared to risk factors of stroke, etiology of stroke
and side of vascular affection. CCT have been controlled between day 3
and 7 in most of the cases.
Results: In 62 % of the patients with acute complete occlusion of the
middle cerebral artery one or several indicators of BE could be observed
on day I, in 40% with,n 4 hours after onset of symptoms. Patients with
complete occlusion of the MCA trunk developed signs of BE more than
patients with branch occlusion. Only a few patients with hemodynmaic
infarcts did develop signs of BE. Patients with anterior cer.art. infarcts
had less BE than patients with posterior cer.art. infarcts. Stroke risk
factors and age did not influence the risk of early BE.
BE have been observed more in patients with territorial than with lacunar
stroke. Several patients who were subjected to early intraarterial
thrombolysis had to be excluded due to the early development of BE.
Conclusion; Yasogenic brain edema may occur very early in cerebral
infarcts. Infarcts of the MCA and PCA and territorial infarcts are more
affected than those of the ACA or lacunar or hemodynamic strokes.
Early BE is one critical contraindication for thrombolyis.
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EFFICACY OF CEREBRAL PERFUSION PRESSURE THERAPY IN
OPTIMIZING CEREBRAL BLOOD FLOW FOLLOVIIING TRAUMATIC
BRAIN INJURY
Jae Hong Lee, Daniel F. Kelly, Thomas C. Glenn, George Counelis, and
Neil A. Martin
UCLA Cerebral Blood Flow Laboratory and UCLA Division of
Neurosurgery, Los Angeles, CA, USA

Introduction Low Cerebral Blood Flow (CBF) has been associated
IMth poor outcome follolMng traumatic brain injury (TBI) (1). Therapy
aimed at elevating cerebral perfusion pressure (CPP) has been
advocated to optimize CBF (2). The study presented here examines the
relative importance of CPP compared to PaC02 in determining CBF
when CPP has already reached a specific threshold (70mmHg).
Methods Relative changes in CBF were monitored using
continuous transcranial Doppler ultrasonography (TCD) in 13 head
injured patients (12male,1female; median initial GCS 6, range 3-12;
mean age 32.4:1: 10.3 yrs). Sixteen studies were performed (median
post-injury day 2.5, range 0-18; 2 patients had multiple studies) IMth
simultaneous recording of the follolMng parameters: left and right middle
cerebral artery flow velocities (VMCA), mean arterial pressure (MAP),
intracranial pressure (ICP), and end-tidal CO2(ETC02). At least 25 sets
of recordings were made manually or by computerized data acquisition
in each study. Multiple linear regression analysis was performed IMth left
and right VMCA as dependent variables; CPP and ETC02served as
independent variables. Statistical significance was defined as p<.05.
Results In 15 out of 16 studies, mean CPP was maintained at or
above 70 mmHg (range for mean CPP: 69.1-103.3 mmHg). High ICP
(>20 mmHg) was noted in 10 of 16 studies. In 12 out of 16 studies (11 of
13 patients), a statistically significant positive correlation was found
bilaterally between ETC~ and VMCA (in 2 additional patients, a
significant correlation was seen on one side only). In contrast, a
significant positive correlation between CPP and VMCA was seen
bilaterally in only 5 of 16 studies (4 of 13 patients; 2 patients showed a
significant correlation on one side only). Furthermore, multiple
regression analysis demonstrated ETC02to have a greater influence on
VMCA than CPP in 14 out of 16 studies (12 of 13 patients): the mean beta
coefficient for ETC02was .54 :I: .26 versus .19 :I: .30 for CPP.
Conclusions In patients IMth TBI whose CPP is already maintained
above a threshold of 70 mmHg, further elevating CPP appears to have
little influence on CBF. In these patients, greater emphasis should be
placed on optimizing PaC02.
(1) Obrist et al., J Neurosurg51: 292-300, 1979
(2) Rosner et aI., J Neurosurg 83: 949-962, 1995
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The role of the endotheiin system in pressure autoregulation in head injured
patients
L Mascia (I), G E Mc Keating''', M Souter''', D Webb(2), P Andrews'"

'u University of Bari, Italy, University of Edinburgb, UK'"

INTRODUCTION Pressure autoregulation in bead injured patients is frequently
deranged (I). Furthermore, the endothelin system (ErS), comprising potent
vasoconslrictive peptides, bas been implicated in the development of cerebral
vasospasm after subaracbnoid bemorrhage (2) and in focal cerebral iscbemia (3).
ETS influence on pressure autoregulation is poorly characterised. We have
investigated the effect of endothelin I (Erl) on pressure autoregulation in beaI
injured patients.
METHODS: we tested pressure autoregulation in 8 baed injury patients (mean
GCS '" 7) admiued to the lTV. Mean artcrial pressure (MAP) ""d intracranial
pressure (ICP) were measured continuously. Cerebral perfusion pressure (CPP) was
calculated and regional cerebral blood flow (CBF) measured by inhalation Xe133
clearance technique. CBF was measured before and during norepinephrine infusion
(0.06 - 0.1 y/Kg/min) used to increase CPP by 30% above baseline. During each
CBF measurement, paired arterial and jugular samples were taken. Anal ysis of
plasma for endothelin I was performed by EUSA. (4).
RESULTS: According to Muizelaar formula, pressure autoregulation was preserved
(index < 2) in this population. An arterio-jugular gradient for endothelin I (0.23
>:0.4 pg/mI) was not found ( reference range 1-6 pg/mI). The absolute values for
arterial and jugular samples were in the normal range (arterial (3.1 >:0.7, jugular 29
>:0.7 pglmI ).
DISCUSSION: these data show that plasma level for ET I was in the normal
range and not influenced by our challenge to pressure autoregulation in this patient
popUlation. However it has been hypothesised that, due to the blood brain barrier,
endothelin I in cerebral circulation acts from the ablurninal side rather than the
luminal aspect of the endothelium (5). Therefore, before to exclude the role of this
paraerine system from intact pressure autoregulalion, we must assess endothelin
cerebrospinal fluid level.
References: I JPMuizelaar et al (1989) 71:72-76
2- FFaraci (1993) Neurosurg Vol 33, No 4: 648-659
3- S. Roux et al (1995) Neurosurg vol 37. No I : 78-86
4- WG Haynes & DJWebb (1994) Lancet 344: 852-854
5- Shigeno T et al J Cardiovasc Pharmacol (1989) 13 Suppl 5, S174-6
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BLOOD PRESSURE REACTIVITY TO MENTAL STRESS IS
ASSOCIATED WITH LEARNED DISTRESS

S. Porter, C.P. McGraw, and M.W. Herrmann

Department of Neurosurgery
University of Louisville School of Medicine

Introduction
The purpose of this study was to determine whether the
variation in blood pressure (BP) reactivity to mental
stress was associated with the concept we have
identified as learned distress (LD).

Methods and Materials
Thirty-six volunteers completed an in-depth self
evaluation developed to measure their perceptions and
beliefs of being out of control. Through the use of a
stethoscope and sphygmanometer, each had their BP non
invasively measured and recorded before, during and
after administration of a mental stress to yield
pretest, test, and post-test BP, respectively. The
Stroop color test, computerized color interference
task, was used as the stressor.

Results
Statistical analysis of the survey responses and SP
readings by the SPSS computer program computed a
correlation between systolic reactivity and
Competitive Drive (p=0.006) and between diastolic
reactivity and Career Progress (p=0.021), Social
Presentation (p=O.044) and Internal Control (p=O.03l).
Multiple regression indicates that three variables
("Personal Achievement", "Competitive Drive". and
·sufficient Money") account for 39.4% of the variation
in systolic difference. Whereas seven variables
("Career progress", "Physical Discomfort", "Internal
Control", "Self Perception", "Intestinal Normality",
·Work Quality", and ·Li fe Optimism") account for 72.4 %
of the diastolic reactivity variation.

Conclusion
These results suggest that what We consider learned
distress plays more of a role in diastolic SP
reactivity than systolic BP reactivity.
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MODELOF CEREBRAL VASCULAR DILATION AND CORRESPONDING
VARlATION OF RESISTANCE OF VENOUS DRAINAGE PATHWAYS

Michael L. Daley', Jin Yet, and Charles W. Leffler'

'Department of Electrical Engineering, University of Memphis and
'Department of Physiology and Biophysics, University of Tennessee-Mempbis

Introduction
Increases ofPCa, induce dilation of the cerebral arterial vasculature and a
systematic change in the ICP recording. As the pbysiologic state progresses from
normocapnia to deep hypercapnia, ICP and arterial pressure recordings become
more similar and exhibit a high correlation during deep hypercapnia (I). The
purpose of this study was to develop an analytical model which might provide a
further understanding of the mechanisms during =ebral vascular dilation.

Methods
The venous drainage pathways of the model proposed by Ursino (2) were
modified to be pressure dependent and time-varying. These pathways represent
the resistance of bridging veins into the lateral lacuna and the resistance of valve
like elements of chordae Willisii along the walls of Ihe sagiltal sinus and
resistance of the anastomotic venous vasculature. The model simulates
increasing dilation from a progressive increase in PCO, by decreasing flow
through bridging veins and increasing flow tbrough the other pathways of venous
drainage. Also, arterial resistance is decreased progressively.

Results
The model simulates a monotonic increase of the correlation value between ICP
and arterial pressure with increasing PCO ,. that is consistenl witb experimental
observations.

Summary and Conclusions
The model suggests a decrease of arterial resistance and a variation in the venous
drainage pathway resistance might underlie the observed increa<;e in similarity
between ICP and arterial pressure recordings with progressive states of
hypercapnia.

References
(1) Daley ML, Pasupalhy H, Griffith M, Robertson, IT, and Leffler, CW:
"Detection of Loss of Cerebral Vascular Tone by Correlation ofArterial and
Inlracranial Pressure Signals," IEEE Trans. Biomed. Engr., 42: 420-424, 1995.
(2) Ursino, M "A mathematical study of human intracranial hydrodynamics: The
cerebrospinal fluid pulse pressure." Ann. Biomed. Engr. 16: 379·401, 1988.
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AN ICP MODEL FOR AHUMAN PATIENT SIMULATOR

W. James Thoman, Samsun Lampotang, Dietrich Gravenstein,
Jan van der Aa and Edward Walsh

Department of Anesthesiology and College of Engineering
University of Florida, USA

Introduction
The Department of Anesthesiology has developed a Human Patien
Simulator (HPS) that is a full scale, fully interactive, life-likt
simulator that meets the needs of educators and learners in all healtl
care professions. Clinical features and monitored parameters includt
items such as palpable pulses, self-regulating control of breathing
heart and breath sounds, electrocardiograms, invasive and non
invasive blood pressures, and others. Further, physiological an<
pharmacological models direct simulated patient responses to drugs
mechanical ventilation, and other medical therapies.

