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Preface

The XIII International Symposium on Brain Edema
and Tissue Injury was held June 1-3, 2005, in Ann Ar-
bor, Michigan, USA. This volume includes papers pre-
sented at the symposium as well as papers that were
presented at a satellite Intracerebral Hemorrhage Con-
ference on June 4, 2005. In keeping with the outstand-
ing XII Symposium held in Hakone, Japan in 2002, we
chose to include brain tissue injury as well as brain
edema as the subject matter for this meeting. Brain
edema, in many respects, is a marker of underlying
pathological processes which include tissue injury
from many diseases.

The scientific sessions included invited speakers,
oral presentations, poster sessions, and panel discus-
sions. The meeting emphasized scientific excellence in
a congenial atmosphere focusing on both basic and
clinical science.

The symposium featured basic science research pre-
sentations as well as clinical observations in a variety
of categories, including traumatic brain injury, cere-
bral hemorrhage, cerebral ischemia, hydrocephalus,
intracranial pressure, water channels, and blood-brain
barrier disruption. The recent increase of interest in

intracerebral hemorrhage, including the primary event
and the secondary injury that follows, prompted a one-
day satellite conference on the subject. The conference
was held immediately after the Brain Edema Sympo-
sium. Most participants in the Brain Edema Sympo-
sium stayed an extra day to learn about the latest de-
velopments in intracerebral hemorrhage research,
including ongoing clinical trials and basic research in-
vestigation focusing primarily on the secondary events
which develop after the hemorrhage.

There was considerable enthusiasm to continue the
Brain Edema Symposium series at the conclusion of
the thirteenth meeting. The Advisory Board chose
Warsaw, Poland as the next site for the meeting under
the direction of Professor Zbigniew Czernicki and his
colleagues. Symposium attendees look forward to a
successful meeting in that city in 2008.

The editors wish to thank Ms. Kathleen Donahoe,
Ms. Holly Wagner, and the staff of Springer-Verlag
for the commitment and editorial skills necessary to
prepare this volume for publication.

Julian T. Hoff, Richard Keep, Guohua Xi, and Ya Hua
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Surgical management of early massive edema caused by cerebral contusion

in head trauma patients

T. Kawamata and Y. Katayama

Japan Neurotrauma Databank, Japan Society of Neurotraumatology, and Department of Neurological Surgery, Nihon University School of

Medicine, Tokyo, Japan

Summary

Early massive edema caused by severe cerebral contusion results in
elevation of intracranial pressure (ICP) and clinical deterioration
within 24-72 hours post-trauma. Previous studies indicate that cells
in the central area of the contusion undergo shrinkage, disintegra-
tion, and homogenization, whereas cellular swelling is predominant
in the peripheral area, suggesting that early massive edema is attrib-
utable to high osmolality within necrotic brain tissue and may gener-
ate an osmotic potential across central and peripheral areas.

We analyzed the effects of surgical excision of necrotic brain tissue
in 182 patients with cerebral contusion registered with Japan Neuro-
trauma Data Bank; 121 patients (66%; Group I) were treated con-
servatively, and 61 (34%; Group II) were treated surgically. Most
Group II cases (90%) underwent complete excision of necrotic brain
tissue and evacuation of clots. Group I demonstrated higher mortal-
ity at 6 months post-trauma compared to Group II (48% vs. 23%;
p = 0.0001; n = 182). Striking differences were observed in patients
scoring 9 or more on Glasgow Coma Scale at admission (56% vs.
17%; p = 0.017; n = 45) and demonstrated “‘talk-and-deteriorate”
(64% vs. 22%; p = 0.026; n = 29), supporting our hypothesis that
early massive edema is caused by cerebral contusion accompanied
by necrotic brain tissue, indicating that surgical excision of necrotic
brain tissue provides satisfactory control of progressive elevation in
ICP and clinical deterioration in many cases.

Keywords.: Cerebral contusion; brain edema; necrosis; osmolality.

Introduction

In patients with severe cerebral contusions, early
massive edema occurs within the period of 24-72
hours post-trauma [11]. This type of edema results in
progressive elevation of intracranial pressure (ICP)
and clinical deterioration [7], giving rise to a clinical
course termed “talk-and-deteriorate” [12]. Despite in-
tensive medical therapy, the elevated ICP in patients
with early massive edema is often uncontrollable and
fatal.

The classic histopathological study by Freytag and

Lindenberg [4] demonstrated the presence of 2 compo-
nents of cerebral contusions; one is the central (core)
area [3] in which cells undergo necrosis as the primary
consequence of mechanical injury (contusion necrosis
proper), and the other is the peripheral (rim) area in
which cellular swelling occurs as a consequence of
ischemia. A clear demarcation line separates these 2
components. The cellular elements in the central area,
both neuronal as well as glial cells, uniformly undergo
shrinkage, and then disintegration, homogenization,
and cyst formation. In contrast, cellular swelling,
which is largely attributable to ischemia [e.g., 1], is pre-
dominant in the peripheral area [4].

Our previous clinical studies [5—10], including diffu-
sion magnetic resonance imaging, have provided sev-
eral lines of evidence to suggest that a large amount
of edema fluid is accumulated in necrotic brain tissue
within the central area of contusion, and this contrib-
utes to early massive edema. We hypothesized that this
early massive edema is attributable to a high osmolal-
ity within the necrotic brain tissue, which may generate
an osmotic potential across the central and peripheral
areas. In the present study, the effects of surgical exci-
sion of the necrotic brain tissue were analyzed in pa-
tients with severe cerebral contusion registered with
the Japan Neurotrauma Data Bank (JNTDB).

Materials and methods

We analyzed data from the INTDB in which a total of 1002 pa-
tients suffering severe traumatic brain injury (TBI) were registered
during the period 1998 through 2001. A total of 10 high-volume
emergency centers in Japan specializing in the management of severe
TBI were involved in this registry. Patients with severe TBI were de-
fined as those who scored 8 or less on the Glasgow Coma Scale



(GCS) during their clinical course or who underwent craniotomy.
Five-year-old and younger children were excluded. The data sheets
contained 392 items covering information on the injury characteris-
tics, pre-hospital care, diagnosis, treatment, and outcome. Among
these patients, 182 (18%) demonstrated severe cerebral contusions
as the major cause of their clinical status.

Results

Among the 182 patients with severe cerebral contu-
sion, 121 (66%; Group 1) were treated conservatively
and the remaining 61 (34%; Group II) underwent
surgery. The ratio of selecting surgical management
was far lower in patients with cerebral contusion
(34 + 19%), compared to those with acute epidural
hematoma (88 + 11%) or acute subdural hematoma
(68 + 18%) who were registered on the INTDB during
the same period. There was a huge variation in the ra-
tio of selecting surgical management (9-77%) among
the contributing centers (n = 10). Older patients, espe-
cially those between 40 and 60 years old, tended to un-
dergo surgery more frequently, while younger patients
tended to be treated conservatively. There was, how-
ever, no significant difference in age between Groups I
and II (47.8 +23.8 vs. 54.4 + 19.5 years). Surgical
management involved internal decompression (com-
plete excision of the necrotic brain tissue and evacua-
tion of clots) with or without external decompression
in most patients (90%) of Group II. The remaining
patients underwent external decompression alone. Sur-
gery was performed at 1.8-86.1 hours (19.5 + 24.2),
most (73%) within 24 hours post-trauma.

Many of the Group I patients (87%) and only half of
the Group II patients (52%) were scored at 8 or less on
the GCS at time of admission. The remaining patients
of Group I comprised those who were scored at 9 or
more at the time of admission and deteriorated later
to a score of 8 or less. The remaining patients in Group
IT included those who scored 9 or more at time of ad-
mission and deteriorated later to a score of § or less
(48%), and those who continued to score 9 or better
but required craniotomy to prevent clinical deteriora-
tion (52%).

Group I demonstrated a poorer outcome on the
Glasgow Outcome Scale at 6 months post-trauma
(Table 1). Mortality was higher in Group I compared
to Group II (48% vs. 23%; p = 0.0001; n = 182). A dif-
ference in mortality between the 2 groups was noted in
patients who scored 8 or less on the GCS at time of
admission, but did not reach a statistically significant
level (Table 1). The most striking difference was ob-
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Table 1. Outcome (6 months post-trauma)

GOS (%)

n GR MD SD VS D

GCS on admission: 3-5

— Conservative 47 7 2 11 11 70
— Surgical 11 9 9 27 0 55
GCS on admission: 6-8

— Conservative 58 29 21 10 10 29
— Surgical 21 24 29 24 10 14
GCS on admission: 9—15

— Conservative 16 19 13 13 0 56%*
— Surgical 29 28 28 17 10 17
Total

— Conservative 121 19 12 12 9 48%*
— Surgical 61 23 25 21 8 23

GCS Glasgow Coma Scale; GOS Glasgow Outcome Scale; GR good
recovery; M'D moderate disability; SD severe disability; VS vegeta-
tive state; D death. * p = 0.017, ** p = 0.0001.

Table 2. Outcome (6 months post-trauma) in patients demonstrating
“talk-and-deteriorate”

GOS (%)

n GR MD SD VS D
Conservative 11 18 9 9 0 64*
Surgical 18 11 22 39 6 22

GOS Glasgow Outcome Scale; GR good recovery; MD mod-
erate disability; SD severe disability; VS vegetative state; D death.
* p=0.026.

served in patients who scored 9 or better on the GCS
at time of admission (Table 1). Mortality was clearly
higher in Group I compared to Group II (56% vs.
17%; p = 0.017; n = 45). A clear difference in mortal-
ity between the 2 groups was observed even when the
analysis was restricted to patients who definitely
demonstrated “‘talk-and-deteriorate” (64% vs. 22%;
p = 0.026; n = 29; Table 2).

Discussion

Indications for surgical intervention in the case of
severe cerebral contusion remain controversial [2].
The huge variation in the ratio of centers selecting sur-
gical management reflects diversity in management
policy and an absence of consensus regarding the indi-
cations for surgery. It may also be assumed that such
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diversity of management policy could have resulted in
a randomization-like allocation of patients to the 2
groups.

The higher mortality in Group I as compared to
Group II suggests that the surgery performed in the
Group II patients helped to prevent their clinical dete-
rioration and death. Effects of surgery were most strik-
ing in those patients who scored 9 or better at the time
of admission. It is by no means certain whether pa-
tients in Group II who scored 9 or better before sur-
gery would have deteriorated or not had surgery not
been carried out. The effect of surgery on mortality is
evident, however, since a difference in mortality was
observed even when the analysis was restricted to pa-
tients who demonstrated “talk-and-deteriorate.” This
finding suggests that the surgery itself was the major
reason for improved mortality in Group II. In other
words, death was probably prevented by the surgery
in many patients of Group II.

We previously examined the evolution of cerebral
contusion by diffusion magnetic resonance imaging
and apparent diffusion coefficient (ADC) mapping in
head trauma patients [9]. This study demonstrated
a low-intensity core in the central area and a high-
intensity rim in the peripheral area of the contusion be-
ginning at approximately 24 hours post-trauma, which
corresponds with the timing of ICP elevation and clin-
ical deterioration. During the period of 24-72 hours
post-trauma, the ADC value increases in the central
area and decreases in the peripheral area [11], so that
there is maximal dissociation of ADC values between
the central and peripheral areas during the period of
24-72 hours post-trauma. These changes appear to
represent necrosis in the central area and cellular swell-
ing in the peripheral area.

We also demonstrated that a marked increase in tis-
sue osmolality occurs within the central area [8]. It re-
mains uncertain whether or not such a marked in-
crease in osmolality is osmotically active and causes
edema fluid accumulation. Expansion of the extracel-
lular space in the central area would appear to increase
the capacitance for edema fluid accumulation. In con-
trast, shrinkage of the extracellular space in the pe-
ripheral area increases the resistance for edema fluid
propagation or resolution. Edema fluid accumulation
within the necrotic brain tissue is suggested by the for-
mation of a fluid-blood interface within cerebral con-
tusions, which is not an uncommon finding [7]. Such
fluid-blood interfaces are not formed within a cavity
but represent layering of red blood cells in the softened

necrotic brain tissue, which has accumulated volumi-
nous edema fluid.

We hypothesize that the barrier formed by the swol-
len cells in the peripheral area may prevent edema fluid
propagation and also help to generate osmotic poten-
tials across the central and peripheral areas. Since
blood flow is greatly reduced but is not completely in-
terrupted in the contused brain tissue, water is supplied
from the blood vessels into the central area. We sug-
gest that a combination of these events may facilitate
edema fluid accumulation in the central area and
contribute to the early massive edema of cerebral
contusion.

At present, there is no established medical treatment
which effectively inhibits edema fluid accumulation
within cerebral contusions. Our results indicate that
the most effective therapy for ameliorating the poten-
tially fatal edema may be surgical excision of the ne-
crotic brain tissue. The effects of surgical excision of
necrotic brain tissue have commonly been accounted
for on the basis of an increased space compensation
for mass lesions. It is possible, however, that excision
of the necrotic brain tissue eliminates the cause of
edema fluid accumulation. If ICP is elevated by early
massive edema due to cerebral contusion and is medi-
cally uncontrollable, surgical excision of the necrotic
brain tissue would appear to represent the therapy of
choice, regardless of the size of the associated hemor-
rhages. Our results suggest that surgery should be con-
sidered in patients who score 9 or better at the time of
admission, as soon as they deteriorate to a score of 8 or
less on the GCS.

Conclusion

The present findings support our hypothesis that
early massive edema is caused by cerebral contusion
through the presence of necrotic brain tissue, and indi-
cate that surgical excision of the necrotic brain tissue is
the only therapy which can provide satisfactory con-
trol of the progressive elevation of the ICP and clinical
deterioration in many cases. Surgical intervention
should be considered in patients with severe cerebral
contusion who demonstrate “talk-and-deteriorate.”
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Summary

Background. Studies of therapeutic interventions and manage-
ment strategies on head injured patients are difficult to undertake.
BrainIT provides validated data for analysis available to centers
that contribute data to allow post-hoc analysis and hypothesis test-
ing.

Methods. Both physiological and intensive care management
data are collected. Patient identification is eliminated prior to trans-
fer of data to a central database in Glasgow. Requests for missing/
ambiguous data are sent back to the local center. Country coordinat-
ing centers provide advice, training, and assistance to centers and
manage the data validation process.

Results. Currently 30 centers participate in the group. Data collec-
tion started in January 2004 and 242 patients have been recruited.
Data validation tools were developed to ensure data accuracy and
all analysis must be undertaken on validated data.

Conclusion. BrainlT is an open, collaborative network that has
been established with primary objectives of i) creating a core data
set of information, ii) standardizing the collection methodology, iii)
providing data collection tools, iv) creating and populating a data
base for future analysis, and v) establishing data validation method-
ologies. Improved standards for multi-center data collection should
permit the more accurate analysis of monitoring and management
studies in head injured patients.

Keywords: Head injury; data collection; validation; analysis;
network.

Introduction

There have been a number of projects that have col-
lected high quality monitoring data from severely head
injured patients. Patient recruitment to these projects
can be restricted as the number of patients admitted

to any one unit at any given time is limited. Collection
of this data varies from hospital to hospital and there
are no set standards; therefore, it is difficult to make
comparisons of results from different centers. Physio-
logical monitoring of these patients is essential so that
the incidence and effects of secondary insults can be
determined, as both play a significant role in patient
recovery and outcome [1]. Accurate data collection is
also required to detect subtle differences that new ther-
apeutic and management strategies may produce in the
care of these patients.

The aim of the BrainlIT group is to coordinate with
a number of European neurotrauma centers to collect
high quality minute-by-minute physiological monitor-
ing data and also clinical management data using a
previously defined core data set [3] and standardized
data collection equipment. The study started in Sep-
tember 2002 and the initial target for the group is to re-
cruit 300 patients from 30 prospective centers. Data
that is free of patient identification is then transferred
over the internet to the BrainIT website where it is con-
verted in a common format and entered into a data-
base. Data is validated by country-specific data valida-
tors and only this data may be used in formative
analysis. Data which has not been validated may be
used for hypothesis testing. Anyone may register with
the BrainIT website. Access to the database is per-
mitted from those centers who recruit at least 5 pa-
tients per year.



Materials and methods

The BrainIT European Coordinating Center is located in Glas-
gow, Scotland, and a steering group of healthcare professionals leads
and advises the group. There are currently 30 European centers par-
ticipating, with 20 centers actively recruiting patients. Each country
has a Country Coordinating Center, where a data validator assists
and advises the centers taking part. The data validator’s role is to as-
sist in the training of nursing and/or medical staff who collect and
transfer the data, and to act as the first point of contact for centers
with any queries. A previously-defined core data set is used, of which
there are 4 constituent parts: physiological monitoring data, demo-
graphic and clinical information, intensive care management data,
and secondary insult management data. Minute-by-minute monitor-
ing data are collected from the bedside monitors by either a bedside
laptop computer using commercially developed software, or via a
network and locally developed systems. Intensive care treatment
and management data are collected using a handheld computer (per-
sonal digital assistant; PDA). Commercial software developed by
Kelvin Connect Ltd. enables staff to collect demographic, clinical,
and treatment data. Computed tomography (CT) data is also col-
lected using the Traumatic Core Data Bank criteria (Marshall score)
[2] and CT images devoid of patient identification are transferred to
Glasgow via the BrainlIT website for independent assessment.

Patients included in this project may be of any age as long as there
is evidence of traumatic brain injury and the patient has both arterial
and intracranial monitoring. Written consent is obtained from the
relatives, although with agreement from the Multi-Research Ethics
Committee in Scotland and local research ethics committees in the
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U.K., data collection may begin before consent is formally obtained.
If consent is not given, any data collected will not be retained, as is
stated in information sheets provided to the relatives.

Patients are followed-up at 6 months post-injury using the Ex-
tended Glasgow Outcome Scale, either by face-to-face or telephone
interview. Data is collected for as long as the intracranial pressure
and arterial monitoring are in place. Daily intensive care manage-
ment data are collected by nursing staff and entered into a PDA,;
the data is then transferred to a local computer where it is stored in
a database. From this database, the patient files are exported to
Glasgow via the BrainlT website. Patient confidentiality is ensured
by removing patient identification data before the transfer occurs,
which is in keeping with local and national data protection policies.
Patient identification for local and coordinating center staff is by
means of a unique 8-digit number, which is obtained from the Brain-
IT website and attached to the patient’s file prior to sending the data.
The same identification number is used for the physiological moni-
toring data, which is again sent via the internet. Once the data has
been received in Glasgow, it is converted to a common file format
and areas of missing or ambiguous data are highlighted. A missing
data list is then created and sent back to the contributing center
to look for the missing data, who attempts to complete the file as
much as possible and return it to Glasgow. This process is repeated
until as much of the data can be found as is possible.

A random sample of 20% of the data is then selected for validation
against the available source documents (Fig. 1). The validation list
may include any physiological, clinical, and treatment data. For ex-
ample, a request may be sent for a record from the nursing chart or
all of the blood pressure and cerebral perfusion pressure readings
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from a 24-hour period. These readings are taken from the chart using

the time nearest to that on the validation request. Simultaneously, a

request is also sent for the actual number of specific episodic events

during a known period; for example, the number of arterial blood
gas samples taken in a given time span. A validation file is created
for each patient using the BrainIT Core Data Collection tool and
the file is then returned to Glasgow. The data validator is responsible
for the validation of all the samples of data within a given country

(Fig. 1).

Data validation is carried out following a set standard of proce-
dures and can be done at 4 different levels. Only validated data is
saved in the common database. This ensures that the 20% sample of
data which is stored is the most accurate for each patient.

— Level 1 ensures the data conversion stage functions correctly; in
particular, the time-stamp format (YYYY-MM-DD).

— Level 2 checks all non-numeric categorical core data set data for
transcribing errors. This level of validation differs according to
whether monitoring or non-monitoring data is being validated.

— Level 3 is the conversion of locally used units to BrainIT units.

— Level 4 requires intervention of the data validator.

There are 3 types of Level 4 data validation: Type 1 or self-
validation where the principal investigator validates his own data;
type 2 is cross-validation where local colleagues may validate each
other’s data; type 3 validation is where the data validator has no con-
nection with the center from which the data has been collected.

Results

There are currently 30 centers participating in the
group and 20 of these centers are actually recruiting
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Fig. 2. Recruitment graph as at May 2005

patients and supplying data. To date, 257 patients
have been recruited to the study with monitoring data
sent to Glasgow from 251 patients (Fig. 2). Of these,
53 patients have currently been validated.

There are several projects planned to make use of
the data collected and stored in the database. Work is
currently underway to assess intracranial pressure and
cerebral perfusion pressure variability analysis, and to
assess the frequency of missing data and ascertain
which types of data are missing most frequently. Both
quantitative and qualitative analysis methods will be
used in this project. Another project for the future is
the BrainIT network clinical evaluation of the Rau-
medic Neurovent intraparenchymal probe to test its
long-term clinical performance.

Conclusion

BrainlT is an open, collaborative network and, thus
far, the group has demonstrated that it is possible to
standardize the collection methodology of high resolu-
tion neurointensive care data. By providing country-
specific data validators who are responsible for staff
coordination and training, the participating centers
have been able to record intensive care treatment and

30 40
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management data using a defined core data set. The
provision of standard equipment and assistance ob-
tained from industry has enabled centers to collect
data using standard data collection methods. Transfer
of data has proven successful, and a populated data-
base has provided data for future analysis by those
who contribute data. A minimum of 5 patients per
year is the requirement for those centers participating
to have access to the data. Access to the data by per-
sonnel within the contributing centers is controlled by
the principal investigator within each center. Develop-
ment of software tools has enabled missing and ambig-
uous data to be selected from the data set, and data
validators have collaborated with participating cen-
ters to find missing data. Data validation methodolo-
gies have been established and, with the help of

the data validators, integrity of the data has been
ensured.
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Summary

Although decompressive craniectomy following traumatic brain
injury is an option in patients with raised intracranial pressure
(ICP) refractory to medical measures, its effect on clinical outcome
remains unclear. The aim of this study was to evaluate the outcome
of patients undergoing this procedure as part of protocol-driven ther-
apy between 2000-2003. This was an observational study combining
case note analysis and follow-up. Outcome was assessed at an inter-
val of at least 6 months following injury using the Glasgow Outcome
Scale (GOS) score and the SF-36 quality of life questionnaire. Forty-
nine patients underwent decompressive craniectomy for raised and
refractory ICP (41 [83.7%)] bilateral craniectomy and 8 [16.3%)] uni-
lateral). Using the Glasgow Coma Scale (GCS), the presenting head
injury grade was severe (GCS 3-8) in 40 (81.6%) patients, moderate
(GCS 9-12) in 8 (16.3%) patients, and initially mild (GCS 13-15) in
1 (2.0%) patient. At follow-up, 30 (61.2%) patients had a favorable
outcome (good recovery or moderate disability), 10 (20.4%) re-
mained severely disabled, and 9 (18.4%) died. No patients were left
in a vegetative state. Overall the results demonstrated that decom-
pressive craniectomy, when applied as part of protocol-driven ther-
apy, yields a satisfactory rate of favorable outcome. Formal prospec-
tive randomized studies of decompressive craniectomy are now
indicated.

Keywords: Head injury; traumatic brain injury; decompressive
craniectomy; ICP; brain edema; intracranial hypertension; Glasgow
Outcome Scale.

Introduction

Severe traumatic brain injury is associated with high
mortality and morbidity. Treatment of patients who
present in coma following severe head injury aims
to protect the brain from further insults, optimize
cerebral metabolism, and prevent secondary injury.
Intracranial pressure (ICP) monitoring is now well-
established in neuro-intensive care. Recent guidelines
[10] recommend target levels of ICP < 25 mmHg and

cerebral perfusion pressure (CPP) > 60-70 mmHg,
and a number of therapeutic approaches are employed
to reduce ICP and augment CPP in order to achieve
these targets.

In patients with post-traumatic cerebral swelling
resistant to optimal medical therapy, decompressive
craniectomy may be considered. Despite observations
that craniectomy leads to reduction in ICP [3, 30, 31,
35], it is still unclear how this translates into clinical
outcome. Although prospective randomized evalua-
tion of the effects of decompressive craniectomy is re-
quired, this operation continues to be used empirically
in the management of patients with traumatic brain in-
jury. In Cambridge, decompressive craniectomy is used
as a part of protocol-driven intensive care manage-
ment of patients with severe head injury [18] (Fig. 1),
when other means of controlling elevated ICP are ex-
hausted. It is also used in selected cases where malig-
nant post-traumatic cerebral swelling is evident from
the outset. Encouraged by our previous observations
[31], we have evaluated the outcome following decom-
pressive craniectomy in another consecutive cohort of
49 patients.

Materials and methods

Study design

This study is a retrospective observational cohort study with cross-
sectional analysis of outcome. Hospital records, intensive care
charts, and computed tomography (CT) scans of patients who
underwent decompressive craniectomy following traumatic brain in-
jury consecutively during the period 2000-2003 were retrospectively
analyzed. Physiological parameters recorded for 24 hours before and
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Addenbrooke’s NCCU: ICP/CPP management algorithm
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Fig. 1. Protocol of intensive care management of head injured patients
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after operation were compared. Outcome was assessed using the
Glasgow Outcome Score (GOS) [14] recorded at follow-up assess-
ment at least 6 months following the injury. Data were obtained
from patients’ medical records and a prospectively collected head
injury outcome database. SF-36 quality of life survey [29] question-
naires were mailed to surviving patients with favorable outcome
(good recovery or moderate disability) for more detailed evaluation
of their social and physical rehabilitation. The response rate for the
postal questionnaire was 60%.

Statistical analysis

Data were analyzed using SPSS 13.0 for Windows (SPSS Inc.,
Chicago, IL, USA). Following distribution analysis (Kolmogorov-
Smirnov and Shapiro-Wilk tests), mean values + SD were used
for data following normal distribution, and median values +
interquartile range (IQR) for non-parametric data. Means and me-
dians of physiological variables before and after craniectomy were
compared using paired z-test, Wilcoxon, and sign tests, respectively.
P value of <0.05 was considered significant. Pearson and Spearman
rank coefficients were used to test the strength of correlations.