Now an ICP model has been developed to incorporate thl
physiological parameters of the HPS to generate a dynamic displa)
of intracranial events such as intracranial pressure (lCP), cerebra
blood flow (CBF), and cerebral blood volume (CBV), which are no
normally evident to the physicians. The model accounts for th.
interplay between the volume elements in the intracranial system ant
incorporates an elastance curve which determines the ICP. II
addition, the ICP model can operate in a stand alone modi
independent of the HPS using clinical patient data.

PO-S-193

SPECTRAL ANALYSIS OF ARTERIAL PRESSURE. AND BLOOD FLOW
VELOCITY IN BRACHIAL AND MIDDLE CEREBRAL ARTERIES

A. Ter Minassian, L. Beydon, F. Bonnet, M. Simon, P. Peronneau.
Surgiealintensive Care Unit H. Mondor Hospital. Cn!teil. and INSERM U256.
Paris, France.
Introduction
Blood flow velocity in middle cerebral artery (MCAY) is known to oscillate
within a 0.00S-o.033 Hz frequency band as does ICP pressure in the form of
Lundberg's B waves. ICP would oscillate through the autoregulatory response to
cyclic changes in cerebral blood volume and vascular resistance. This study
aimed to further study in the frequency domain, the relationship between
arlerial pressure (AP), MCAV and brachial blood flow velocity (BY).
Material and Methods
19 volunteers who gave written informed consent were studied al rest. We
simultaneously recorded MCAV at left arm (2 MHz pulsed Doppler.
Angiodyne, France), BV (S MHz pulsed Doppler Alvar, France) and digital AP
(Finappress, Ohmeda). Two 30 min periods have been recorded: one al
complete rest during which signals oscillaled in most subjects wilh a 30·120 s
period frequency range studied (B state). The other recording period (named
NB-state) was perfonned when the subject was kept fully awake by verbal
stimulation. Spectral analysis was performed on 512 s of Band NB state in all
subjects who showed both states.
Results
10 subjects (40.7 ± 3.6 years) showed Band NB states. Verbal stimulation
suppressed the oscillatory paUern in MCAV in all subjects. MCAV was highe.
and AP lower in B than in NB state (p=0.046 and p=O.03. respectively)
Spectral power of MCAV. BV. and PA in the 0.00S-0.033 Hz frequent)
decreased from B to NB state (-76%. p<IO": -54%. p<IO-4: - 36%. p=0.02)
Signal coherence between MCAV and BV and between MCAV and AP wa,<
greater in B state compared to NB state (p<IO"'. p<IO·'. respectively). but
similar between BV and AP. The phase-amplitude diagram in B state showed 2
normal distribution of phase (Kohnogorov test). Mean phase shift between
MCAVand AP was 1.31 ± 0.67 radian and differed from that between BV and
AP (2.21 ± 0.5 radian, p<IO·').
Summary and conclusions
In B state, an oscillatory pauern appears and MCAV amplitude is increased
despite a decrease in mean AP. Moreover, MCAV variability increases mon
than the variability of AP, as compared to NB state. In B state, the change in
signal profile, in the frequency domain, suggests a change in aUloregulation
Values of amplitude and phase we obtained in nonnal subjects during B state
could serve as reference for the assessment of autoregulation in pathology.
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VENOUS BLOOD FLOW PULSATILITY AND IMPEDANCE
INCREASES AS COMPARTMENT COMPLIANCE DECREASES
Marvin Bergsneider, Abeer Alwan, Eduardo H. Rubinstein
Division of Neurosurgery, Department of Electrical Engineering,
Department of Physiology, UCLA School of Medicine, USA

Introduction: The amount of work necessary to drive blood through
the venous system, which constitutes 80% of the total blood volume, is
reduced secondary to nonpulsatile venous flow (lowering inductive
reactance). This nonpulsatile flow occurs as a result of low-pass
filtering in the elastic arterial system (capacitance). Within the
cranium, pulsatile trans-foramen magnum movement of CSF is an
essential facilitator of arterial capacitance. The hypothesis of this study
was: the pulsatility of venous blood flow will increase as compartment
compliance decreases secondary to inhibition of arterial capacitance.
Methods: The intracranial compartment was simulated by utilizing a
rigid, hermetically-sealed, saline-filled container surrounding the leg of
an adult New-Zealand white rabbit (N=5). Endotracheal mechanical
ventilation with halothane (0.8%) and neuromuscular blockade was
used. The leg preparation preserved the intact femoral artery and vein,
with denervation and osteo-muscular disarticulation of the thigh and
foot. Container compliance was changed by opening or closing a
release valve atop the container. Blood flow profiles in the femoral
artery and vein were determined by Doppler 20 MHz probes. Blood
pressure was monitored in the contralateral femoral artery. All data
was digitized, stored, and analyzed by signal averaging techniques.
Results: Baseline blood flow profiles with the container open to air

demonstrated completely nonpulsatile venous blood flow (pulsatility
index PI=(systolic-diastolic)/mean of 0.12). Closure of the container
resulted in an immediate transition to pulsatile venous flow with a
pulsatility index of 0.64 ± 0.20. Blood pressure and container
temperature remained constant throughout the experiment. Reopening
the container resulted in immediate return to nonpulsatile flow.
Intermediate restriction of the container opening resulted in a graded
venous pulsatility.
Summary and Conclusions: Compartment compliance has a direct
influence on venous blood flow pulsatility. The inertial mass of the
venous blood pool, which is normally masked by the conversion of
pulsatile-to-nonpulsatile flow by the arterial system, will become an
important additive component to total cerebrovascular impedance as
arterial compliance decreases. This finding supports a concept that in
high intracranial pressure - low compliance states, cerebral blood flow
will be a function of total cerebrovascular impedance, not solely
arteriolar resistance. Future studies will be necessary to determine if the
increase in venous reactance leads to a compensatory dilatation of
arterioles to maintain cerebral blood flow.

PO·6-196

Correlation of High Extracellular Potassium and Glulamate with Inlracranial
Pressure in the Severely Head Injury Palient: A Human Microdialysis Study

J.c. Watson, MD; E.M.R. Doppenberg, MD; C.J. Winters, MD; S.c. Choi.
Ph.D.; A. Marmarou, Ph.D.; S.S. Kaura; M.R. Bullock, MD, Ph.D.

Introduction: Brain swelling and elevated intracranial pressure (lCP) is a
wen-known cause of neurological deterioration and secondary injury in severe
head trauma. Excitotoxic damage is involved in secondary injury, and human
microdialysis studies have shown correlation with lCP and elevated
extracellular glulamateU Elevated extracellular potassium has been shown to
correspond to glutamate release in experimental brain injury', either through
channel activation and/or cell toxicity. We hypothesized that in severe head
injury, secondary excitotoxic damage will lead to increased extracellular
potassium which correl3tes with e.xtr~l'elluhlr glutamate in human subjects.

Patients aDd Methods: 45 human subjects with severe head injury (GCS<8)
were studied after obtaining institutional informed consent. Continuous brain
microdialysis was performed using a 10mm flexible probe (CMA) at a rate of
20/min and colleCled in 30 min inlervals with a closed, refrigerated collecting
system. The probes were placed via a transcranial bolt, routinely placed in the
frontal region. Simultaneous ventriculostomy ICP data were collected.
Potassium levels were obtained using flame photometry, and glutamate levels
were measured using HPLC.

Results and Data Analysis: Data were analyzed using Spearman's rank
correlation coefficients in each individual patient, and the strengths of the
correlation were tested across all patients, using a t-test of the "r" values. A
significant positive correlation between potassium and glutamate (P <0.001)
was demonstrated. Furthermore, a significant correlation between elevated
glutamate and elevated fCP (ICP>20mmHg) (P <0.05) was seen.

Conclusions: Our data support the hypolhesis Ihat an increase in extracellular
potassium is a glutamate-mediated response. This is further evidence Ihat
excitotoxic mechanisms, rather than non-specific mechanisms of cell damage,
contribute 10 elevated ICP after severe human head injury.

References
1. Bullock MR, Stout A, Woodward n, Tsuji O. and Marmarou AT.
Intracranial Pressure IX, pp. 264-267, 1994
2. Persson JT, and Hillered L, J Neurosurg. 76:72-80, 1992
3. Katayama Y, Becker DP. Tamura T, and Hovda DA, J.Neurosurg. 73: 8S9
900, 1992
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PO-6-198
LONGTIME MONITORING OF REGIONAL OXYGEN SATURATION
USING NEAR INFRARED SPECTROSCOPY

J. Meixensberger, E. Barcsay, E. Kunze, 1. Dings, K. Roosen

Department ofNeurosurgery, University of WOrzburg. F.R.G.

Introduction
Near infrared spectroscopy allows non - invasively monitoring of regional
hemoglobin oxygen saturation (rSO,). On the other hand continuous monitoring
of cerebral hemodynamics is demanded to detect ischemic episodes in the time
course after acute brain injury. Therefore the issue of our study was to evaluate
the quality and sensitivity of this technology in the longtime course after acute
brain injury. Especially we were interested in a correlation between rSO, and
invasively measured regional brain tissue oxygenation (p(ti)O,). -
Methods
Multimodal neuromonitoring including intracranial pressure (fep), mean arterial
pressure (MAP), cerebral perfusion pressure (CPP), endtidal CO, as well as rSO,
and p(tijO, (frontal brain tissue) was performed continously in 23 patients after
acute brain injury (day 0 -9). All patients were sedated, intubated and ventilated
as well as treated after a protocol to control raised ICP. Data sampling and
analysis was performed using computerized programs. After manual artifact
dimination and calculating the time of good data quality, the time course of
CPP as well as rSO, and p(ti)O, was analyzed. As "significant event" we defined
a 10 % increase/decrease from the averaged hourly value of rSO,. A significant
P(ti)02 episode was recognized when P(ti)02 decreased or increased by more
than 20 % over the hourly average.
Results
Analyzing a total of 2425 hours the p(ti)O, good data quality reached 93.5 %. In
contrast to p(ti)O" good data reading of rSO, was only 70.5 % in mostly
unoperated patients over time. In the acute phase after trauma rSO, ranged

between 60 - 80 % within narrow limits (+ 5 %). while p(ti)O, often revealed a
critical decrease of p(ti)O, « 15 mmHg) in the first days and an increase to
15 - 30 mmHg with a plateau on day 3 to 6. Totally 208 episodes of decrease
and 131 of rSO, - increase could be detected, while in the same time period
511/442 significant events of P(ti)02 (decrease/increase) were observed. Only in
25 %, respectively 40 % of the rSO, episodes (decrease/increase) a simultanous
change of regional cerebral microcirculation (p(ti)O,) could be found.
Conclusion
In clinical routine regional oxygen saturation alone is not reliable and sensitive
enough to provide sufficient infonnation about cerebral hemodynamics over a
longtime period. Further improvements of the technology are neccessary to give
the physidan a useful and powerful non - invasive tool in monitoring and
treating ischemic episodes in the time course after acute brain injury.

P·6-200

IS NIRS A SUITABLE DEVICE TO STUDY HEMODYNAMIC
EFFECTS OF REPETITIVE MAGNETIC STIMULATION?

O. Piazza, F. Gallizzi, M.A. Pennisi, F. Della Corte, A. Oliviero', V. Di
Lazzaro'.!nstitute of Anesthesiology and 'Institute of Neurology, Catholic
University of the Sacred Heart, Rome, Italy.

Introduction: The hemodynamic effects of repetitive magnetic stimulation
(RMS) of the human brain were investigated by several authors who reported
an increase of cerebral blood flow (CBF). Authors evaluated if CBF changes
induced by RMS were associated to metabolic activation and if they could be
detected by Near Infrared Spectroscopy (NIRS).
Methods: Cerebral variations in HHb, Hb02, and Cit aa3 due to magnetic
stimulation were studied in 10 healthy volunteers. The NIRS probe (Critikon
Cerebral Research Monitor 2001) was placed on motor and premotor areas.
Magnetic stimulation was perfonned using a Magstim 200 (Novametrix,
UK). Thirty stimuli (100% of the maximal stimulator output; 0.25 Hz) were
delivered through a figure of 8 coil over the premotor and motor cortex. The
data averaging of 10 minutes recording before and of 5 minutes after the
magnetic stimulation were analized.
Results: Immediately after the stimulation a significant increase in Hb02 and
a decrease in Cit aa3 was observed (p<0.05). The increase in HHb was not
statistically significant (Tab I)
Before RMS AfterRMS
HHb I Hb02 I THb I Cila.3 HHb 1Hb021 THb ICit••3
·1,07t I -0,198 I -0,15 I ·0,626 -0,126 I 4,138 I 3,31 I -2.237
P I I I 0,06 I 0,03 I 0,019 I 0,021

Tub / Influence of frontal RMS on NfRS parameters. The medIum NIRS

parameters are given in !-JM of difftrence from the starting baseline
considered as zero.

Conclusions: The NIRS data suggest that RMS induces metabolic activation
of the cerebral cortex together with an increase ofCBF.
References:
I) Edwards A.D. et AI. Lancet 1988 (8614): 770-771
2) Owen-Reece H. et AI. BrJ Anaesth 1996; 76:43-48.
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NEAR INFRARED SPECIROSCOPY (NIRS) AS AN EARLY DETECTOR
OF LA1E INTRACRANIAL HEMATOMAS

P-6-201
COMPARISON OF THE NIR0500 AND INVOS 3100A CEREBRAL
OXIMETERS IN NORMAL SUBJECTS

S.P. Gopinath, C.S. Robertson, B.C. Chance. Department of Neurosurgery,
Baylor College ofMedicine; Department of Biochemistry and Biophysics,
University of Pennsylvania

Conclusion
The NIRS detected the presence of the hematoma earlier than ICP or

neurological examination in 93% of the cases. Early diagnosis using NIRS may
allow early treatment and reduce secondary injury caused by late hematomas.

Introduction
Delayed intracranial hematomas are a treatable cause of secondary injury if

identified early. Current monitoring techniques include measurement of ICP,
and neurological examination with Glasgow Coma Scale (GCS) score. The
purpose of this study was to determine if NlRS would detect hematomas earlier
than would be indicated either by a change in the ICP or the neurologic status.
Methods
Three hundred and five patients with head injury were studied with serial

NIRS examination in the intensive care unit. The NIRS probe of a dual
reflectance spectrometer (RunMan, NIM, Inc., Philadelphia) was placed
successively in various regions of the scalp to record the intensity of rellected
light at 760nm. The difference in optical density in the different areas was
calculated from the formula: 60D =10gIOOJI.) where IL=the intensity of
reflected light on left side, IR= intensity of reflected light on right side. An
increase in ~OD to > .10 was considered abnormal.
The patients were also followed with the usual clinical monitoring that

consisted of periodic measurement of GCS and ICP. An increase in ICP to
>3OmmHg and/or a decrease in the GCS score of at least 2 points or signs of
tentorial herniation were considered indicators of a intracranial hematoma.
Results
A comparison of the various clinical indicators in the 59 patients who

developed late hematomas are shown in the table below. In 55 of the 59
patients, an increase in the ~OD to >0.10 occurred prior to an increase in lep or
a change in the neurological examination. In 31 of the 33 who required surgery
the 60D was at least 0.3, compared to only 17/26 in the patients with the late
hematoma managed non-surgically. :!l ~ ;; ~
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Introduction: Two of the commercially produced cerebral oximeters using
near-infrared to monitor cerebral oxygenation are the INVOS31 OOA
(Somanetics, Inc.) and the NIR0500 (Hamamatsu Photonics, Inc.). This study
compares these instruments in nonnal subjects subjected to mild hypoxia and
hypercapnia.

Methods: Following an IRE approved protocol, the NIR0500 and
lNVOS31 DOA optodes were placed bilaterally on the foreheads of 12 healthy,
normal subjects. They breathed randomly, either a hypoxic gas mixture to
lower arterial saturation to a minimum of 85% with 5% CO2 or a hypercapnic
(7% CO,/O,) mixture for a period of 5 min preceded by or followed by
breathing with room air.

MI": ~ i ~ ~ i ~
18.0-,-...",..... --.;.
13,0
8.0
3.0
-2.0
-7.0

-12.0 """1---+----
·-RoomAtr.+ 1~,O,lS'.CO,.# 7"CO,lO,

Edwin M. Nemoto. Mark Sanders,' Karl Fernandes,' and Howard Yonas

Departments of Neurological Surgery and Pulmonary Medicine', University of
Pittsburgh School of Medicine. Pittsburgh, PA 15213

Results: Typical responses of the INVOS31 OOA (Fig.,top) and the NIR0500
(Fig.,bottom) are shown below.
Conclusions: Both the NIR0500 and the INVOS3100A reliably detect changes
in cerebral oxygenation during hypoxia and hypercapnia.

85 r--==,-----------==""----.
80

Number
with

<10D>.3

17/26(65%)

31133(94%-)

25

30

Type of Late Earliest Indicator of Late Hematoma
Hematoma NIRS rcp GCS Routine

(<100>.10) (>30 mmHg) C 2 points) CT scan
Large hematoma,
requiring surgery

Small hematoma,
treated medically
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TRAUMATIC-ISCHEMIC BRAIN INJURY AS STUDIED IN THI
ISOLATED-PERFUSED RAT BRAIN PREPARATION

O. Scheller', G. Clincke' and F. Tegtmeier'

Janssen Research Foundation, 'Neuss, Germany, 'Beerse, Belgium

Introduction
The isolated-perfused rat brain preparation (I) allows to perform in Yitr
investigations using a completely defined blood substitute as perfusate. In orde
to develop lbe preparation as model for brain edema, we induced a traumatic
ischemic injury and measured the rise of intracranial pressure (ICP) and lb
corresponding decline of cerebral blood flow. Clinically used compounds, OMS(
or mannitol, were tested to validate the model.

Methods
The art. carotis intemae of male Wistar rats (200 to 220 g) were cannulated undc
anaesthesia. The blood was washed out by lbe perfusate - a fluorocarbon emulsio
consisting of 16 % fluorocarbon as oxygen carrier and lhe rypical electrolyte bloo
constituents (in roM: NaCI (110), KCI (3.5), NaHCQ, (26.2), NaHPO, (1.7), Cac
(1.5), Mg,SO, (0.7), pH 7.4, Co, 40 mmHg, 0, 600 mmHg, Glucose (11.5), Lacta,
(2), Pyruvate (0.4) and Cysteate (0.17)). Subsequently, lbe art. vertebralis wei
compressed and a tip calbeter (Millar rype, I mm diameter, 2.5 mm lenglh; membrar
size about \.0 x \.0 mm) for intracranial pressure (ICP) recording was inserted inl
lhe cortex. Cerebral blood flow was measured continuously by monitoring venOt
outflow. After a control period of 30 min, complete ischemia was induced for 10 mil
Reperfusion was lhen started and maintained for 45 min wilb OMSO (t, 5, 10 (
20 %), mannitol (40 or 100 roM) orequai amounts ofisotonie NaCI in lhe perfusate.

Results
Post-ischemic reperfusion wilb a solution containing \. 10 or 20 % OMSO bad n
effect on venous outflow. However, a solution containing 5 % OMSO reduced It
post-ischemic flow-decline. All concentrations ofOMSO delayed lbe onset of lhe ri,
of lbe ICP and slowed it dOm!. The 5% solution ofOMSO was lbe most effective. I
contrast, mannitol at a concentration of 100 roM had only a transient effect.