Results

Patient characteristics

Demographic data from the study population as
well as mechanisms and severity of injury are sum-
marized in Table 1. The majority of patients had a

Table 1. Summary of patient characteristics (n = 49)

Age 28 (range 9-67)
Gender

— Male 37 (75%)

— Female 12 (25%)

Mechanism of injury

— Road Traffic Accident 29 (60%)
— Fall 11 (22%)
— Assault 5 (10%)
— Other 4 (8%)
Severity of injury

GCS-based head injury grade:

— Severe (3-8) 40 (82%)
— Moderate (9-12) 8 (16%)
- Mild (= 13) 1 (2%)
Preoperative CT Marshall grade (n = 27):

| _

- 1I 4 (15%)
— I 13 (48%)
-1V 5 (18%)
-V 1 (4%)
- VI 4 (15%)
Injury severity score: median (IQR), n = 30 25 (16-27)
APACHE score: mean (SD), n = 30 17 (6.7)
Major extracranial injury 18 (37%)
Non-cranial surgery 12 (25%)

Median (IQR) ICU stay (days) 19 (range 14-26)

post-resuscitation Glasgow Coma Scale (GCS) score
of less than 8. The only patient who presented with
mild head injury (GCS 13) deteriorated later and re-
quired intubation and intensive care management.
Two patients had bilateral dilated unreactive pupils
on admission; both subsequently died. A significant
proportion of patients had a major intracranial injury
(37%), and 25% of patients underwent non-cranial sur-
gical procedures. Based on preoperative CT scan ap-
pearance, most patients had a diffuse brain injury
(Marshall grade 11-11T) [16].

Initial ICP control measures

All patients were managed according to an ICP- and
CPP-driven protocol [18] (Fig. 1), which aims to main-
tain ICP < 25 mmHg and CPP > 60 mmHg. Thera-
peutic hypothermia was used in 44 (93.6%) patients,
mannitol in 42 (89.4%) patients, hypertonic saline in 9
(19.1%) patients, external ventricular drainage in 13
(27.7%) patients, and barbiturate-induced coma in 15
(31.9%) patients. Decompressive craniectomy was
considered when all medical measures to control ICP
failed to achieve sustained optimal levels of ICP and
CPP, and occasionally it was considered as an alterna-
tive to barbiturate therapy.

Surgical details

Decompressive craniectomy was performed on me-
dian day 2 (IQR 1;3) after injury. In 24 (49%) patients
the operation was performed within 24 hours, and in 32
(65.3%) patients within 48 hours from the time of ad-
mission. Forty-one (83.7%) patients underwent bifron-
tal decompressive craniectomy, and 8 (16.3%) had a
unilateral procedure. In all cases the dura was opened,
and in cases of bifrontal decompressive craniectomy
the falx cerebri was divided anteriorly if deemed neces-
sary by the operating surgeon.

Complications associated with the operation were
observed in 4 (8%) patients. Two patients suffered
intracranial hemorrhage and 1 patient had an acute
subdural hematoma in the early postoperative period,
which required evacuation. One patient developed a
cerebral abscess, which was treated with needle aspira-
tion and antibiotics.

ICP data

Decompressive craniectomy led to a reduction in
ICP pressure in all patients for whom pre- and post-
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Fig. 2. Clinical outcome of patients at 6+ months assessed by Glasgow Outcome Scale score

operative ICP monitoring data was available (n = 27).
Mean + SD ICP during the 24-hour period prior to
surgical decompression was 25 + 6 mmHg as com-
pared to 16 + 6 mmHg for the 24 hours following an
operation, and the difference is statistically significant
(p < 0.01).

Qutcome

The GOS showed favorable recovery in 30 (61.2%)
patients (24 [49%)] patients with good recovery and 6
[12.2%] patients with moderate disability), 10 (20.4%)
patients remained severely disabled, and 9 (18.4%) pa-
tients died (Fig. 2). No patient was left in persistent
vegetative state. Four out of 9 patients presenting with
an initial GCS of 3 were severely disabled and 2 died;
however, 3 (33.3%) patients in this group had a favor-
able outcome. In general, outcome was related to ini-
tial GCS score (p = 0.004), but there was no associa-
tion with age, gender, or timing of operation with the
GOS. Interestingly, in the 5 patients over 50 years of
age, the rate of favorable outcome was not different
than in younger patients (60%), although the numbers
were too small to perform further statistical analysis.
Mortality in this group accounted for the remaining
40% of patients, with no patients left severely disabled.

Eighteen out of 30 patients with favorable outcome
responded to the SF-36 quality of life survey (60% re-
sponse rate). The summary for all 8 domains is pre-
sented in Table 2 and compares general population
levels [13]. At least 10 out of 40 surviving patients re-
turned to work (information on re-employment was

Table 2. SF-36 quality of life survey following decompressive craniec-
tomy (n=18). Numbers represent mean + SD scores for each SF-6
domain in decompressive craniectomy patients and general population
controls. The latter values were obtained from the results of a recent
large-scale population survey [13]

SF-36 Domain Decompressive
Craniectomy Controls
mean + SD mean + SD

Physical Functioning (PF) 67.5 +32 87.9 + 20

Role limitation due to 45.8 + 46 87.2 +22

Physical problems (RP)

General Health perception (GH) 60.1 +22 71.0 +20

Bodily Pain (BP) 64.8 + 35 78.8 + 23

Role limitation due to 51.9 + 47 85.8 + 21

Emotional problems (RE)

Energy Vitality score (EV) 50.3 +£22 58.0 +20

Social Functioning (SF) 48.8 + 28 82.8 +23

Mental Health (MH) 62.9 +27 719 + 18

not available for 14 patients). Cranioplasty was per-
formed in 30 patients (75% of survivors) at the time
of analysis. Post-traumatic hydrocephalus, which re-
quired a shunting procedure, was observed in 6 (15%)
of the 40 survivors.

Discussion

Decompressive craniectomy continues to be used as
a treatment measure for advanced cerebral edema and
intractable intracranial hypertension. It has been ap-
plied to patients with malignant cerebral swelling fol-
lowing middle cerebral artery thrombosis [5, 19, 22,
25] and in other conditions leading to brain edema [2,
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7, 8, 20, 26, 28]. The indications for decompressive
craniectomy following traumatic brain injury are not
universally defined. Currently, the procedure is consid-
ered when medical treatment measures fail to control
ICP or when malignant intracranial hypertension is
present on admission.

Although decompressive craniectomy may lead to
an improvement in physiological parameters [4, 12,
32], the impact of this procedure on clinical outcome
and social rehabilitation has not been clearly estab-
lished. Present evidence is based on observational
studies or case reports, with the single exception of a
small pilot prospective randomized trial [27]. Outcome
data from the published case series varies significantly.
Although mortality rates quoted by different centers
fall in the range of 20% + 5%, the rates of reported fa-
vorable outcome and severe disability are considerably
different. The proportion of patients achieving a favor-
able outcome (GOS: good recovery/moderate disabil-
ity) after decompressive craniectomy has been re-
ported to be as low as 30—-40% [1, 6, 21, 23] and as
high as 60-70% [9, 15, 27, 31]. One of the other serious
concerns raised with regard to decompressive craniec-
tomy is that the operation may reduce mortality, but
increase the subset of patients with severe disability
and persistent vegetative state. Indeed, some authors
report high levels of severe disability [21, 23] and per-
sistent vegetative state [6]. The discrepancy in pub-
lished outcome data may, to some extent, be explained
by difference in patient selection, indications, timing
and technique of surgery, as well as an assessment of
outcome.

In our unit, decompressive craniectomy is used as
part of a protocol-based management of severe head
injury (Fig. 1). The multidisciplinary decision to per-
form surgical decompression involves liaison between
a senior neurosurgeon and neuro-intensivist. We have
previously reported high rates of favorable outcome
in a smaller series of patients [31], and the results of
this study are consistent with our earlier findings. The
current study shows that favorable outcome can be
achieved in a large proportion of patients presenting
with severe and potentially fatal head injury, with at
least one-quarter returning to work. A high rate of se-
vere disability or vegetative state after surgical decom-
pression is not supported by our findings, as no patient
was left in a vegetative state and the severe disability
rate was not higher than generally accepted. In terms
of quality of life, the response to the SF-36 question-
naire indicates that patients with favorable clinical

outcome continue to experience physical and emo-
tional consequences of their injury. The mean scores
for patients’ quality of life differ from a general popu-
lation in all SF-36 domains; however, the large SDs re-
flect differences in response between individuals and
suggest that some patients rate their quality of life as
high.

Although the complication rate associated with sur-
gery [17, 24, 33, 34] is low, the impact on outcome and
the exact relationship with craniectomy requires fur-
ther evaluation.

In conclusion, despite the results from this and other
observational studies, consensus on the indications and
timing of decompressive craniectomy following trau-
matic brain injury has not been achieved. There is now
a need to obtain Class I evidence by proceeding with
randomized, multi-center, prospective studies [11].
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Summary

The RESCUEicp (Randomized Evaluation of Surgery with
Craniectomy for Uncontrollable Elevation of intracranial pressure)
study has been established to determine whether decompressive cra-
niectomy has a role in the management of patients with traumatic
brain injury and raised intracranial pressure that does not respond
to initial treatment measures. We describe the concept of decompres-
sive craniectomy in traumatic brain injury and the rationale and pro-
tocol of the RESCUEicp study.

Keywords: Head injury; traumatic brain injury; intracranial pres-
sure; decompressive craniectomy.

Introduction

Severe head injury is a major cause of morbidity and
mortality worldwide [1, 10]. Of the pathophysiological
processes implicated in traumatic brain injury, one of
the most fundamental is an escalating cycle of brain
swelling, increase in intracranial pressure (ICP), reduc-
tion in blood and oxygen supply, energy failure, and
cell death. The goal for management of these patients
is, therefore, to prevent secondary insults, reduce
swelling and ICP, and maintain blood supply, oxygen
delivery, and the energy status of the brain. This man-
agement goal applies at the trauma scene, during
transportation, in the emergency department, in the
operating room, and in the intensive care unit.

In order to assist in the management of patients with
traumatic brain injury on the intensive care unit, pro-
tocols have been developed providing a step-wise
approach to the control of brain swelling and raised

ICP [2, 7, 8]. Targets have been established for ICP
(<20-25 mmHg) and cerebral perfusion pressure
(CPP) (CPP = mean arterial pressure — ICP [>60-
70 mmHg]). These protocols commence with rela-
tively simple therapeutic maneuvers including seda-
tion, ventilation, and head-up position for nursing. If
these basic measures fail to control brain swelling,
more advanced medical treatment can be applied in-
cluding the application of inotropes, hypertonic saline,
mannitol, and hypothermia. External ventricular
drainage of cerebrospinal fluid may also be feasible,
depending on the size of the lateral ventricles. While
brain swelling and ICP can be controlled in most
patients with these basic measures, in others ICP is
refractory and more advanced therapy needs to be
considered. Options for these patients include the
implementation of barbiturate coma and/or a decom-
pressive surgical procedure such as decompressive cra-
niectomy. Evidence of benefit for both of these thera-
pies is currently sparse [4, 9].

Decompressive craniectomy is not a new operation.
The phenomenon of brain decompression has been
in existence for hundreds of years, commencing
with trephination by the ancient Greeks, followed by
Kocher approximately 100 years ago. Most recently,
the operation has been performed in the context of
modern, sophisticated neuro-intensive care.

In terms of controlling raised ICP, decompressive
craniectomy is performed in several neurosurgical
units world-wide, but there is no consensus on if and
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when to proceed with the surgery. There are several
concerns regarding the application of decompressive
craniectomy. These include failure to control ICP de-
spite decompression, and herniation of brain through
the craniectomy defect. In addition, the operation
may be being performed unnecessarily in patients des-
tined for a good prognosis, and pertinent to patients
with poor prognosis, may save life at the expense of
creating vegetative state and severe disability.

In terms of the current literature on the application
of decompressive craniectomy to patients with trau-
matic brain injury, there have been several studies pub-
lished (for review, see [3]). These are predominantly
observational studies and demonstrate a wide range
of outcomes (good recovery 29%—69%; mortality
11%-40%). There has been one attempt at randomi-
zation in the pediatric age group, which showed a
significant difference in outcome, favoring patients
randomized to surgery [11]. This study had a number
of limitations, which were recognized by the authors,
including sample size, outcome evaluation, and pro-
longed study duration.

In view of the widely differing results in these pub-
lished studies, consensus on the role of decompressive
craniectomy has not been achieved. This has resulted
in proposals for randomized controlled trials. Three
such trials have been proposed: an American trial,
an Australasian trial (International Multicenter
Randomized Controlled Trial on Early Decompres-
sive Craniectomy — DECRA), and a European study
(Randomized Evaluation of Surgery with Craniec-
tomy for Uncontrollable Elevation of intracranial
pressure — RESCUEicp).

This manuscript outlines the protocol for the RES-
CUEicp study — a randomized control trial comparing
the efficacy of decompressive craniectomy versus opti-
mal medical management for the treatment of refrac-
tory intracranial hypertension following brain trauma.
This is a multi-center trial organized as a collaboration
between the University of Cambridge Departments
of Neurosurgery/Neuro-intensive Care and the Euro-
pean Brain Injury Consortium.