Conclusion
The data show lhat OMSO had a beneficial effect on ICP rise and flow decliI>
However, DMSO delayed lbe onset of ICP rise but eouId not completely prevent i
This effect was more pronounced lhan lhat of mannitol lhat only induced a transie,
reduction oflCP. The observations are in line wilb clinieaJ experience using DMSO (
mannitol as standard treaUnents to control critieaJ ICP rise. Thus, lhe induction of
traumatic-ischemic brain injury in lhe isolated rat brain preparation seems to be
valuable model to investigate potential treatment strategies for critieaJ ICP rise.

References:
(I) Krieglstein G et aI., Naunyn-Schmicdeberg's Arch. Pbarmacol. 275: 124-134. 19;
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SUPERIOR SAGITTAL SINUS PRESSURE AND CONFLUENCE
PRESSURE DURING INCREASED ICP IN YOUNG PIGS:
SIGNS OF CEREBRAL VENOUS SINUS COMPRESSION

Mads Rasmussen, Bo Bergholt , Pang Qi , Gorm von Oettingen and
Jens Astrup

Department of Neurosurgery, Arhus University Hospital. Denmark.

introduction
Cerebral venous outflow is assumed to be obstructed in conditions of
high ICP, due to the "waterfall" phenomenon at the bridging vein
superior sagittal sinus junction!. Compression of the dural venous
sinuses may occur in infancy and lbus may furlher aggravate venous
outflow obstruction. We have studied this possibility in young pigs.
Purpose of study
To measure an increase in venous superior sagittal sinus pressure(SSSP)
and confluence pressure(CP) during stepwise increasements in ICP
between 040 mmHg.
Methods
8 young pigs, aged approx. 4-5 monlbs were anesthetized using fentanyl
and halothane. SSSP and CP were measured by a 2.0 F catheler. ICP was
increased stepwise 10 approx. 40 mmHg by infusion of mock CSF inlO the
cisterna magna. In 6 pigs the calheter was retracted from the confluence
to the anterior part of lbe superior sagittal sinus.
Results
A posilive correlation was observed between CP and [CP , indicating
progressive venous obstruction in the posterior fossa. SSSP increased
progessively from the confluence IOwards its frontal part indicating
compression of the superior sagittal sinus.
Conclusion
The dural venous sinuses are compressed by increased ICP in young
pigs. This may aggravate venous outflow obstruction in conditions
of high [CP

References
I.Nakagawa, Y., Tsuru, M. and Yada, K. J. Neurosurg. 41 (1974) 427434
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Early Response to Hypercapnia Following Traumatic Brain Injury
M. Sbeinberg. X. Wang, L. Dickinson. and B Zink

Introduction: Metabolic eoupling ensures that in non·pathologic state, C02. or
more precisely, bydrogen ion concentration, is closely linked to cerebral blood
flow (CBF). Previous studies have sbown early alterations in CBF following
traumatic brain injury (TBO, and suggested changes in responsiveness 10 PC02
associated with this pathologic state (I). We undertook a controlled sludy 10
determine ultra-early changes in response to a hypercapnic stimulus following
TBI in an animal model.

Methods: A poreine fluid percussion injury model was used for this experiment
There were 6 aniJnals in the control group and 8 in the experimental group.
AniJnals were anesthesized with I%halothane and instrumenled in illl identical
manner. Injured aniJnals received a 3.0 aun injury which produced a Jillu.'c
hrain injury on r::'thotnfic examination. Cnntinuous mea'illfC ,was made 1)! 11'1)

CPP, MAP, EtC02, PAP, saggital sinus 02 saturation. brain anJ blood
temperature. Intennittent measure was made of regional CBF, global CB I:. CO.
arterial and cerebral venous blood gases, lactate and glucose concentrations. Al
6 timepoints during the experiment (15 min, 30 min. 60 min. 90 min, 120
min.and 180 min) a 6% C02 stimulus was administered and response recorded.

Results: There were no significant differences belween control and
experimental aniJnals in weight or any pre-injury physiologic parameter
measured. Following injury, there was a significant and sustained increase in
ICP (mean diff. @ 15 min=47 mmHg) and decrease in CPP (mean diff @ 15
OOn=45 mmHg), most pronounced at the earliest timepoints. Hypercapnic
stimulus pre-injury and in the control aniJnals resulted in conSiSleni elevation 01
ICP (mean 5.5 mmHg;SD-3.3) and decrease in CPP (mean 5.3 mmHg; SD-l7l.
There was a trend towards diJninisbed ICP response lO hypercapnia al the 15
min timepoint, and a statistically signifieantloss of CPP response to
bypercapnia in injured animals at this point (mean diff= -1.75 mmHg; S04.8;
p<.02). There was no difference in baseline PC02 at 15 min or in EtC02 after
the C02 stimulus. By 30 minutes, and for the remainder of the experiment,
there was no difference in response between the two groups.

Conclusion: Very early after a severe diffuse brain injury there is loss of
cerebrovascular response to a hypercapnic stimulus. By 30 minutes post-injury,
normal C02 responsiveness is restored in this model. Initial loss of
chemoregulation is likely related to a vascular bed that is maximally vasodilated
and unresponsive to further vasodilatory stimulus. Further studies will attempt
to better charaeterize early changes in vascular regulation and their underlyng
biochemical mechanisms.

References: (I) Lewell W, Jenkins LW. and Miller JD, J Neurosurg 56:332
338,1982.
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METHOD OF ESTIMATING CEREBRAL DILATION FROM CLINICAL
RECORDINGS OF ICP AND ARTERIAL PRESSURE

Michael L. Daley', Sarah Patterson', Anthony Marmarou',
Charles W. Leffler', and Gregory Stidham'

'Dept. Electrical Engineering, University of Memphis, 'Dept. Anesthesiology,
University of Tennessee, 'Dept. Neurosurgery, Richmond College of Medicine,
Richmond VA, 'Dept. Physiology and Biophysics, Univ. of Tennessee, 'Dept.
Pediatrics, University of Tennessee, Memphis, TN

Introduction
Laboratory studies have shown that correlation analysis applied to the ICP and
arterial pressure signals provides a means for detecting 105S of vaswlar tone
during massive vasodilation induced by deep hypercapnia [1]. In this preliminary
elinical study, the same correlation analysis technique was used to evaluate
ehanges of ICP and arterial pressure in 6 pediatric patients with brain injury.

Methods
Entrance criteria for the study were admission to the ICU for management of
closed head-injury from trauma, and implementation of ICP and arterial pressure
monitoring. GCS assessments were made by neurosurgicaV!CU staff. Digitized
recordings of ICP and arterial pressure were obtained from 6 patients.

Results
Four patients with a mean (± S.D.) monitoring period of 2.75 ± 2.2 days
demonstrated: mean GCS (± S_D.) of 6±0.8 upon admission; mean ICP
generalJy < 20 mmHg; and a positive CO, response. The remaining 2 patients
were monitored 2 and 5 days and demonstrated: a GCS of 3 and 5 upon
admission; mean ICP generally> 50 mmHg; and a negative CO, response. In 2
of the 4 patients with mild ICP a high mean correlation value (+ S.D.) indicative
of maxiJnal cerebral vasodilation was found. Both patients in the group with
high ICP demonstrated an mean r·value of xxxx + xxxx.

Summary and Conclusions
Correlation analysis applied to pediatric clinical recordings of ICP and arterial
pressure indicates massive dilation of the cerebral vasculature and cerebral
hyperemia can in exist in cases exhibiting only a mild elevation of ICP.

References :
(I) Daley ML, Pasupathy H, Griffith M, Robertson, IT, and Leffler, CW:
"Detection of Loss of Cerebral Vascular Tone by Correlation of Arterial and
Intracranial Pressure Signals," IEEE Trans. Biomed. Engr., 42: 420-424, 1995.
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HOMEOSTATIC ROLE OF ACTIVE TRANSPORT IN DISTRIBUTION
OF SUBSTANCES ALONG CEREBROSPINAL FLUID

Anton Vladic, Marijan Klarica, Marin Bulat

Department of Pharmacology, Medical Faculty, University of Z3greb, Zagreb,
Croatia

Inlroduction
Whether brain metabolites of neurotransmitters such as 5-H1AA (metabolite of
serotonin) and HVA(metabolite nfdopamine) can reach lumbar CSF is not clear,
because they are removed from CSF to bloodstream bY active transport. This
active transport can be blocked bY probenecid which also inhibits transport of
benzylpenicillin (SP) out ofCSF (I). Since labeled BP is commercially available
"" studied its distribution from cisterna magna to lumbar CSF in dogs.

Methods
'H-BP w.lS applied into cisterna magna by direct puncture under short ether
anesthesia in control dogs and those pretreated with probenecid (150 mglkg i.p.).
At different time intervals thereafter (90, 180 or 300 min) dogs ""re anesthetized
by thiopenton (50 mglkg i.p.) and samples of CSF (0.2 mI) from both cisterna
magna and lumbar subarachnoid space ""re taken for analysis.

Results
'H-BP from cisterna magna reaches lumbar CSF only in traces in control dogs,
while in dogs pretreated with probenecid 'H-BP in lumbar CSF reaches
concentration similar to that in cisterna magna at 300 min after its apphcation.
Furthennore, half-life of 'H-BP in cisterna magna is short under control
condition (30 min), while it is several times longer after blockade of transport by
probenecid.

Summary and Conclusions
It appears that active transport prevents accumulation of potentially toxic
substances in the CSF and diminishes their distribution between CSF
compartments, and in this way it plays a homeostatic role. In addition. our
results suggest that after blockade of active transport in patients distribution of
cerebral metabolites to lumbar CSF should be enhanced.

References
(I) Strikic N, KIaricaM, Vladic A, Bulat M. Neuroscience Letters 169: 159-162,
1994
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PO, - MONrIURING IN TRAUMATIC BRAIN INJURY: ARE
ICP AND CPP INDiCAlDRS OF BRAIN TISSUE HYPOXIA?