Methodology

The RESCUEicp study is a randomized trial com-
paring optimal medical management with surgery
(decompressive craniectomy) for the management of
intracranial hypertension following head injury, re-
fractory to first-line treatment. The trial aims to recruit

P. J. Hutchinson et al.

patients from centers experienced in the intensive care
management of head injury. The target study group in-
cludes ventilated, ICP-monitored patients with refrac-
tory intracranial hypertension. Post-randomization,
the trial comprises 2 arms: continuation of optimal
medical management versus surgery (decompressive
craniectomy).

Hypotheses

The principal hypothesis for the RESCUEicp study
is that the application of decompressive craniectomy
to head-injured patients with raised ICP refractory to
medical treatment results in improved outcome. Spe-
cifically, 1) that decompressive craniectomy results in
an improvement in the Extended Glasgow Outcome
Score compared to optimal medical treatment and, 2)
that decompressive craniectomy results in an improve-
ment in surrogate endpoint measures (including spe-
cific outcome measures [SF-36 questionnaire], control
of ICP, time in intensive care, and time to discharge
from the neurosurgical unit) compared to optimal
medical treatment.

Protocol

Patient inclusion and exclusion criteria for the trial
are shown in Table 1. Approval for the study has been
obtained from the UK National Ethics Committee,
with ethical approval in other countries on-going. To
avoid delays in treatment, it is recommended that con-
sent for participation in the study is obtained from next
on kin at time of patient admission to the neurosurgi-
cal unit, with randomization performed following fail-
ure to control ICP with initial treatment. Patients are
managed on intensive care units using the trial proto-
col (Fig. 1). The major objective of this protocol is
to maintain ICP < 25 mmHg by applying treatment
measures in 3 stages.

Table 1. Inclusion and exclusion criteria for the RESCUEicp study

Inclusion criteria Exclusion criteria

bilateral fixed and dilated
pupils

bleeding diathesis

follow up not possible

devastating injury not
expected to survive 24
hours

Head injury requiring ICP monitoring

Age 10-65 years

Abnormal CT scan

Patients may have had an immediate
operation for a mass lesion but not
a decompressive craniectomy




Decompressive craniectomy in traumatic brain injury

Stage 1

Initial treatment
measures:

ICP >25
mmHg

Ventilation
Sedation
Analgesia

+ Paralysis
Nurse head up
Monitoring

Central venous pressure
Arterial line
ICP

Continued medical treatment

(stage 2 options) + barbiturates permitted *

Decompressive craniectomy**

+ continued medical treatment (stage 2 options)
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Stage 2 ICP >25 mmHg
Options: 1-12 hours after
Ventriculostomy start of Stage 2
Inotropes
Mannitol

Hypertonic saline
Loop diuretics
Steroids
Hypothermia 34-36°C

BARBITURATES NOT

PERMITTED
Medical
Stage 3
46 h Randomize
Surgical

* If continued medical treatment is drawn, no decompressive surgery will be performed at that time; however, decompressive

surgery may be performed later if the patient deteriorates.

**If decompressive craniectomy is drawn, barbiturates should not be administrated at that time; however, barbiturates may

be given later if the patient deteriorates.

Fig. 1. Summary of RESCUEicp decompressive craniectomy protocol. The protocol is divided into 3 stages. Stage 1 comprises initial treat-
ment measures. If the ICP > 25 mmHg after the implementation of Stage 1, the patient enters Stage 2 comprising a number of further options
to control ICP. If the ICP is >25 mmHg after the implementation of Stage 2, the patient enters Stage 3 and is randomized to on-going medical

treatment or decompressive craniectomy

Stage 1: initial treatment measures

Patients are sedated, relieved of pain, and ventilated
(with the option for paralysis), in the head-up position
for nursing and invasive monitoring (ICP, central
venous pressure, and arterial lines as a minimum).
ICP is assessed at this stage. If the ICP < 25 mmHg,
the above medical treatment continues. If the ICP >
25 mmHg, Stage 2 is implemented (with the option of
a repeat scan to investigate the possibility of an evolv-
ing mass lesion).

Stage 2: advanced treatment measures

In Stage 2, the following measures can be consid-
ered, all of which are optional: an external ventricular
drain (depending on the size of the lateral ventricles),
mannitol, inotropes (to increase the mean arterial pres-
sure to maintain a CPP of >60 mmHg), arterial car-
bon dioxide 3.5 kPa to 4.5 kPa (can be monitored
with jugular venous oxygen saturation sensors main-

taining SjvO, > 55%), hypertonic saline, moderate
cooling (34-36°C) but not severe hypothermia, loop
diuretics, and steroids. Barbiturates are not imple-
mented as part of Stage 2, but are reserved as part of
continued medical treatment following randomiza-
tion. This clause enables a direct comparison between
the efficacy of decompressive craniectomy and ex-
tended medical treatment including the introduction
of barbiturate coma.

Stage 3: randomization

If ICP remains > 25 mmHg for 1-12 hours despite
Stage 1 and 2 measures, then the patient is randomized
to either continued Stage 2 medical treatment includ-
ing barbiturates (e.g. thiopentone boluses + infusion
4-8 mg/kg/hr), or to surgical treatment (decompres-
sive craniectomy). Treatment following randomiza-
tion should be implemented within 4-6 hours.

The surgical treatment comprises 2 options: (a)
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for unilateral hemisphere swelling, a large unilateral
fronto-temporo-parietal craniectomy or, (b) for bilat-
eral diffuse hemisphere swelling, a large bilateral
fronto-temporo-parietal craniectomy from the frontal
sinus anteriorly to the coronal suture posteriorly and
pterion laterally with a wide dural opening (pedicles
based on the superior sagittal sinus medially) with the
option of division of the falx anteriorly.

If the patient is randomized to continued medical
treatment, no decompressive surgery is performed at
the time of randomization, but may be performed later
at the clinician’s discretion if the patient subsequently
deteriorates (for example, prolonged and unacceptably
high ICP > 40 mmHg with compromised CPP). This
clause is required if a situation arises whereby the
treating physician feels that withholding surgery is act-
ing against the best interest of the individual patient;
“the interests of the patient always prevails over those
of science and society’” [6]. The same principle applies
to barbiturates in the decompressive craniectomy
group.

Outcome is assessed at discharge using the Glasgow
Coma Score, and at 6 months using the Extended
Glasgow Outcome Score [12]. Secondary endpoints
are assessment of outcome using the SF-36 quality of
life questionnaire [5], assessment of ICP control, time
in intensive care, and time to discharge from the neuro-
surgical unit. For patients undergoing decompressive
craniectomy, it is recommended that the bone flap is
replaced within 6 months of the initial injury.

Recruitment of patients commences with a pilot
phase comprising 50 patients. Overall the study aims
to recruit 400 patients (200 in each arm of the study)
for a 15% difference in outcome (difference in favor-
able outcome from 45%-60%) (power = 80%, p =
0.05). The pilot phase of the RESCUEicp study has
now commenced, with 19 of out the pilot study target
of 50 patients recruited.

Conclusion

Despite considerable interest in the concept of de-
compressive craniectomy for patients with traumatic
brain injury, including several peer-reviewed publica-
tions, current opinion on the role of this operation
is divided. Randomized studies are now indicated to
obtain good quality Class I evidence. The RESCU-
Eicp study has now commenced and aims to establish
whether decompressive craniectomy results in im-
provement in outcome compared to contemporary op-

timal medical management. Contact with the RESCU-
Eicp group in Cambridge, UK, can be made via the
website www.RESCUEicp.com or by e-mail pjah2@
cam.ac.uk.
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Summary

Disturbances in cerebrovascular regulation in the form of dimin-
ished cerebral vasoreactivity (CVR) to carbon dioxide and an altered
pressure autoregulatory response (PAR) are common after trau-
matic brain injury (TBI) and correlate with clinical outcome. Daily
assessment of the state of cerebrovascular regulation may assist in
the clinical management of TBI patients. This study examined 20
ventilated TBI patients. We employed blood flow velocity (BFV)
measurement using transcranial Doppler ultrasonography to assess
the impact of injury type (focal and diffuse) on cerebral hemisphere
asymmetry in cerebrovascular regulation and to examine whether
impairment in CVR and PAR correlate with clinical outcomes. Sig-
nificant hemisphere asymmetries were found in BFV and PAR. Im-
pairment in CVR was associated with unfavorable outcomes and bi-
lateral CVR impairment predicted mortality.

Keywords.: Blood flow velocity; cerebral vasoreactivity; pressure
autoregulatory response; traumatic brain injury.

Introduction

Cerebrovascular regulation, in the form of cerebral
vasoreactivity (CVR) to carbon dioxide and the pres-
sure autoregulatory response (PAR), is affected after
traumatic brain injury (TBI). Impairment in regula-
tion is associated with severity of brain injury and
correlates with neurological condition and clinical out-
come [1, 2]. Knowledge of the state of cerebrovascular
regulation is fundamental to understanding the patho-
physiology of TBI and its sequelae in individual pa-
tients. Daily assessment of CVR and PAR may assist
in the clinical management of TBI patients. However,
the asymmetry of CVR and PAR between cerebral
hemispheres has not been investigated systematically
[4].

The aim of this study was to evaluate the cerebral
hemisphere asymmetry of CVR and PAR in relation
to focal brain injury and to correlate impairment in

such regulation with clinical outcome in ventilated
TBI patients.

Materials and methods

Patients aged less than 70 years with moderate to severe TBI,
as defined by post-resuscitation Glasgow Coma Scale (GCS), with
a score less than or equal to 12, were included in this study. After
surgical intervention, all patients were managed in an intensive care
unit under a standard protocol including artificial ventilation and
sedation.

Physiological parameters including heart rate, arterial blood
pressure (ABP), intracranial pressure (ICP), arterial oxygen satura-
tion, end-tidal carbon dioxide concentration (EtCO,), and jugular
oxygen saturation were continuously monitored. Blood flow veloc-
ities (BFV) in both middle cerebral arteries were determined by
transcranial Doppler as soon as possible after surgery.

To determine CVR, the initial EtCO, was increased by 1 kilo-
Pascal (7.5 mmHg) using moderate hypoventilation. CVR was
quantified as the percent change in BFV per unit change in EtCO,,
the CVR ratio. Impaired CVR was defined as a less than 1% change
in BFV per unit change in EtCO,. To evaluate PAR, blood pressure
at normocapnia level was increased to 20 to 25% above the baseline.
PAR was measured as the percent change in BFV per unit change in
mean ABP, the PAR ratio. There was deemed to be a loss of PAR if
there was more than a 1.5% change in velocity per unit change in
mean blood pressure [3].

Intracranial lesions were classified according to CT findings as
focal (with intracranial hematoma or unilateral contusion with
or without brain swelling) or diffuse axonal injury. Clinical outcome
was assessed at 6 months after injury using a Glasgow Outcome
Score (GOS). Patients were defined as having a favorable outcome
if they had GOS grades indicating good recovery or moderate dis-
ability.

Results

Sixty-six CVR and 68 PAR tests were performed on
20 patients (16 males and 4 females; mean age: 39.3
years, range: 2 to 69 years; median GCS score: 6.5).
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Table 1. Side-to-side differences (in relation to pathology) in BFV, CVR ratio, and PAR ratio in focal and diffuse brain injured patients.

Pathology right side Non-pathology left side Difference p-value
(mean + SD) (mean + SD) (mean + SD)
Diffuse injury group
BFV (cm/s) 91.59 + 39.22 97.53 + 47.55 5.94 + 32.87 NS
CVR ratio (%/mmHg) 2.28 +2.46 2.58 +2.29 0.30 + 1.57 NS
PAR ratio (%/mmHg) 0.79 + 0.81 0.95 + 0.86 0.16 + 0.58 NS
Focal injury group
BFV (cm/s) 66.08 + 20.31 81.78 + 24.17 15.71 + 15.17 <0.0005*
CVR ratio (%/mmHg) 275+ 2.83 3.40 +2.61 0.66 + 2.27 NS
PAR ratio (%/mmHg) 1.55 +2.00 1.02 +0.94 —0.53 + 1.69 0.033*

BFV Blood flow velocity; CVR cerebral vasoreactivity; PAR pressure autoregulatory response.

Fourteen patients had focal brain injury. Mortality in
this group of moderate to severe brain-injured patients
was 40%. Seven patients achieved a favorable outcome
at 6 months after TBIL.

During the CVR tests, moderate hypoventilation
(EtCO;: before vs. after: 30.3 +3.5 vs. 38.2 +
4.0 mmHg, p < 0.0005) resulted in raised ICP
(16.7 +£ 9.3 vs. 22.4 + 11.2 mmHg, p < 0.0005) while
ABP remained constant (mean ABP: 84.6 + 16.7 vs.
86.8 + 17.4 mmHg, p > 0.05). During the PAR
tests at normocapnia (EtCO;: 34.2 + 3.4 vs. 34.4 +
3.8 mmHg, p > 0.05), the induced increase in ABP
(mean ABP: 80.9 +14.7 vs. 101.6 + 16.5 mmHg,
p < 0.0005) did not alter ICP (21.3 + 11.8 ws.
19.7 + 12.2 mmHg, p > 0.05).

In relation to pathology, significant side-to-side dif-
ferences were found in BFV (lesion side vs. non-lesion
side: 73.8 +29.5 vs. 86.5 + 33.4 cm/s, p < 0.0005)
and CVR ratio (2.6 +2.7 vs. 3.2 + 2.5%/mmHg,
p = 0.035) but not in PAR ratio (1.3 + 1.8 wvs.
1.0 + 0.9%/mmHg, p > 0.05). Data were stratified
into diffuse and focal brain injury groups (Table 1).
In the focal injury group, side-to-side differences were
found in BFV and PAR. Although CVR ratio was
lower on the lesion side, this did not reach statistical
significance. No side-to-side differences were found in
the diffuse injury group.

Regarding clinical outcome at 6 months after injury,
the mean CVR ratios at different GOS were different
(p=0.001), and the CVR ratio of non-survivors was
significantly lower (p < 0.005). No differences were
found in the mean PAR ratio in relation to GOS. Fur-
ther analysis of the dichotomized CVR and PAR
ratios (Table 2) indicated a significant correlation be-
tween CVR and clinical outcome and mortality where-
as there was no such correlation with PAR.

Table 2. Correlation between CVR and PAR ratios with clinical out-
come and mortality (all measurements).

CVR ratio Preserved Impaired p-value
Outcome: favorable 15/42 0/24 0.002*
Mortality: death 1/42 13/24 <0.0005*
PAR ratio Intact Impaired p-value
Outcome: favorable 11/51 4/17 NS
Mortality: death 12/51 4/17 NS

CVR Cerebral vasoreactivity, PAR pressure autoregulatory
response.

Table 3. Association of impaired CVR and PAR with clinical out-
come and mortality. CVR and PAR were determined by TCD within
24 hours of admission.

CVR ratio Preserved  Impaired p-value
One side  Both sides

Outcome: favorable  7/9 0/3 0/6 0.003*

Mortality: death 2/9 2/3 6/6 0.003*

PAR ratio Intact Impaired p-value
One side  Both sides

Outcome: favorable 1/10 1/4 2/3 NS

Mortality: death 3/10 2/4 1/3 NS

CVR Cerebral vasoreactivity; PAR pressure autoregulatory re-
sponse; TCD transcranial Doppler.

CVR and PAR tests were performed within 24
hours of admission in 18 and 17 patients, respectively.
Impairment in CVR was significantly associated with
worse clinical outcome and mortality (Table 3). All 6
patients with bilateral CVR impairment were non-
survivors. Such an association was absent for the
PAR tests.
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Discussion

CVR to carbon dioxide and the pressure autoregula-
tion response are mediated through different mecha-
nisms. The PAR is very sensitive to brain damage
whereas CVR is more resistant. An asymmetry in the
PAR was found in the present study and this is consis-
tent with a previous study [4]. However, no association
between PAR impairment and unfavorable outcome
was found. The fact that some patients with impaired
PAR can be treated may explain the dissociation be-
tween PAR impairment and unfavorable outcome. Pa-
tients with diminished CVR during the first days after
TBI were more likely to have a worse outcome than
patients with preserved reactivity. In our group of pa-
tients, the CVR ratio of non-survivors was lower and
all of them had bilateral CVR impairment.

In conclusion, this study supports the utility of
BFV measurement using transcranial Doppler coupled
with CO; and blood pressure challenge in the assess-
ment of cerebrovascular regulation. Cerebral hemi-
sphere asymmetry in cerebrovascular regulation was
demonstrated and CVR impairment correlated with

unfavorable outcome. In contrast, PAR impairment
did not necessarily mean a poor prognosis. Daily as-
sessment of the state of CVR and PAR may help in
the clinical management and outcome prediction in
moderate-to-severe TBI patients.
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Summary

The objective of this study was to confirm the nature of the edema,
cellular or vasogenic, in traumatic brain injury in head-injured
patients using magnetic resonance imaging techniques. Diffusion-
weighted imaging methods were quantified by calculating the appar-
ent diffusion coefficients (ADC). Brain water and cerebral blood
flow (CBF) were also measured using magnetic resonance and stable
Xenon CT techniques. After obtaining informed consent, 45 severely
injured patients rated 8 or less on Glasgow Coma Scale (32 diffuse
injury, 13 focal injury) and 8 normal volunteers were entered into
the study. We observed that in regions of edema, the ADC was re-
duced, signifying a predominantly cellular edema. The ADC values
in diffuse injured patients without swelling were close to normal and
averaged 0.89 + 0.08. This was not surprising, as ICP values for
these patients were low. In contrast, in patients with significant brain
swelling ADC values were reduced and averaged 0.74 + 0.05
(p < 0.0001), consistent with a predominantly cellular edema. We
also found that the CBF in these regions was well above ischemic
threshold at time of study. Taking these findings in concert, it is con-
cluded that the predominant form of edema responsible for brain
swelling and raised ICP is cellular in nature.

Keywords: Head injury; traumatic brain edema; cellular edema;
vasogenic edema.

Introduction

It has been determined that the predominant cause
of brain swelling and subsequent rise in intracranial
pressure (ICP) in head-injured patients is brain edema
[8]. However, the type of edema, vasogenic or cellular,
has not been completely resolved and this knowledge is
critical to the development of new methods for treat-
ment of brain swelling. Fortunately, magnetic reso-
nance imaging (MRI) techniques allow us to identify
predominant edema using the apparent diffusion coef-
ficient (ADC) [6]. Using these methods, experimental
studies have shown that cellular edema plays an im-
portant role in traumatic brain injury [2, 4] and that

secondary insult exacerbates the cellular edema devel-
opment [2]. However, there have been few studies on
human head injury that address this important issue.
The objective of our study was to identify the type of
edema during the acute stage of severe traumatic brain
injury, and also to determine if ischemia played a role
in the type of edema that developed.

Methods

Informed consent from family or caregivers was obtained to allow
the patient to participate in this study. Following stabilization in the
intensive care unit (ICU) and with approval of the attending neuro-
surgeon, severely head-injured patients (Glasgow Coma Scale [GCS]
8 or less) were transported to MRI suites for measurement of brain
tissue water and diffusion-weighted imaging (DWI). The transport
team consisted of an ICU nurse, respiratory technician, and neuro-
surgical resident. The research team consisted of the investigator,
head-injury fellow, and radiology technician. After stabilization in
the magnet, the head was positioned carefully to insure computed to-
mography (CT) slice compatibility. First, T1- and T2-weighed pulse
sequences were used to produce images in the axial, coronal, and sag-
ittal planes in order to identify the traumatic lesions present.

Measurement of brain water

From these images, an anatomical slice equivalent to that used in
CT/cerebral blood flow (CBF) measurements was selected for quan-
titative brain water measurements. Five inversion recovery scans of
the selected slice were obtained with a repetition time (TR) of 2.5 sec-
onds, echo time of 28 msec and inversion times (TT) of 150, 400, 800,
1300, and 1700 ms, respectively. From these images, brain water
content f, (expressed as a fraction of water per gram of tissue) was
derived as described previously [3]. The selection of an inversion re-
covery pulse sequence as well as particular values of the parameters
for measurement of brain water have been derived after extensive
studies with calibration standards of known relaxation times and in
vivo infusion edema animal models. Most importantly, the tech-
nique has been validated in man. When stated in terms of water con-
tent, the percentage swelling was calculated from the equation
100(fy — fwn)/(1 — fy) where f, represents the water content of the
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edematous brain and fy,, represents the water content of the normal
tissue. Based on these computations, a fractional increase in water of
2% is equivalent to a volume increase of 8.8%, which emphasizes the
importance of edema for the swelling process and subsequent rise in
ICP.

Diffusion-weighted imaging

DWI was performed on a 1.5 T whole-body clinical imager (Sie-
mens Vision MR system, Siemens Medical Solutions USA, Inc.,
Malvern, PA) equipped with 15 mT/m gradients using spin-echo se-
quences with and without diffusion sensitizing gradients. These pulse
sequences generated an ADC trace image using a single-shot tech-
nique with 3 b values: 0, 500, and 1000 s/mm?. Typically, 20 slices
were generated with 5 mm slice thickness, 1.5 mm gap, 230 mm field
of view, 96 x 128 matrix, and TE 100 ms. The ADC trace was
generated to obviate issues arising from tissue anisotropy and head
orientation. From the ADC maps, regional measurements were
extracted.

Measurement of CBF

After completion of MRI studies, the patient was transported to
the CT suite for measurement of CBF. After a diagnostic CT scan,
a stable xenon-CT CBF study was performed on a Siemens CT/
Plus scanner (Siemens, Erlangen, Germany) equipped with a xenon
gas delivery system and a CBF software analysis package. Scans
were performed at 4 axial planes with a thickness of 10 mm each,
15 mm apart. Two baseline scans were performed at each level fol-
lowed by multiple enhanced scans during inhalation of 30% xenon
and 70% oxygen. From measurements of the CT enhancement and
the end-tidal curve, CBF maps were calculated by means of the
Kety-Schmidt equation using a commercially available package (Di-
versified Diagnostic Products, Inc., Houston, Texas).

Results

Description of study cohort

A total of 45 severely injured patients (GCS < 8)
and 8 normal volunteers were entered into the study,
9 females and 35 males. The mean age was 33 years,
ranging from 16 to 70 years. Of these, 32 were classi-
fied as having diffuse injury and 12 with focal lesions
based on initial scan assessment. In diffuse injury, 20
were classified as CT type II and 12 were type III-1V
according to the Marshall Classification. The 12 pa-
tients with focal lesions were classified as type V-VI.

Patient response to imaging protocols

All patients included in this report were transported
safely from ICU to imaging suite and returned safely
after protocols were completed without adverse event.
Comparison of blood pressures and ICP measured
prior to and after return indicated no major change
throughout the course of study.
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Fig. 1. ICP and water content in diffuse TBI. ICP increased to levels
of 20 mmHg or greater above 77% water, which was only 1% above
normal. In terms of swelling, ICP increased when brain swelling ex-
ceeded 4.3% increase in brain volume. (p < 0.001)

Water content, ICP, and CT classification
in diffuse TBI

The normal hemispheric water content assessed by
MRI in volunteers averaged 76.0% =+ 0.66. The brain
water content of diffusely injured patients in CT classi-
fication II was close to normal (76.2 + 0.76) and
was consistent with the low ICP of this group which
averaged 14.8 + 3.31 mmHg. In contrast, the water
content of diffuse injury patients with CT classi-
fication III/IV was elevated and averaged 77.75 +
1.15 g H,0/g tissue (p < 0.001). This increase in
edema is equivalent to an 8.16% increase in brain
swelling according to the Elliot Jasper equation. Cor-
respondingly, ICP at time of study for this group
was also elevated and averaged 23.2 + 2.48 mmHg
(p < 0.001). Interestingly, the ICP increased to levels
of 20 mmHg or higher as total water increased above
77% water, which is only 1% above normal. In terms of
swelling, the ICP increased when brain swelling
reached values above 4.3% (p < 0.001) (Fig. 1).

ADC in normal and head-injured patients
with diffuse injury

The ADC computed from hemispheric regions of
interest in 8 normal volunteers averaged (0.82 +
0.05) x 10~3 mm?/sec. Henceforth, we will drop the
common multiplicative factor 1073. ADC values in
diffusely injured patients was close to normal and aver-
aged 0.89 + 0.08 in the non-swelling group. This was
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Fig. 2. Brain edema and ADC after diffuse TBI. In patients with sig-
nificant brain swelling, ADC values were reduced and averaged
0.74 £+ 0.05 (p < 0.0001), consistent with a predominantly cellular
edema. Water in CT type III/IV was markedly elevated compared
to less diffuse injury in CT type 11

not surprising, as the ICP values of these patients were
low. In contrast, the ADC values were reduced in pa-
tients with significant brain swelling and averaged
0.74 +£ 0.05 (p < 0.0001), consistent with a pre-
dominantly cellular edema. The distribution of ADC
among normal controls, swelling, and non-swelling
patients correlated with CT classification (Fig. 2).

CBF in diffuse injury with reduced ADC

It is possible that the reductions in ADC seen in dif-
fuse injury were caused by frank ischemic damage.
This was the primary motivating factor to measure
CBF at the same time DWI was measured. In patients
with diffuse injury where ADC was significantly re-
duced, the corresponding hemispheric CBF of the
non-swelling group averaged 50.04 + 11.30 mL/min/
100 g tissue, and in the patients with swelling averaged
45.33 + 7.99. This reduction in CBF seen in patients
with swelling did not reach significance. In absolute
terms, the values of CBF in all patients studied with
reduced ADC were well above ischemic threshold
considered as 18 mL/min/100 g tissue. When CBF
values were corrected and normalized for a PaC02 of
34 mmHg, using 3% change per mmHg PaC02, the
CBF equaled 46.37 + 9.63 mL/min/100 g tissue in
the swelling group and 47.74 + 11.35 mL/min/100 g
tissue in the non-swelling group. These values were
not statistically significant from the non-normalized
CBF.
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Water content, ICP, and CT classification in focal TBI

The methods for analysis in patients with focal
injury were different than those of diffuse injury. First,
we selected only patients for analysis which had a well-
defined unilateral non-evacuated contusion, which are
considered to be type VI in the Marshall classification.
Second, we evaluated water content, ADC, and CBF
in specific regions of interest, which included: contu-
sion core, perilesional area, a region distant from the
contusion on the ipsilateral side, and finally, a symmet-
rical site contralateral to the lesion. Of the initial
cohort, 20 patients were selected that fit the inclusion
criteria.