Roger Hartl, Ttllman F. Bardt, Andreas Unterberg, Asita
Sarrafzadeh, Karl Kiening, Gerd-Helge Schneider, Wolfgang
Lanksch

Depmtrnent of Neurosurgery, Virchow Medical Center, Humboldt
University, Berlin, Germany

We previously described a correlation between CPP and brain
tissue PO, (PliO,) in severe traumatic brain injury (1'81) during
spontaneous drops of blood pressure and identified a CPP of 60 as
the lower threshold of cerebral autoregulation. A PtiO, of 10
mmHg was found to be indicative of cerebral ischemia In a larger
patient group we now investigated the relationship between PtiO,.
ICP and CPP over the total monitoring time (1'.11) after severe 1'81.
Methods 35 comatose patient~ with severe TBI and
abnormal CT fmdings indicative of increased ICP underwent
multimoda1 cerebral monitoring in our neurosurgical ICU. ICP was
measured using an intraparenchymal Camino device. PtiO, was
monitored in vital brain tissue with a Licox PO, catheter inserted
into the white matter of the hemisphere contralateral to the main
lesion.
Results Average MT per patient was 123 ± 68 h. fCP was
> 20 mmHg in 41% of total MT, CPP < 60 and PtiO, < 10 mmHg
in 12.5% and 12% of MT, respectively. No correlation was found
between ICP> 25 (> 20) mmHg, CPP < 60 « 70) mmHg and
PtiO,< 10 «15) mmHg. When ICP was> 25 mmHg, PtiO, was <
10 mmHg in only 10% of MT. When CPP was < 60 mmHg PliO,
was < IOrnmHg in only 11.3 % of MT. For a CPP > 60 mmHg
the likelihood of PliO, being < 10 mmHg was still 0.12.
Conclusion Randomly picked critical ICP and CPP values do
not always predict a low PtiO,. CPP values above 60 or 70 mmHg,
conversely, do not always guarantee adequate PliO,. These fmdings
expand our previous reports and show that PtiO, monitoring
provides critical and unique information about the stants of the
brain that cannot be derived from other monitoring parameters such
as ICP and CPP. The role of arterial hypoxia, anemia,
hyperventilation and vasospasm in causing cerebral hypoxia is
currently under investigation.
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DYNAMIC MEASUREMENT OF ICP DURING CRANIOTOMY.

Cold GE, Bundgaard H.
Department of Neuroanaesthesia, Aarhus University Hospital,
Aarhus, DK-8000, Denmark.

Introduction
During craniotomy opening of dura occasionally may be followed by herniation
of cerebral tissue. In some patients this process is self-limiting, "here
decompression (suction of CSF) balances the development of brain herniation. In
other palients herniation develops so rapidly that ischemia of cerebral tissue
develops. To our knowledge sludies of dynamic regionallCP measurement during
the opening ofdura are nOl available.
The aim of this study was 10 measure the regionallCP during the opening of dura.

Material and melbod
In 21 patients with supratentorial cerebral tumor, subdural ICP was measured
continuously 2 min before opening of the dura and 3-5 min afier opening. The
technique has recently been described (I). Subdural pressure was measured in a
distance of about I cm from the dural incision.

Results
In 8 patients "ith median ICP 6 nunHg (range 2-9 nunHg) herniation never
occurred. Opening of dura was followed by a rapid decrease in lCP over 2-3 min.
In 9 patients with median ICP 10 lIlJI'.Hg (range 8-17 nunHg), cerebral swelling
was observed but cerebral herniation did not occur. In these patients ICP
decreased slowly, but steadily over 3-5 min. In 4 patienls "ith median ICP 16
mmHg (range 12-32 nunHg) severe hernialion developed. An initial decrease in
ICP after opening of dura was followed by a secondary increase occurring 2-3
min after the opening. In these palients cerebral herniation was only controlled by
evacuation of cerebral tissue.

Conclusion
Risk of cerebral herniation is ICP dependant. Severe cerebral herniation was only
observed at ICP > 12 nunHg. In these patients a secondary ICP increase was
observed afier opening ofdura, suggesting venous congestion of cerebral tissue.

Reference (I) Cold G.E et aL British JNeurosurR 1996; 10:69-75.
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WAVEFORM PREDICTORS: ADVERSE RESPONSE TO NURSING CARE

P.R. Mitchell, C. Kirkness, R Burr, K.S. March, D. W. Newell. Departments of
Biobehavioral Nursing & Health Systems, Psychosocial and Community Health,
and Neurosurgery, University ofWashington, Seattle WA, USA (Funded by the
National Institutes ofHealth, R03 NR03386)

Introduction A subset of patients being treated for actual or potential
intracranial hypertension respond to care procedures, such as being turned or
suctioned, with sharp and sustained increases in ICP that threaten cerebral
perfusion pressure (CPP), threatening secondaIy injury in the already insulted
brain. While elevated P, of the ICP waveform (ICPWF) has been sU8feSled to
reflect altered compliance and thus to predict these adverse responses,
transcranial doppler ultrasonography (TCDU) and ICP waveform analysis have
not been examined simultaneously for their ahility to predict this subset of
patients and their outcomes. Methods. ICP, ABP, CPP and TCDU recordings of
middle cerebral artery blood flow velocity (MCBFV) were simultaneously and
continuously monitored for one hour in 37 critically ill persons with traumatic
brain injury, SAH, tumor and aneurysm repair. Disproportionate increases in
ICP (OIICP), defined as ICP increases>10 mm Hg above baseline for> 5
minutes, were counted from 24 hour trend recordings. Autoregulatory index
(ARI) was derived from rate of return analyses ofMABP and CBFV data with
spontaneous blood pressurc changes.' Spectral properties of ICP and ABP
waveforms were characterized by fast fourier transform, with Karhunen-Loeve
(K-L) expansion; joint spectral properties were described by the coherence
function.. Outcome at hospital discharge was categorized by the Glasgow
Outcome Scale (GOS). Results. Incidence ofDnCp, abnormal AR1 or elevated
P, ICPWF did not differ by diagnostic category. Elevated P, ICPWF was
predictive of increased frequency ofDUCP (Odds Ratio 7.2, sensitivity 99%,
specificity 20"10, PPV 75%).Patients accounting for the low specificity of the
elevated P2 predictor had significantly lower frequency of DnCp as well as
significantly lower mean ICP, ICP amplitude, greater low frequency spectral
mean, greater high frequency centroid (HFC), and greater coherence allow
frequency than those with more DUCP. K-L ICPWF factors representing level,
amplitude ofP,., accounted for 30% of the variance in DUCP. DnCp frequency
was moderately related to GOS (r= -.33), with ICP HFC, low frequency spectral
mean, and mean ICP explaining 56% of the variance in GOS. 79% of the sample
had abnormally low or high ARI, but this index did not predict either DnCp
frequency or discharge outcome. Summary and Conclusions. Elevated P,
ICPWF is easily determined visually. It was validated as a rough estimate of
patient risk for care-related ICP increases sufficient to compromise CPP, and was
related to discbarge outcome. "Normal" ICP values in a suhstantial percent of
patient who had abnormal waveforms and increased frequency ofDnCp suggests
clinicians should not rely on low ICP values as evidence of low risk for untoward
responses. Although abnormal ARI did not distinguish those with low frequency
DnCp or poorer outcome, several indices derived from ICP and ABP spectra did,
including pattern recognition techniques not previously reported. Further study
is indicated to determine if protection from these care induced episodes ofDncp
allers longer term outcome. References: I. Cardoso ER, Rowan JO, Galbraith S.
JNeurosurg. 59: 817-821, 1983.2. Aaslid R, Newell DW, Stooss R, Sorteberg
W, Lindegaard KF. Stroke 22: 1148-1154, 1991.
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COMPREHENSIVE ASSESSEMENT OF CEREBRAL C02 REACTIVlTY IN
SEVERE HEAD [NJURY.

0- J ·01

MULTIMODAL MONITORING OF REFRACTORY INTRACRANIAL
HYPERTENSION

Methods: Our own experience is based on continuous multi-modal monitoring of
200 consecutive patients suIIering from head injury. 18 deaths were associated
with severe intracranial h)1JCrtension.

Conc/usiQn: Multimodal monitoring supported by computer on-line data analysis
may be useful for anticipating terminal rises in ICP.

MRC Cambridge Centre for Brain Repair and Academic Neurosurgical Unit.
Addenbrooke's Hospital. Cambridge, UK

Results: Computer supported data analysis demonstrated examples of deranged
cerebrovascuIar pressure responses seen when cerebral perfusion pressure was
declining below 50 mmHg. A positive association of slow waves in arterial
pressure and ICP and also pressure-passive behaviour of transeraniaI Doppler
waveform have been selected as particularly useful for anticipating death from
severe intracranial h)1JCrtension by several hours. Also derangement of
relationship between pulse amplitude of ICP and mean ICP level was found to be
a good predictor of fatal termination. Impending intraeranial h)1JCrtension should
nonnally be accompanied by a rise in pulse amplitude of ICP. Where the increase
in ICP (>30 mmHg) is associatedwith a distorted amplillJde.pressure relationship
the critical threshold of intracranial h)1JCrtension has been reached with limited
time for large decompressive craniotomy to reduce ICP.