The water content of the contused site averaged
81.81% + 2.36, well above the brain water content of
the symmetrical site of the contralateral hemisphere
(75.83 + 1.44%) (p < 0.0001). As water content in-
creased, ICP increased in an exponential fashion. Sim-
ilar to diffuse injury, the ICP increase was substantially
above a level of 77.0% water. ICP at this level was
22 mmHg and corresponded to a 4.3% swelling.

ADC in head-injured patients with focal injury

The ADC in the core of the contusion and ring of
hyperdensity surrounding the contusion was high and
averaged 1.25 £ 0.37. This value is well above normal
and was consistent among all of the contusions studied
indicating a predominantly vasogenic edema. Beyond
the core in the perilesional area, the ADC was below
normal and averaged 0.72 + 0.14 SD. The value was
highly significant compared to the contused site and
also to normal brain tissue (p < 0.001), signifying a
predominantly cellular edema. The ADC of the perile-
sional area was also low compared to the symmetrical
site in the contralateral hemisphere (p = 0.01). Distant
from the contusion in the ipsilateral hemisphere,
the ADC was approximately equal to the ADC ob-
served in the non-contused hemisphere and averaged
0.84 + 0.08. With the exception of the site of contu-
sion, the ADC of the perilesional brain tissue was re-
duced. The ADC from tissue distant to the lesion and
in the contralateral hemisphere was also reduced or
near normal.

CBF in focal injury

The CBF of the non-injured hemisphere of the focal
injury cohort averaged 45.86 + 9.43, which is in the
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normal range for comatose patients. In contrast, the
CBF in the perilesional area was low, averaging
34.01 + 8.52. This reduction in CBF adjacent to the le-
sion compared to the non-injured hemisphere was sta-
tistically significant (p < 0.001). A similar reduction
was seen when these CBF values were corrected and
normalized to a PaC02 of 34 mmHg, assuming a simi-
lar 3% change in CBF per mmHg PaC02 as was used
in the diffuse injury group. In both cases, CBF was
above ischemic threshold levels supporting the notion
that the edema distant from the contusion core is cellu-
lar in nature.

Discussion

This report provides supportive evidence that trau-
matic brain edema is predominantly a cellular phe-
nomenon in both focal and diffuse injury. Further, it
indicates that at time of study, when CBF measure-
ments were made in conjunction with MRI studies,
the blood flow was well above ischemic thresholds
thereby obviating an ischemic-induced cellular compo-
nent to the edematous process. The areas of edema
were signified by zones of increased water content,
measured by our MRI technique and, as might be ex-
pected, the highest levels of edema were measured in
those patients with raised ICP. The ICP relationship
to percentage water in patients with focal injury was
exponential, illustrating a significantly reduced level
of reserve in the contused hemisphere. Taken in con-
cert, these results suggest that alternative therapies tar-
geted to reduce the cellular edema component of swell-
ing in both diffuse and focal injury must be considered.

For the past several decades, it has been generally
accepted that the swelling process accompanying trau-
matic brain injury is mainly due to vascular engorge-
ment, and it is the increase in blood volume that is
mainly responsible for increase in brain bulk and sub-
sequent rise in ICP. Edema was thought to play a mi-
nor role, particularly in a contusion where the blood-
brain barrier (BBB) was thought to be transiently com-
promised. This controversy was resolved by studies in
head-injured patients in whom both tissue water and
cerebral blood volume were measured [§8]. In both dif-
fuse and focal injury, it was found that edema and not
vascular engorgement was responsible for brain swell-
ing and that blood volume was actually reduced fol-
lowing severe TBI. The problem remained as to what
type of edema was involved.

Experimental studies to characterize the type of
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edema in the laboratory have used DWI to identify
the extent of the cellular edema present in an impact
acceleration model of diffuse injury. These studies
showed that the rise in ICP following experimental
TBI and concomitant reduction in ADC following in-
jury was caused by a predominantly cellular edema.
When coupled with a secondary insult, ischemia was
also considered an important factor contributing to
cellular swelling. Similarly, studies of focal injury us-
ing the cortical contusion model coupled with DWTI in-
dicated that the type of edema in the injured area, with
or without superimposed hypotension secondary in-
sult, was predominantly cellular [10]. However, it
would seem reasonable that the formation of vaso-
genic and cellular edema would also be time depen-
dent. Barzo et al. [1] studied the type of edema that
forms during both the acute and chronic stage of dif-
fuse impact acceleration injury using DWI and water
content measures. The authors found a significant in-
crease in the ADC during the first 60 minutes post-
injury, which was consistent with development of a
vasogenic edema secondary to BBB compromise. This
transient increase in ADC was followed by a continual
decrease in ADC that began 40 to 60 minutes post-
injury and continued for up to 7 days post-injury. The
study by Barzo et al. [2] illustrated that a vasogenic
component of edema can develop soon after injury,
but as the BBB closes, the cellular edema predomi-
nates. These studies implied an early closure to the
BBB following traumatic brain injury. Changes in bar-
rier opening were measured in a subsequent experi-
mental study by the same group, using MRI monitor-
ing with contrast agent. The authors found that closed
head injury was associated with a rapid and transient
BBB opening that lasted only 30 minutes. Secondary
insult tended to prolong the duration of the barrier
opening. Thus, the increase in barrier permeability in
diffuse injury was short-lived despite the continued de-
velopment of brain swelling, further supporting a pre-
dominantly cellular edema. Taken in concert, the ex-
perimental findings provide compelling evidence that
the BBB opening is brief and the subsequent swelling
of the brain is due to an increase in cellular water.

Human studies of DWI

The information regarding ADC changes in severely
brain-injured patients is scant. Liu studied 9 patients
ranging from 26 to 78 years of age with head trauma
[7]. No data was available about the severity of injury.
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Despite the small number of patients in their study, the
authors found decreased ADC in patients with diffuse
axonal injury in the acute setting. In some cases, the
reduced ADC persisted into the sub-acute period, be-
yond that described for cytotoxic edema. This could
not be confirmed because water measurements were
not made. The ADC values ranged from a low of
0.334 at 9 days post-injury to 0.551. A more extensive
study of DWI in head-injured patients was conducted
by Kawamata et al [5]. These authors studied 20
patients within 24 to 48 hours post-trauma. They ex-
pressed an ADC ratio of contusion site to normal
brain. Using this ratio, the ADC value increased in
the central area from 1.13 + 0.13 and decreased in the
peripheral area to 0.83 + 0.81. The authors concluded
that a combination of events facilitates edema accu-
mulation in the tissue and contributes, together with
the cellular edema in the peripheral area, to the mass
effect of contusion edema. Nakahara et al. [9] studied
4 severely brain-injured patients and compared the
ADC values with 4 reference subjects. They found
that ADC values in the more severely injured patients
were lower compared to the remaining patients.

In summary, investigations of severely brain-injured
patients by others are consistent with the findings of
our study, namely that ADC is reduced following se-
vere TBI.

ADC and brain edema

As mentioned earlier, most studies attempt to relate
the increased T2 relaxation to increased edema. In our
study, where water was quantified in absolute terms,
the regions of ADC change from normal values of
0.82 + 0.05 correlated with water increase. For exam-
ple, in patients with diffuse injury in the non-swelling
group, the ADC values were close to normal
(0.89 + 0.08). However, in patients with significant
brain swelling, ADC values were reduced to
0.74 £+ 0.05, a reduction that was highly significant
(p < 0.0001), and consistent with cellular edema. It
must be emphasized that the measured ADC combines
contributions from both vasogenic and cellular influ-
ences with the diffusion of water through the tissue.
For example, if the vasogenic and cytotoxic influence
were equal, the ADC would show no change from nor-
mal. That is the reason why we state that cellular
edema is the predominant form of edema that is pres-
ent.

In summary, the ADC, brain water, and CT classifi-
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cations were consistent and changed in the expected di-
rection. In CT classification type II where swelling was
minimal, the ADC change was also minimal. How-
ever, in type III and IV with increased swelling and
increased water content, the ADC was markedly
reduced.

Changes in CBF and ADC

As mentioned earlier, CBF was measured at the
same time that DWI was performed. The primary mo-
tivating factor was to eliminate frank ischemic damage
as one possibility affecting the change in ADC. We
found that CBF was reduced in patients with brain
swelling and reduced ADC, but this reduction did not
reach significance. All values were above ischemic
thresholds.

Water content, ICP, and CT classification in focal TBI

The type of edema that surrounds a contusion is of
great interest because it is the expanding lesion that
leads to brain shift, elevated ICP, and eventually ische-
mia. According to the results of our study, we can sub-
divide the contusional area into 3 zones: the lesion
core, the perilesional area, and the surrounding tissue.
Our results show that water and the ADC in the lesion
core were elevated, consistent with a zone of necrotic
tissue coupled with a mixture of blood and water. In-
terestingly, in the perilesional area the ADC was
reduced, as well as the ADC in tissue distant from the
lesion. As water content increased in the contused
hemisphere, ICP increased exponentially, similar to
the shape of an ICP/volume curve. This suggests that
small increases in water content, when reserve is ex-
hausted, will result in dramatic increases in ICP.

The CBF changes followed a distinct pattern. In the
center of the lesion, CBF was reduced below ischemic
levels. In the perilesional area, CBF was higher in the
vicinity of 35 mL/min/100 g tissue. The CBF in the
perilesional area, although above ischemic threshold,
was associated with reduced ADC indicating that the
edema that formed around the contusion was predom-
inantly cellular. The highest CBF was found, as ex-
pected, in the contralateral hemisphere and was near
expected levels for the head-injured patient.

It has always been thought that changes in CT den-
sity surrounding a contusion were representative of a
vasogenic edema exuding from the lesion site and mi-
grating through the tissue. Although a vasogenic com-
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ponent cannot be excluded, our results provide com-
pelling evidence that cellular edema predominates in
both diffuse and focal injury.

Conclusion

The brain swelling seen in severely brain-injured pa-
tients is predominantly cellular as signaled by a reduc-
tion in ADC in regions of high tissue water. The cellu-
lar form of edema dominates in both focal and diffuse
injury. The CBF seen in these regions is above ische-
mic levels, indicating that other mechanisms resulting
in a tissue energy crisis must be involved.
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CT prediction of contusion evolution after closed head injury:

the role of pericontusional edema

A. Beaumont and T. Gennarelli

Department of Neurosurgery, Medical College of Wisconsin, Milwaukee, WI, USA

Summary

Background. Cerebral contusions have a 51% incidence of evolu-
tion in the first hours after injury. Evolution is associated with clini-
cal deterioration and is the reason for ICP monitoring or surgical
intervention. We sought to define CT features that predict cerebral
contusion evolution.

Methods. Patients treated for cerebral contusion who had 2 CT
scans within 24 hours after injury were evaluated (n = 21). CT scans
were analyzed for area of contusion, hemorrhagic components, and
edema. Increase (%) in contusion size was recorded. Contusion evo-
lution was defined as >5% size increase. Ratios of hemorrhagic com-
ponents to surrounding edema were calculated.

Results. Ten patients (47.6%) showed contusion evolution and 11
(52.4%) did not. Age, sex ratio, or injury severity between the 2
groups did not differ. Eight of 10 patients with evolving contusions
had minimal or no perilesional edema on first CT; only 2 of 11 non-
evolution patients had perilesional edema (p < 0.005). Mean ratio of
area of surrounding edema to area of hemorrhagic products on first
CT was 0.770 in evolution group versus 2.22 in non-evolution group
(p =0.055).

Conclusions. A higher proportion of patients without contusion
evolution had perilesional edema present on first CT scan. The ab-
sence of pericontusional edema on early CT may be a useful marker
to predict contusion evolution.

Keywords: Traumatic brain injury; contusion; computed tomogra-
phy; brain edema.

Introduction

It is well recognized that cerebral contusions associ-
ated with traumatic brain injury (TBI) can increase in
size after an initial computed tomography (CT) scan
has been obtained [4]. This contusion evolution can
be associated with clinical deterioration of the patient,
including obtundation, loss of airway protection, ele-
vated intracranial pressure (ICP), and herniation. Fre-
quently contusions will be serially imaged until they
are seen to be stable in size, or an ICP monitor will
be placed to warn of worsening ICP problems. The

pathological reasons why some contusions expand
and some remain stable is not clear, and currently no
formal criteria have been defined that can help predict
the behavior of any particular contusion. Any clinical
modality used to help make such determinations must
be readily obtainable in the setting of acute injury. This
study aims to define CT scan parameters that might
help predict contusion expansion after TBI.

Materials and methods

Patients with TBI admitted to Froedtert Memorial Lutheran
Hospital between March and December 2004 were retrospectively
analyzed. Patients were selected according to the following criteria:
presence of 1 or more contusions on CT scan, 2 CT scans performed
within the first 24 hours after admission, and the presence of at least
1 reactive pupil. Clinical data regarding injury mechanism, patient
demographics, and neurological function were collected. CT scan
data was obtained and analyzed using ImageJ (National Institutes
of Health, Bethesda, MD) and Analyze (Mayo Clinic, Rochester,
MN) software. Contusion size changes, pixel intensity profiles, pixel
intensity histograms, pixel mean and standard deviation, size of
pericontusional edema, ratio of edema to contusion, and fractal
signature [2] were calculated and recorded from regions of interest.
All segmentation for contusion definition was performed manually.
Statistical analysis included Chi square distribution and #-tests ac-
cording to data type. Statistical significance was defined as p < 0.05.

Results

Twenty-one patients fulfilled the entry criteria: 10
with contusion expansion and 11 with stable contusion
size. Contusion expansion was defined as a greater
than 5% increase in size of hemorrhage between the
study CT scans. The age range of the patients was 19
to 75 years. Injury mechanisms included fall, motor ve-
hicle accident, and assault. The median age of the ex-
panding contusion group (EC) was 41.5 years (range:
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Table 1. Comparison between imaging parameters in expanding and
stable contusions.

Expanding Stable
contusion contusion
(n = 10) (n=11)
Ratio of Edema: No Edema 8:2 2 9Hk*
Increase in Contusion Size (%) 439 0.39%*
Mean Signal Intensity (+SD) 142.1 + 16.9 125.1 + 7.8**
(units)
Mean Signal Intensity SD 20.9 +10.4 222+ 6.0
(£SD) (units)
Edema: Contusion Size Ratio 0.77 + 1.79 2224215
Fractal Signature 2.44 4+ 0.18 2.29 + 0.10*
Bimodal: Unimodal Ratio 1:9 11:0

Ratio of Edema:No Edema is the number of cases in each group
with defined perilesional edema on CT scan compared with the num-
ber of cases without edema.

Mean Signal Intensity is the mean pixel value in the region of interest
(ROI).

Mean Signal Intensity SD, is the mean standard deviation of the
pixel values for the ROI, a marker of heterogeneity in the ROL.
Fractal signature is a dimensionless number reflecting the complexity
of data in the ROI.

Bimodal: Unimodal Ratio is the number cases in each group where
the signal intensity/frequency histogram is bimodal/skewed or uni-
modal, as described in Fig. 1. *** p <0.005, ** p<0.01,
* p<0.05.

21 to 75). The median age of the stable contusion
group (SC) was 35 years (range 19 to 72). The male to
female ratio was 7:3 and 9:2 in EC and SC, respec-
tively. The median score on the Glasgow Coma Scale
at admission was 5 (range 4 to 15) with no difference
between the groups. The mean time interval between
the first 2 CT scans was 10.4 hours in EC and 15.0
hours in SC. The EC group consisted of 6 frontal, 2
temporal, and 2 parietal contusions. The SC group
consisted of 9 frontal, 1 temporal, and 1 parietal con-
tusion. Overall there was no difference in the age distri-
bution, contusion location, clinical state of the patient,
or time interval between the CT scans between the 2
groups.

Table 1 shows the proportions of EC and SC that
had an identifiable rim of pericontusional edema. EC
clearly had a much higher proportion of contusions
with no perilesional edema compared with SC where
most contusions had a rim of surrounding edema
(p < 0.005). Table 1 also shows other imaging charac-
teristics between the 2 groups. The mean signal inten-
sity was higher in the EC group (p < 0.01), consistent
with the presence of hypointense edema signal in
the SC group. The percentage contribution of edema
signal to lesion size was higher in the SC group

(p < 0.01), and the ratio of the size of contusion to
edema was higher in this same group. Fractal signa-
ture, a measure of image texture or variability, was
lower in SC (p < 0.05), consistent with higher variabil-
ity in pixel intensity.

Analysis of histogram plots for each of the con-
tusions demonstrated apparent differences (Fig. 1).
In the SC group, where perilesional edema was seen
more commonly, the histogram profiles were bimodal
or unimodal with skew (100%). This observation is
consistent with 2 overlapping populations of pixels. In
the EC group, histogram profiles were more clearly un-
imodal (90%), consistent with a single population of
pixel intensities, i.e., no surrounding edema.

Discussion

Prior studies have demonstrated a 23% to 51% rate
of progression of hemorrhagic contusion after closed
head injury [3-5]. Clinical and demographic factors
that have been shown to independently correlate with
risk of lesion expansion include injury severity, sex,
age, and coagulopathy. No clear risk factors have
been previously identified beyond injury severity that
can predict lesion expansion.

In this study, CT scan features were identified that
correlated with the risk of contusion expansion after
TBI. Specifically, the presence of a rim of perilesional
edema is associated with a lower risk of contusion
expansion. The lack of surrounding edema is also re-
flected in a lower mean signal intensity and morpho-
logical differences in the signal intensity/frequency his-
tograms.

Fractal signature is a dimensionless parameter ap-
plied in image processing and calculated by a process
of dilation and erosion. Variation in the image fractal
dimension with resolution is then tested. Fractal signa-
ture measures the deviation of the sample image from
a fractal surface. Increases in the fractal signature are
associated with reductions in image variability. Prior
studies have demonstrated alterations in fractal signa-
ture with osteoarthritis of the knee [2]. In this study,
the stable contusion group had a significantly lower
fractal signature, implying less homogeneity. Care
should be taken not to apply too much weight to
measures of complexity in this setting with a relatively
small study group. However, differences in objective
image parameters between EC and SC are apparent,
and these may prove useful in further study.

The pathological processes and time course of con-
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Fig. 1. Signal intensity/frequency histograms from selected contu-
sions. (a) Histogram from a non-EC, showing bimodal distribution
with peaks corresponding to contused tissue and surrounding edema.
(b) Histogram from a non-EC showing skew, consistent with 2 over-
lapping populations of pixels corresponding to contused tissue and
surrounding edema. (c¢) Histogram from initial CT scan of EC, show-
ing a more clearly unimodal distribution, consistent with a single
population of pixel density from contused tissue

tusions is not completely understood at present. It is
certainly known that as a contusion matures it is asso-
ciated with the development of a rim of pericontu-
sional edema that gradually increases as hemorrhagic
tissue undergoes necrosis. This process often takes
days to weeks. However, this study suggests that the
presence of pericontusional edema early after injury is
associated with a lower risk of contusion expansion.
As such, the edema is most likely a marker of lesion
maturity that represents a state where the pathological
process does not favor lesion expansion.

The lack of pericontusional edema on an early CT
scan may be a useful indicator of a relatively high risk
of contusion expansion, and may therefore be useful in
guiding the early management of contusional injury,
including decisions regarding repeat CT scanning,
intensity and frequency of neurological observation,
and the need for ICP monitoring. This may be particu-
larly important given recent recommendations to ra-
tionalize the use of routine repeat CT scanning after
closed head injury [1]. More extensive study is required
to better determine the predictive values of some of the
radiological features outlined in our study.
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Summary

The purpose of this study was to evaluate the utility of a novel or-
gan dysfunction assessment score developed for patients with severe
traumatic brain injury during therapeutic brain hypothermia.

The Brain Hypothermia Organ Dysfunction Assessment
(BHODA) score is calculated through the combined assessment of
6 indices: central nervous system (CNS) function, respiratory func-
tion, cardiovascular function, hepatosplanchnic circulation, coagu-
lation, and metabolism. The CNS, hepatosplanchnic circulation,
and metabolic indices were based on measurements of cerebral per-
fusion pressure, gastric tonometry, and blood glucose, respectively.
Thirty-nine patients with severe closed head injuries (scores of 3 to 8
on the Glasgow Coma Scale) were enrolled. Seven patients (18%)
died during hospitalization. Outcome was favorable in 20 patients
and unfavorable in 19. The BHODA score proved useful in describ-
ing sequences of complications during therapeutic brain hypother-
mia. A total maximum BHODA score of more than 13 points corre-
sponded to a mortality of 70%. In a multivariate model, the total
maximum BHODA score was independently associated with neuro-
logical outcome (odds ratio for unfavorable neurological outcome,
2.590; 95% confidence interval, 1.260, 5.327). In conclusion, the
BHODA score can help assess multiple organ dysfunction/failure
during therapeutic hypothermia and may be useful for predicting
outcome.

Keywords: Traumatic brain injury; hypothermia; organ dysfunc-
tion syndrome; subdural hematoma.

Introduction

Growing evidence suggests that therapeutic brain
hypothermia (THT) confers neuroprotective effects
in subgroups of patients with neurological damage.
Yet THT remains controversial as a strategy for severe
traumatic brain injury (TBI), in part because of its
many side effects during the cooling phase. The sys-
temic organ function of TBI patients and the patho-
physiological response to hypothermia are important
to recognize and evaluate. The Sequential Organ Fail-

ure Assessment (SOFA) score is useful for assessing
organ dysfunction and failure over time, as well as
predicting outcome in critically ill patients. When TBI
patients undergo THT, however, the SOFA score has
only limited usefulness in evaluating cardiovascular
response and central nervous system (CNS) due to se-
dation. As an alternative, we developed a novel organ
dysfunction assessment score suitable for TBI patients
undergoing THT. The purpose of this study was to
evaluate the utility of this score.

Material and methods

Severe TBI patients with a Glasgow Coma Score (GCS) < 8 on
admission and suffering from acute subdural hematoma with cere-
bral contusion were enrolled in our study between January 1996
and December 2000. All patients underwent THT immediately after
surgery, as previous described [6, 7]. The target brain temperature
was 33 to 34°C maintained for 48 to 72 hours. Basic treatment
included sedation with midazolam (1-3 pg/kg/min), analgesic with
buprenorphine (1-2 pg/kg/min), and muscle relaxant. PaCO2 con-
centrations were maintained at 35 to 40 mmHg and PaO2 levels
were maintained above 100 mmHg. A ventricular pressure monitor-
ing probe (Camino, Integra Neurosciences, Plainsboro, NJ) was in-
serted to measure ICP and ventricular temperature in each patient.
Mean arterial pressure was kept above 90 mmHg and the ICP was
kept below 20 mmHg. No patient underwent combined barbiturate
coma therapy or active hyperventilation. Insulin generally was not
administered in patients with glucose levels of less than 200 mg/dl.
After THT, the patients were gradually rewarmed at a rate of 1°C
per day.

The BHODA score (Table 1) was calculated on admission and
once for every 24-hour period until discharge. The worst value for
each parameter was used to calculate the score for each 24-hour pe-
riod. The total maximum BHODA score was calculated by summing
the worst scores for each of the components. Neurological outcome
was assessed at hospital discharge by the Glasgow Outcome Scale,
and was dichotomized into favorable outcome (good recovery or
mild disability) or unfavorable outcome (severe disability, vegetative
state, or death).
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Table 1. Brain Hypothermia Organ Dysfunction Assessment
(BHODA) score

A. Utagawa et al.

Table 2. Hospital mortality and neurological outcome by quartile of
the total maximum BHODA score

Variables BHODA score
0 1 2 3 4

CNS
— CPP (mmHg) >70 <70 <65 <60 <55
Respiratory
— PaO2/FiO2 (mmHg) >400 <400 <300 <200 <100
Cardiovascular
- PAR 7-10  10.1-15.0 <20 <30 30<

or <7
Hepatosplanchnic
— CO2 gap (mmHg) <10 <I5 <20 <25 25«
Coagulation
— Platelet (x103/mm?3) >150 <150 <100 <50 <20
Metabolism
— Blood glucose (g/dl) <170 170< 200< 230< 260<

CNS Central nervous system; CPP cerebral perfusion pressure; PAR
pressure-adjusted heart rate defined as the product of the heart rate
multiplied by the ratio of the right atrial (central venous) pressure to
the mean arterial pressure. CO2 gap was defined as the difference
between gastric mucosal PCO2 and arterial PCO2.

Analyses of continuous, normally-distributed variables within and
between groups were undertaken using the appropriate Student 7-
test. Non-normally distributed continuous variables were analyzed
using the Mann-Whitney U-test. Categorical variables were ana-
lyzed using Fisher exact test. A p value of <0.05 was considered sig-
nificant. The results are presented as mean + SD, except where
otherwise indicated.

Results

Overall outcome

This study investigated a population of 39 patients
with a mean age of 50.4 + 15.4 years (range: 18 to 72
years). The post-resuscitation GCS of non-survivors
(GCS 4) was significantly lower than that of survivors
(GCS 6) (p = 0.0009). Seven patients (18%) died dur-
ing hospitalization.