John D. Pickard, Marek Czosnyka, Peter Kirkpatrick

IntroJudion : Measures to manage reJiactory intracranial h)1JCrtension are
limited. Consensus classification of refractory h)1JCrtension is lack of response to
classical attempts (CSF drainage, anaestbesia, h)1JCrventiIation, osmotherapy) to
reduce ICP increasing above 40 mmHg over a period longer than 3 bours. High
dosage barbiturate is nonproven Decompressive surgery may induce local
herniation, when ICP is aIrcady grossly elevated but has a role. Methods of
monitoring ofcerebral dynamics to anticipate terminal ICP rises would be helpful.

to If

MeA V.loeity (emil)

.~

Left figure: increasing Co, leads to a plateau level of MCAV starting at lnfl.
Increasing MAP increases MCAV reactivity to CO, before Infl. (p<0.05) and
[nfl. [s reached at higher end-tidal CO, (EtCO,) (p<0.05). Rightfigure. [CP al
Infl. is higher at high MAP (p=O.05). After [nfl. increasing EtCO, leads to a
significant rise in ICP (p<0.05) without change in MCAV Maximal ICF
reached at the same EtCO, is higher at high MAP (p=O.O I).
Summary and conclusions
After [nfl., CO, induced decrease in CYR is compensated by a decrease in CPP

A. Tel. Minassian, E. Melon, C. Le Guerinel, F. Bonnet. M. Ursino. L. Beydon.
Surgical [ntensive Care Unit & Dept of Neurosurgery. H. Mondor Hospital.
Cn!teil, France. Dept of biomathematics University of Bologna. Italy.
Introduction
Altering CO, allows modulation of both cerebral blood flow (CBF) and [CPo By
optimizing cerebral vascular resistance (CYR) one should avoid either an
excessive CBF reduction or a rise in cerebral blood volume which would
increase [CP. The [CP/CBF relationship is expected to be non-linear Moreover.
mean arterial pressure (MAP) is a major determinant of CBF reactivity to CO,.
The aim of this study was to systematically assess the interdcpendence between
[CP. CBF and MAP during printitive variation of CYR in order to characterize
some inflection points of the specific [CP/CBF relationship which may have
physiopathological significance.
Material and Methods
We studied 14 head injured patients (GCS<8). We simultaneously recorded
MAP, [CP, middle cerebral artery blood velocity (MCAV) during standardized
CO, rebreathing at two steady levels of MAP (using Norepinephrine). We
assessed the inflection point (Infl.) on continuous recording during CO,
rebreathing as the point at which maximal MCAV was achievcd.
Results
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RELATION OF INTRACRANIAL PRESSURE FLUCTUATIONS
AND BRAIN BLOOD VOLUME

P-6·216

ENDOTOXIN FEVER AND INTRACRANIAL PRESSURE

Yuri Moskalenko, Boris Gaidar, Tomara Kravchenko, Gustav Weinstein. Terrance J. Malkinson, Roland N. Auer and Quentin J. Pittman

Sechenov Institute of Evolutionary Physiolology and Biochemistry, Russiar
Academy of Sciences; M.Thorez pr. 44, Sankt-Petersburg 194223, Russia

Introduction
Within the cranio-spinal cavity [CP, CSF volume, and blood volume are
interrelated. Changes in these parameters initiate regulatory responses in brain
blood vessels that are important for maintenance of cerebral blood flow. The
objective of the present study to evaluate fluctuations in ICP and BBV in relation
to cerebral circulation.

Methods
Subjects were 12 cats aneslhesthetized with urethane Iglkg and 8 patients afteJ
intracranial surgery. Changes of BBV were measured by a high frequency (60kHz
electrical impedance method and ICP by pressure transducers; conditions were
resting states and during specially selected functional tests, directed to change BB\
or ICP (I). Data were analyzed by mathematical modeling (2).

Results

ICP and BBV were closely correlated. (R2=0.8-0.9) at rest and during functional
tests. CSF volume changes were always reciprocal to BBY. Regional
redistributions of CSF and BBV were rapid (within 2s), while redistributions 01
CSF between cranial and and spinal cavities were slower (longer than 5s).
Mathematical modeling of data indicated that in addition to main perfusion
pressure, about 30% of energy for maintance CBF is a result of transfonning
brain arterial pulsation to venous outflow by ICP changes. Slow ICP fluctuations
with compensating adaptative reactions occurred practically without energy losses.

Summary and Conclusion
Close correlation between ICP and BBV is a basis for an important role of ICP
fluctuations in process of maintance of optimal level of cerebral circulation undet
different living conditions.

References
(I) Moskalenko YE and Kchilko VA "Principles of investigations of humar
cerebral circulatory system" Nauka Press, Leningrad, 1983.
(2) Moskalenko YE et al. "Biophysical aspects of cerebral circulations" Pergamon

Faculty of Medicine, The University of Calgary. Calgary, Canada. T:N 4NI

Previously we introduced the hypothesis of vasopressin's involvement in limiting or
reducing intracranial pressure during experimentally induced fever (I). We have
now investigated further this question. Adult (290-300 gm) male Sprague-Dawley
rats were anesthetized with urethane (1.5 gmlkg). With this preparation the
thermoregulatory inter-threshold range is widened. The animals body temperature
can however be stabilized for long periods of time by providing a constant supply
of external heat to the animal via an electrically heated pad and a fever will result
following administration of pyrogenic agents (2,3). Results represem the mean
±SEM from groups of 12 animals each. 50 uglkg of ESCherichia coli endotoxin i.p.
was selected from a febrile dose-response relationship. This produced a biphasic
fever rising from a baseline of 36.83±0.JOoC to a first peak of 37.54±O.16°C at 160
min 10 a second peak of 37.73±0.18°C after 340 min. Carotid mean arterial blood
pressure significantly increased from a baseline of 85.3±2.4 mmlHg to a peak of
97.8±2.8 mmlHg after 120 min. Heart rate increased from a baseline of 367±8.7
beats/min to a first peak of 405±\2.12 beats/min atter 120 min to a second peak of
420±9.8 beats/minute after 340 min. Vasoconstriction and vasodilatation occurred
at appropriate phases of the fever. Central venous pressure recorded in the superior
vena cava increased slightly during the "chill" phase of the fever as did the venous
pulsation pressure amplitude. A significant increase in intracranial pressure
measured from the subarachnoid space from a baseline of 44.2 ±4.04 mm/saline to
a peak of 59.9±4.90 mm/saline occurred only during the initial period of the first
"chill" phase of the fever. Investigations in our laboratory have shown a release of
vasopressin into brain tissue during experimentally induced fever. AVP has been
implicated in the regulation of fCP. The bolus administration of AVP (0.\ ug) into
the LCV of intracranially hypertensive (68.8±7.04 mm/saline) rats significantly
reduced ICP to 54.6±6.7mm/saline. This suggests that in addition to it's proven
action as an antipyretic modulator limiting the increase of body temperature during
fever that it may also act as a protective mechanism to reduce or limit increasing
fCP which occurs during fever. These results were all significantly different p<0.05
from control experiments. Experiments are currently in progress which will extend
this work to the complex relationship of intracranial hypertension, elevated body
temperature. and vasopressin during experimentally induced cerebral ischemia.

l. Malkinson. T.J. et al.lntracrania/ Pressure IX. 540-541, 1994.
2. Malkinson, T.J. et al. Biomedical Sciences Instrumentation. 29:369-376, 1993.
3. Malkinson, T.J. el al. Am. J. Physiol. 255:R73-R8l. 1988.
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INTRACRANIAL PRESSURE FLUCTUATIONS AND SKULL
BONE MOTIONS.

Yuri Moskalenko, Boris Gaidar, Tomara Kravchenko

Institute of Evolutionary Physiology and Biochemistry,. Russian Academy of
Sciences. M.Thorez pr. 44, Sankt-Petersburg 194223, Russia.

Introduction
The recognition of periodic motions of human skull bones, correlated with slow
fluctuations of ICP, is important for understanding of mechanisms of relationships
between volumes and pressures of blood and CSF in the closed cranio-spinal
cavity. Presence of skull bone motions is based on some experimental
observations and on personal experience of specialists in osteopathic medicine
(1,2). The objective of the present study to demonstrate the presence of continuous
periodic fluctuations of human skull bones, similar to ICP fluctuations, with x
Ray and MRI images analyzed by modem computer technique.

Method
Serial MRI and X-Ray images of human skull were taken from 12 patients 20-43
years old, who were indicated for routine MRI scanning or angiography. Both X
Ray and MRI pictures were taken during 60s with 2-5 frames per second in resting
conditions; 8 recordings were taken during angiographic procedures. Image analysis
was performed on Macintosh IIsi running NIH Image 1.49 software. ICP
fluctuations were monitored by intracranial implanted miniature pressure transducer
in 6 patients afterintracranial surgery.

Results
Serial images from both MRI and X-Ray demonstrated periodic fluctuations of
human skull bones with amplitude 250 - 400~m and maximal changes up to
lmm, Frequency ranges (0.2-0.6Hz) and pattern of these fluctuations were similar
to ICP fluctuations. During angiographic procedure, which is accompanied by
moderate transient (I-3s) increase of ICP, skull size increased also with peak up to
1mm during this time period.

Summary and Conclusions
Periodic human skull motions were monitored by serial MRI or X-Ray methods
and computer·aided image analysis. We interpret the covariation of ICP
fluctuations and bone movements as initiated by the ICP fluctuations.

References
(I)Norton JM. Journ. Am.Osteopacic Acad. 91: 975-984,1991
(2)Zanakis ME at al. Journ. Am.Osteopacic Acad. 96: 551, 1996
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SOME QUESTIONS OF BRAIN SWELLING PATHOGENESIS
Svadovsky A.I.
Department of Neurosurgery, Institute of Neurology, Moscow, Russia.

Introduction
Well known from the literature about one of the specific form of head injury 
brain swelling (BS) in your patients. This pathology as considered connect with
increasing cerebral blood /low (CBF) because of cerebral vesels dilatation
(vasoparalysis) and hyperemia. Therefore, many questions of the pathogenesis of
this form are not well understood.
Aim of investigation. Study CT picture of BS in dynamics in compare with
dynamical changes lipid peroxidation (LP) in a blood and consciousness level.

Material and Methods
We analysed 8 patients with BS after sever head in jury. Age 2- 18 years old.3
patienrs were woman and 5 - men. Time of admissions first I-3 days after
trauma. GCS was 4-7. Malone dyaldehyde (MDA) one of the stable end product
of the LP was investigate in all patienrs but not less 3 times in periferical
venous blood. We also study LP patterns in patientss with focal head injury (6
patients) as control group. Age was 10-18.

Results
Maximal values of MDA in blood in acute period trauma accompanied by the
pick CT picture of BS and bilateral slite ventricle syndrom. All patients in this
were in comatose status. Then, in dynamics we seen parallel picture dilatation
the size of ventricular system on the CT significant decrease MDA level in blood
and restoration consciousness level till GCS 8 - 10 Another patterns observed in
patients with focal injury (brain contusions) as in absolute values as in
dynamics.

Conclusions.
I. Reason of high level MDA in the blood in patients with BS is disturbances
the brain metabolism during vasodilatation and hyperemia.

2. Systemic changes in blood such as a high level MDA in BS not reflect focal
brain destruction of the paranchima but discirculation cerebral blood flow and
brain parenchima disfunction after head iniurv.
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In vivo function of the PS Medical Delta valve

Bo Lundqvist', Anders Eklund', Bo Kristensen', Lars Ove Koskinen',
Markku Fagerlund'. Jan Maim'.

Departments ofNeurology', Biomedical engineering', Neurosurger/ and
Radiology', University Hosptial. 5·901 85 Umed, SWEDEN.

Introduction: shunt dysfunction is of major concern in patients with idiopathic
adult hydrocephalus syndrome (IAHS). Using a CSF infusion technique, it is
possible to assess whether CSF dynamics have been normalized postoperatively
together with the properties of the shunt system, including the degree of gravity
induced CSF flow. The objective of this prospective srudy, was to compare the
in vivo function of a traditional differential pressure device (Cordis Hakim valve)
with a standard shunt with a "modified" antisiphon device (PS Medical Delta
valve).

Subjects and methods: eight IHAS patients had recieved a PS Medical Delta
valve in September 1996. Clinical testing, MRI and a CSF infusion
investigation were performed before surgery and three respectively twelve months
after shunt placement. CSF pressure pre- and postoperatively, gravity effect and a
pressure-flow curve of the shunt were estimated. 28 patients with a Cordis Hakim
valve were used as controls!, The following conversion factor is given: I kPa =
7.5 mmHg.

Results: seven patients have passed through the three month follow-up. Six were
clincial improved. No shunts have been revised. In patients with the Delta valve,
the mean CSF pressure preoperatively was 2.2 kPa (95% C1 1.8·2.6). At follow
up, the corresponding CSF pressure was 1.9 kPa (95% CI 1.6-2.3) and 1.8 kPa
(95% CI 1.4-2.1) after sitting for 10 minutes. The hydrostatic effect was more
pronounced in patients with a Hakim valve compared to Delta shunts (0.6 kPa
(95% CI 0.5-0.7) vs 0.2 kPa (95% CI 0-0.3). The Delta valve patient who
exhibited the most pronounced gravity effect developed a subdural haemorrhage
nine months after the operation. According to the postoperative pressure-flow
curves, one shunt did not function properly.

Conclusions: preliminary results indicated that most of the Delta valves d>
behave according to the specifications provided by the manufacturer. The gravity
effect was significantly lower compared to the Hakim shunt. However, there may
be a risk of overdrainage in spite of the siphon control mechanism.
1. Malm J. Kristensen B et aI. CSF shUn! dynamics in patients with the idiopmhic adult
hydrocephalus syndrome. J Neurol. Neurosurg Psychiatry 1995;58:715-723.
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AIIa1ysis of hearing loss ancr shunting for aormal pressure hydrocephalus

E Delwel, M van VeIllen, R Teeuw, E Kurt, D de long. M Brocaar, B Pauw,
C Avezaa~ G van Zanten

We decided to analyse bearin& in shunt-treated patients with Normal Pressure
Hydrocephalus (NPH) after COI:lplaints about their hearinc, poslDpenItively.
AZ1 etTeet of sbuntinl on heariag may be expected as the cmbrospinal fluid
system can afl'eel cocblear physialogy.
SJxtcco patients with !.be clwical triad of NPH and hydrocepha1us on CT
were treated with a shunt. J-{eariDa was assessed by pure tone audiometry
before opetatioo, 3 days, I, 6 and 12 weeks after operation. We only analysed
bone conduction because air conductiOD may be influeDced by intubation and
coosequent temporary eustachian tube dystllDetion. Audiometry sbowed a
preopentive haring loss Ia most of the patieDlS Ia the hilher frequCftcles. due
to presbyacu&is. At ftoequencies of 1000Hz and higher we did DOt see sipltl
caDt po$lOperative beariDI 101seS, aod tberefure decided to analyse hearing
only at 250Hz and 500Hz. We also meuwed lraDSient evoked ot~lCotIItic

emissiOllS (TE OAE). We diseuded the results because we obtained emissions
OIlly in 8 of 32 leSled ears. This low yield is due to the hip incidence of
preoperative hearing loss.
FOw1een of 16 patients bad a postopentlivc increased hearing 105S of more
than lOdB, 7 of them in both ears and for both frequencies. 3 in ane ear for
both tTequeocies aod 4 in one ear for one frequency, Only two patients did
Dot suffer from any additional postoperative heariag loss. Remarltably, 54%
of all affected ears recovered partially or completely after 6 to 12 weeks. The
ears tb&t did not recover sbowed a mean loss of 25dB (range 2()'35dB). The
incidence of hearinl loss after sbuntina was higher in patients who bad a low
pressurc valve lmpllllted, subdural etTusions on follOW-Up CT SClI/lI or clillical
improvement ill the first week after sbuntin&. Therefore, there seems to be a
reladooahip between the ralC of dninage and the extent of bearLae loss.
The etiology of this heariag loss ancr shuntlag and its recavery ill 6-12 week.s
remains hypothetlceJ. It is known that a balaDce exists between the pressure in
Ille perilympbetic and endolyrnphatic space In the cDcblea as well as mecha
nisms 10 maintain this balance. If the cochlear aquaduct is palent, an intraCra
nial pressure drop will be conducted 10 the perilympbatic space, consequently
causina oveqnssure io the endolympbatic space with subsequent dysfunction
of the basilar membrane and heariag loss. Recovery of the haring loss may
Illen be owed ta the usual mechanisms involved in malntainin& or reslorinl
the pressure balanCe in the cochlea, Persistant hcarillg loss could be explained
by lrrtversible damaae 10 the basilar membrane due 10 severe pre!1III'e drops
or Iluctuating inb'aCraniai pressure. as in effuaioos or drain dylfuactlon,
thereby prevent Ing restoration of the pressure balance Ia the itmer ear.
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Quantitative Measurement of CSF Flow Velocity in the
Aqueduct using MRI ••• Experimental Study and Clinical
Application

Departments of Neurosurgery and "Radiology, Nagoya City Univer>ity Medical
Scbool, Nagoya, Japan

Mitsuhito Mase, "Tatsuo Banno, Kazuo Yamada, *Tosbiaki Miyacbi, Sbigeki
Olwa and Takasbi MatsllDloto

Backgronnd and Purpose
Several author> reported cerebrospinal fluid (CSF) flow velocity measured

using MRI in the aqueduct in nonnal volunteer>, but the values were widely
different between the paper> (1,2,3). To establisb the reliability of the CSF flow
stody by MRI and clarify the exact flow velocity, we made a model of CSF flow
in the aqueduct and measured the velocity by electromagnetic flow·metry and cine
MRI simuhaneously and compared them.
Materials and Methods
CSF flow in the aqueduct consists of to·and·fro flow by brain pulsation and
bulk flow by CSF production. The flow pattern was simulated by tbe flow of
lactate Ringer's solution generated by a pulsatile flow pump and a continuous
flow pump in a phantom. The flow velocity was measured by electromagnetic
flow.metry and cineMRI simultaneously. On a 1.5f MR system (pbilips ACS
II), the quantitative flow data were obtained from two-dimensional phase contrast
images with retrospective cardiac triggering techniques. This sequence was used
with parameter> of 20-23 I 12-15 msec (fR I TE), flip angle of 20 degrees.
Velocity encoding gradie,nt was set to 5-20 em/sec in parallel with the aqueduct.
We also applied this~ technique for healthy volunteers and patient with
various intracranial pathologies.
Results
The flow velocity by electromagnetic flow-metry corresponded to the velocity
by cine MRI completely within a range of the velocity from 0 to 20 em/sec in
the phantom. The volllJlteer> were divided into 3 groups ; young (0)39 y.o.,
n=9), middle (~, ,09, n=4), and old (;a60, n=6) groups. The maximum CSF
flow velocity (Vmax) in the aqueduct in the young, middle, and old groups were
4.97±1.51, 4.26±1.80 and 6.39±1.78 (cm/sec,mean±SD), respectively.
Hypercapnia increased the Vmax and hypocapnia reduced it. In NPH patients, the
Vmax became smaller after the shunt operations.
Conclusion
CSF flow study using MRI in our methods is useful to estimate the intracranial
CSF flow dynamics, wbich is quantitatively reliable and accurate. There was no
age-depeodent difference of the maximumCSF flow velocity in the aqueduct.
References
(I) EnzmannDR and Pelc NJ, Radiology 178: 467-474, 1991
(2) Gideon P, Slllh1berg F, et ai, Neuroradiology 36 : 210-215, 1994
(3) Nitz WR, Bradley WG, et ai, Radiology 183 : 395-405, 1992
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THE INTRATHECAL INFUSION TEST AS AN INVESTIGATIVE
METHOD IN NORMAL PRESSURE HYDROCEPHALUS: - WHEN
SHOULD A SHUNT BE INSERTED?

Frank Stefan Zeilinger; Ulltich Meier, Dieter Kintzel.

Department of Neurosurgery, Hospital Bertin·Ftiedtichshain, Germany

Introduction
Normal pressure hydrocephalus (NPH) should be diagnosed at the
earty stages when therapy is likely to be successful.

Method
We investigated 150 patients suspected for a NPH duting a petiod of
13 years. In 111 patients we used the lumbar and in 56 patients the
ventticular infusion test in constant·flow·technique.

Results
In 81 patients (54%) the diagnosis of a NPH could be confirmed;
78 patients (96%) unterwent a shunt·opera1ion. A graduation of the
NPH after the resu"s of the infusion test into an earty and late stage
allows to make a prognostic evaluation of the course of disease.
Patients with a NPH in earty stage are reporting in the follow up about
an improvement of their symptoms after shunt opera1ion in 60 percent
and those with late stage NPH in 50 percent.

Conclusion
While presenting the pressure dependent resistance to outflow R (p)
we could obtain more informations in compatison with the
intemational used method which provides only one resistance value
per Infusion test. The computer assisted infusion test enables a
definite differentiation between patients suffeting from a normal
pressure hydrocephalus and those with a cererbal atrophy.
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The temporal profile of intracranial pressure and clinical changes
in relation to lumbar spinal tap test in patients with normal
pressure hydrocephalus.

M. Tisell', H. Stephensen', M. Tullberg" E. BlomsterwaW' and C.
Wikkelso** .
Institute of Clinical Neuroscience, Department of Neurosurgery' aM
Neurology", Sahlgrenska University Hospital, Goteborg, Sweden.

Introduction: It is well established that patients with nonnal pressure
hydrocepalus(NPH) improve temporarly after a lumbar spinal tap. The
relationship to changes in ICP is however unknown. To investigate this we
measuared the changes in ICP, pulse pressure amplitude and the clinical respcnse
to a spinal tap of 50cc CSF.
Material and methods: Thirteen paitents with NPH were included. The ICP
was measured simultaneously in the right lateral ventricle (ICPiv) and in the
subarachnoidal space over the cerebral convexity (ICPsub), using microsensor
ICP transducers (MicroSensor™ Codman). The study was appproved by the local
ethical committee and infonned consent was obtained from the patients and their
relatives. The sensors were inserted in general anaesthesia through a right sided
frontal burr hole near the coronal suture. The following morning a spinal tap of
50cc was perfonned. Prior to and one, two and three hours after the tap the
patients were tested using reaction time test, figure identification test and finger
and arm motoric tests. All patients could not perfonn all tests due to their
clinical condition. All ICP measurements refer> to the actual testing situation
with the patient in sitting position.
Results: The ICP was lowest one hour after the tap nearly reaChing pretap level
after three hours. The changes in ICPiv and ICPsub were parallel aM
subsequently, the transmantle pressure didnt change. The pulse pressure
amplitude was identical in both compartments and was lowest after one hour.
Two patients were excluded from the clinical tests. One had convulsions after the
tap and one could not cooperate at all. Of the remaining eleven patients the first
five did not improve as expected (although some of them had shown
improvement after previous spinal taps). The reasons seemed to be lack of sleep
and suboptimal test conditions. After improving the test protocol the next six
patients all showed improvements The greatest improvements were seen after
three hours.
Conclusion: In all patients the ICP and pulse pressure amplitude reached theirs
minimum values directly after the tap. In the last six patients where we observed
clinical improvrnent, it reached its maximum afterthree hours. We can not show
that the clinical perfonnance is directly linked to either the ICP, pulse amplitude
or transmantle pressure. Somc changes in the cerebral functions are mediated by
the lumbar tap but the clinical response is postponed and culminates after three
hours in spite of steadily rising ICP and pressurc amplitude.
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PERSONAL EXPERIENCE IN NORMAL·PRESSURE
HYDROCEPHALUS (NPH) SYNDROME

Osamu Hirai,MD.

Department ofNeurosurgery, Shinko Hospital, Kobe, Japan.

INTRODUCTION
Over a 15-year period, 63 cases with NPH were treated by CSF shunting.
Among them, clinical factors affecting surgical outcome were reviewed.

MATERIALS AND METHODS
Etiology was unknown in 18 cases (idiopathic NPH), 30 cases wee secondary
to aneurysmal subarachnoid hemorrhage (post-SAH NPH) and 15 cases
developed after bead trauma or brain tumor surgery (secondary NPH).
Continuous CSF pressure monitoring, single photon emission computed
tomography (SPECT) and cistemography were carried out as diagnostic tests.

RESULTS
Marked improvement was obtained in 25 patients (39.7%), slight
improvement was seen in 21 patients (33.3%), and 17 patients (30.0%) did
not benefit from shunting. Later deterioration without shunt malfunction was
noted in 10 patients in idiopathic NPH, 6 patients with secondary NPH,
while only 4 patients with post·SAH NPH showed slight decrease in activity
during follow-up period. Favorable factors in idiopathic NPH were some
devation in CSF pressure and frontal dominant slight reduction of CBF on
SPECT. Unfavorable factor> in post-SAH and secondary NPH were profound
neurological deficit lasting after brain pathology, and abnormal CT or MRI
findings suggestive of parencbymal damage.

CONCLUSION
Diagnostic tests were impcrtant for idiopathic NPH to predict favorable shunt
response, however lasting improvement would not be anticipated. Shunting
will be effective for post-SAH NPH unless severe brain damage had not
occurred. Generally speaking, CSF shlDlting is not indicated for secondary
NPH where ventricular dilatation is not significant factor than in other
etiologies. Based on the results, our recent option of treatment is to be
reported.
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THE IMPORTANCE OF XENON-COMPUTED-TOMOGRAPHY IN
THE DIAGNOSIS OF NORMAL PRESSURE HYDROCEPHALUS.

Ullrich Meier', Bemd Reichmuth-, Frank Stefan Zeilinger".

Department of Neurosurgery, Hospital Berlin-Friedrichshain',
Practice of Neuroradiology Berlin-Kopenick", Germany.

Introduction
Patients w~h normal pressure hydrocephalus (NPH) exhibn
disturbances of regional cerebral blood flow (rCBF). This report
describes the different features of cerebral autoregulation at different
stages in the course of NPH in contrast to atrophy.

Method
In 35 patients~h possible NPH, the regional cerebral blood flow was
investigated by xenon computed tomography (Xenon-CT) before and
during a standardized intrathecal infusion test ~h constant flow
technique.

Results
Xenon inhalation alone increases the intracranial pressure (ICP) an
average of 3 mm Hg. This investigation documents that patients in
different stages of NPH, and of atrophy, exhibit different responses of
rCBF when challenged ~h add~ional, larger increases in ICP,
deliberately induced by intrathecal infusion of mock cerebrospinal
fluid (CBF) during the standardized infusion test.

Conclusion
These results suggest the hypothesis that disturbance of cerebral
autoregulation and ischemic processes are important in the
pathogenesis of NPH. Examination of CSF dynamics is essential for
the diagnosis and staging of palients ~h possible NPH.

References
Meier U et aI., Int. J. Neurorad. 2: 153-160, 1996

P·6-228

Bench-Test of 383 Hydrocephalus Valves

~, P. Kremer, B. Hashemu, C. Schulte and SI. Kunze

University of Heidelberg, Department of Neurosurgcry, Germany

Shunts should keep the ICP in the physiological ranges unaffected by body
position, subcutaneous pressure, vasogenic intracranial volume changes or crying
babies. In addition they should be reflux -safe, durable for 20 years, optimum
biocompatible and able, to restore potentially a shunt-independence step-by-step.
Mllltlli1l: We have tested in vilrO 52 difference valve conslructions, of them 238
new and 145 explanted probes (max. 21 years). The accuracy was measured
conform to ASTM/lSO, in 146 specimen repeatedly during non- stop ,ests up to
one year. Max 35 sub-tests were dedicated to the hysteresis, flow dependent on
pressure, reflux, susceptibility to external fluid pressure, vectorial forces, flection
(e.g. on curved head), temperature, CSF-protein (500 mg/mI), air bubbles,
pulsations, pumping manoeuvre and sterilization. "Programmable" valves were
exposed to common magnetic fields, MRI (1.0 - 4.0 T.) and test of the
adjustment (linearity, tolcrance of decenlration). Gravitational valves were
checked varying the angle of verticalization and simulating common body
movemenlS.
~Only 36% of all valves met to specifications of the producer (± 20 mm
H20). 24% showed deviations of ± 21-50 mmH20, 15% of ± 51-80 mm H20 and

15% of ± 81-135 mmH20. 13% had massive failures up to 1446 mm H20. Ball
valves were superior with 61% good and 21% fair results. After 90 days driftet
72%, after 365 days 89%. 32% of the valves were nOl reflux-safe, 29% irritable
by external fluid pressure (e.g. 30 mmHg incrcased the resistance up to 3000%!),
50 % susceptible to vectorial forces and 56% to flections, common on ao infant's
head. ·In upright body position 81% showed overdrainage (>100 ml/h),9% had an
insufficient flow «15 ml/h). A few valves only offered physiological flow-rates
in horizontal (j!JJ1. upright position, but most of them had problems cither with
safety. The optimum for adults were gravitational valves combined with ball
valves (± adjustable) and low-flow catheters (0 0.8 mm).
ConclusioD' I. The vast majority of valves showed deficits in accuracy, long
term stability, safety and adequate flow-rates either in upright or in horizontal
position. 2. The ASTM- test and analoga are too short, ignore potential
disturbing factors, and include failures of the tcst methods. 3. The evident
clinical success in 80% of cases in spite of a poor shunt technology may be
caused by the enormous adaptability of the patients, not by the valves. 4.
Intelligent shunts are not a "Mission Impossible"
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EFFECT OF ACUTE AQUEDUCTAL BLOCKAGE ON INTRACRANIAL
PRESSURE AND DEVELOPMENT OF HYDROCEPHALUS IN CATS

Marijan Klarica, Miroslav Vukic', Boris BoZic', Darko OreSkoviC', Vladimir
ButkoviC', Branko MiSe, Marin Bulat

Department of Pharmacology, Medical Faculty, 'Department of Neurosurgery,
University Hospital "Sisters of Mercy", 'Institute "Ruder Bookovic", 'School of
Veterinary Medicine, lagreb, Croatia

Introduction
It is generally assumed that obstruction of aqueduct of Sylvius leads to acute
increase of CSF pressure and dilatation of brain ventricles (acute obstructive
hydrocephalus). We w.lIlted to test this hypothesis in our new experimental
model in cats.

Methods
Blockage of aqueduct was performed by implatation of plastic cannula in
aqueduct of Sylvius through the small tunnel in vermis of the cerebellum in
chloralose anesthetized cats. After reconstitution of occipital bone CSF pressure
was measured both in lateral venricle and cisterna magna In additional
experiments changes of brain ventricles size ~re monitored by radiography.

Results
CSF pressure in lateral ventricle gradually increased from control value of 8.7 ±
0.4 em H,O to 12.2 ± I.7 em H,O (n=lI) during two hours of aqueducta1
obstruction. Ho~ver, development of pressure gradient be~n lateral
ventricles and cisterna magna was not observed. Ventriculograms in 5 cats did
not disclose dilatation of ventricles two hours after blockage of aqueduct except a
slight enlargement of body and temporal horn of lateral ventricle in one cat.

Summary and Conclusions
This results suggests that acute blockage of aqueduct of Sylvius durnig two
hours does not produce either intracranial hypertension or significant ventricular
dilatation. According to our chronic experiments (I) it seems that impairement
of systolic-diastolic to-and-fro displacemets of CSF along aqueduct can lead to
ischemia and dantage of brain parenchyma and development of hydrocephalus.
Thus, ~ suggest that more than two hours of aqueductal obstruction is needed
for manifestation of such damage and development of hydrocephalus.

References
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