Organ dysfunction|failure during THT

The BHODA scores were analyzed at 4 time points
for each index to identify significant differences: at the
beginning of cooling, during the cooling phase, during
the rewarming phase, and at the end point of THT.
Scores for the respiratory system, hepatosplanchnic
circulation, coagulation system, and metabolic system
were significantly higher in non-survivors at all points.
The score for the CNS was also significantly higher in

Total maximum 0-6 7-8 9-12 13-24
BHODA score

Survivors, n (%) 6 (100) 14 (100) 9 (100) 3(30)
Nonsurvivors, n (%) 0(0) 0(0) 0(0) 7 (70)
Favorable, n (%) 3 (50) 14 (100) 3(33) 0(0)
Unfavorable, n (%) 3(50) 0(0) 6(67) 10 (100)

p < 0.0001 for the difference between survivors and non-survivors;
p = 0.0002 for the difference between patients with favorable and
unfavorable outcome.

non-survivors, but only at 3 time points (cooling phase,
rewarming phase, and end point of THT).

Hospital mortality and neurological outcome

Hospital mortality and neurological outcome by
quartile of the total maximum BHODA score are
shown in Table 2. The quartile of patients with the
highest score had a hospital mortality of 70%, while
the quartile of patients with the lowest scores had a
hospital mortality of 0%. All of the patients in the
quartile with the highest total maximum BHODA
score had an unfavorable outcome. A multivariate
model was created to assess the independent associa-
tion of multiple organ dysfunction/failure and neuro-
logical outcome. After controlling for age, post-
resuscitation GCS, and the BHODA score at the
cooling phase, the neurological outcome was inde-
pendently associated with the degree of multiple organ
dysfunction/failure (odds ratio for unfavorable neuro-
logical outcome, 2.590; 95% C.I., 1.260, 5.327 for
maximum BHODA score).

Discussion

Non-neurological organ dysfunction is common in
patients with severe TBI and is independently associ-
ated with worse outcome. Respiratory and/or cardio-
vascular failure are more frequent in severe TBI
than failures in other organs. Zygun [17] suggested
that the potential mechanisms of organ dysfunction in
severe TBI may be divided into neurogenic causes and
complications from therapies. The primary etiological
theory singles out catecholamine release as the neuro-
genic cause of myocardial dysfunction and pulmonary
edema. According to a report by Dujardin et al. [2],
41% of TBI patients showed echocardiographic evi-
dence of myocardial dysfunction after brain death.
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Pulmonary edema fluid analysis indicated that both
hydrostatic edema and permeability edema might be
present in patients with neurogenic pulmonary edema
[11]. Pulmonary constriction due to catecholamine
surge increases capillary pressure and hydrostatic
edema, thereby disrupting the basement membrane
and ultimately producing permeability edema.

Barbiturate coma therapy is one of the main ICP-
oriented therapies. The use of barbiturates has been as-
sociated with an increased incidence of pneumonia.
Thiopental inhibits tumor necrosis factor and alpha-
induced activation of nuclear factor kappaB by sup-
pressing kappaB kinase activity [8]. It should be noted
that cerebral perfusion pressure (CPP)-oriented thera-
pies administered to optimize cerebral blood flow may
be linked with an increased occurrence of respiratory
failure. Robertson et al. [10] reported a five-fold in-
crease in the occurrence of acute respiratory distress
syndrome in a group managed with a higher CPP
protocol (70 mmHg vs. 50 mmHg). The updated CPP
guidelines from the Brain Trauma Foundation and
the American Association of Neurological Surgeons
recommend the following: “CPP should be main-
tained at a minimum of 60 mmHg. In the absence of
cerebral ischemia, aggressive attempts to maintain
CPP above 70 mmHg with fluids and pressors should
be avoided because of the risk of acute respiratory dis-
tress syndrome.”

The following concepts prompted the development
of the SOFA score and formed its basis: 1) Organ
dysfunction/failure is a process rather than an event.
As such, it should be seen as a continuum rather than
a condition which is simply “present” or “absent”; 2)
The evaluation of organ dysfunction/failure should
be based on a limited number of simple yet objective
variables which can be easily and routinely measured
in every institution [16]. The SOFA score can help
quantify the degree of organ dysfunction/failure and
is useful to predict outcome in critically ill patients [3].
The score has only limited usefulness in evaluating sys-
temic organ dysfunction during THT, however. When
severe TBI patients undergo THT, the concomitant
treatment with sedatives, analgesics, muscle relaxants,
and other medications generally makes it impossible
to evaluate CNS function by the SOFA score. As an
alternative, we created a novel organ dysfunction as-
sessment score specialized in THT.

The BHODA score is a set of indices covering 6
physiological functions: CNS function, respiratory
function, cardiovascular function, hepatosplanchnic

circulation, coagulation, and metabolism. The CNS
function, hepatosplanchnic circulation, and metabolic
indices are based on measurements of CPP, gastric
tonometry, and blood glucose, respectively. The in-
ability of patients to respond to stimulation under
THT makes the GCS inappropriate as an index of
CNS function. Accordingly, the BHODA score uses
CPP as the CNS index. Hypothermia is initially as-
sociated with sinus tachycardia and the subsequent
development of bradycardia. The index of cardiovas-
cular function in the BHODA score is based on the
pressure-adjusted heart rate (PAR), defined as the
product of the heart rate multiplied by the ratio of
the right atrial (central venous) pressure to the mean
arterial pressure. Hypothermia may decrease periph-
eral blood flow because of vasoconstriction, thereby
decreasing the transfer of heat from the core to the
periphery. In this case, it is difficult to maintain the
target temperature by a water blanket. Dobutamine,
an agent proven effective in controlling body tempera-
ture without inducing hypotension, can be used to in-
crease the peripheral blood flow and improve heat
conduction when administered concomitantly with
fluid replacement therapy. For these reasons, PAR
was selected as the index of cardiovascular function.
PAR is also used as an index of cardiovascular func-
tion in the Multiple Organ Dysfunction (MOD) score
[9]. Application of PAR in the BHODA score differs
slightly, however, as 1 point is added when the PAR
is calculated at less than 7 points.

Kinoshita et al. [6] showed that patients run the risk
of impairing hemodynamics during THT. Systemic
vasoconstriction under hypothermia may obscure the
hypovolemic condition and hypoperfusion. At the
point of oxygen metabolism, “masked hypoperfusion”
can increase oxygen debt. Lactate concentration usu-
ally increases under hypothermia due to the fat and
glucose metabolic alteration. This makes it difficult to
estimate the oxygen debt by monitoring the lactate
concentration alone. The pulmonary artery catheter is
invasive and carries a risk of complications and higher
cost. Gastric tonometry is a novel method used for
indirect evaluation of regional blood flow within the
splanchnic vascular bed. The measurement of the
PCO2 gap (the difference between gastric mucosal
PCO2 and arterial PCO2) may make it possible to ac-
curately evaluate oxygen demand/supply status at the
level of microcirculation [4]. Tonometric measurement
by the air-gas method is likely to be reliable at around
34°C [1]. The BHODA score also incorporates the
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hepatosplanchnic circulation calculated by PCO2 gap,
as the tissue oxygen debt has been established as a
common pathophysiological process leading to multi-
ple organ failure. Venkatesh et al. [15] suggested
that TBI patients developed splanchnic ischemia. A
prospective randomized study by Van den Berghe
et al. [13] recently identified a reduced mortality in
critically ill patients under aggressive control of blood
glucose levels (target < 110 mg/dl). Van den Berghe’s
group also reported that intensive insulin therapy re-
duces mean and maximal ICP in patients with isolated
brain injury [14]. Kinoshita et al. [5] found that post-
traumatic hyperglycemia in acute phase aggravates
histopathological outcome and increases the accumu-
lation of polymorphonuclear leukocytes. Patients with
unfavorable outcome in our study had higher blood
glucose concentrations than the patients with favor-
able outcome. Hypothermia decreases insulin sensi-
tivity and insulin secretion, thereby facilitating the
development of hyperglycemia. Hypothermia may
modulate the physiological role of insulin in the regu-
lation of target cell metabolism [12]. It remains un-
known whether THT combined with intensive insulin
therapy actually improves neurological outcome.

We developed the BHODA score by closely moni-
toring clinical experience in the management of com-
plications during THT, and evaluated its utility in a
small population of patients. The total maximum
BHODA score in this multivariable logistic regression
model may contribute to the prediction of hospital
mortality, assuming that all other factors are held con-
stant. Further clinical prospective studies will be re-
quired to clarify the utility of the BHODA score.

Conclusion

Our study shows that the BHODA score may be
useful for assessing the evolution of organ failure over
time in patients with TBI. The progress of multiple
organ dysfunction/failure in this patient population
was associated with worse outcome independent of
age and post-resuscitation GCS.
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Summary

Objective. To evaluate hemodynamics in patients with severe trau-
matic brain injury (TBI) after cerebral perfusion pressure (CPP)
management using cerebrospinal fluid (CSF) drainage.

Methods. Twenty-six patients with TBI (Glasgow Coma Score = 8
or less) were investigated. Mean arterial blood pressure, CPP, car-
diac index (CI), systemic vascular resistance index (SVRI), and cen-
tral venous pressure were measured. The patients were divided into 2
groups after craniotomy: the intraparenchymal ICP (IP-ICP) moni-
toring group (n = 14) and ventricular ICP (V-ICP) monitoring
group (n = 12). Patient hemodynamics were investigated on the
second hospital day to identify differences. Measurements indicated
a target CPP above 70 mmHg and a central venous pressure of 8—
10 mmHg in both groups. Mannitol administration (IP-ICP group)
or CSF drainage (V-ICP group) was performed whenever the CPP
remained below 70 mmHg.

Results. High SVRI and low CI (p < 0.05) were observed in the
IP-ICP group. The V-ICP group exhibited a reduction in the total
fluid infusion volume of crystalloid (p < 0.01) and a reduction in
the frequency of hypotensive episodes after the mannitol infusion.

Conclusions. CPP management using CSF drainage decreases the
total infusion volume of crystalloid and may reduce the risk of aggra-
vated brain edema after excess fluid resuscitation.

Keywords: Traumatic brain injury; CPP; CSF drainage; fluid
management.

Introduction

The main management goals in patients with trau-
matic brain injury (TBI) are to reduce the intracranial
pressure (ICP), provide an adequate cerebral perfu-
sion pressure (CPP), and stabilize hemodynamics
systemically. Clinical studies have documented the im-
portance of intensive care unit (ICU) management in
maintaining the CPP of traumatically brain-injured
patients [9]. Fluid management is also a critical factor
during intensive care in patients with TBI [5]. A recent
study reported that the early use of diuresis is associ-

ated with significant side effects, including significant
fluid loss and unexpected hypotension [4] during ICU
management. Now that systemic arterial blood pres-
sure can be maintained by neurogenic hypertension, it
has become difficult to identify hypovolemia in the
presence of increased sympathetic tone after brain
injury. Hypovolemia could not be determined if the
frequent use of diuresis led to a depletion in the intra-
vascular volume after TBI. As a consequence, it has
become important to maintain euvolemia in CPP man-
agement as a precondition during ICU care [6]. The
drainage of cerebrospinal fluid (CSF) for ICP manage-
ment has been recommended in patients with TBI in
light of its efficacy in reducing ICP [2]. The changes
in hemodynamics during CPP management by CSF
drainage after TBI are not well understood, however.
This study evaluates the hemodynamics in patients
with TBI during CPP management by CSF drainage.

Materials and methods

Twenty-six patients with TBI (Glasgow Coma Score = § or less)
were investigated in this study. Mean arterial blood pressure
(MAP), CPP (CPP = MAP — ICP), cardiac index (CI), systemic
vascular resistance index (SVRI), and central venous pressure were
measured.

The patients were divided into 2 groups after craniotomy: the in-
traparenchymal ICP monitoring group (CAMINO; REF 110-4BT;
IP-ICP group; n = 14) and the ventricular ICP monitoring group
(CAMINO; REF 110-4BT; V-ICP group; n = 12). The hemo-
dynamics of the patients were investigated on the second hospital
day to identify differences between the groups.

Measurements indicated a target CPP above 70 mmHg and a
central venous pressure of 8—10 mmHg in both groups. Mannitol
(0.25-1.0 g/kg) was administered whenever the CPP remained be-
low 70 mmHg for over 20 minutes in the IP-ICP group. The patients
in the V-ICP group initially underwent CPP management by CSF
drainage, followed by mannitol treatment if CSF drainage failed
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to bring about the desired effects. Crystalloid was administered at a
basic infusion volume of 2000 mL/24 h, with adjustment of the vol-
ume every eighth hour if the water balance (total infusion volume
minus urine volume) for the previous 8-hour period was calculated
to be negative.

Nine cases in the IP-ICP group and 8 cases in the V-ICP group
underwent therapeutic hypothermia immediately after the craniot-
omy. No patient underwent combined barbiturate coma therapy.
Arterial PaCO2 was maintained at about 35 mmHg and never al-
lowed to fall below 30 mmHg.

Statistical analysis

Data were expressed as mean values + SD. The non-paired ¢ test
and Fisher exact test were employed for comparison of 2 groups. Sta-
tistical significance was defined as p < .05.

Results

Age and Glasgow Coma Score on admission

No differences were seen among the IP-ICP or
V-ICP patients in age (IP-ICP; 51.9 + 17.2 vs. V-ICP;
553 +154) or Glasgow Coma Score (IP-ICP;
6.2 + 1.6 vs. V-ICP; 6.1 + 1.6) on admission.

Changes in ICP and CPP

Measurements on the second hospital day indicated
no change between the groups in MAP (IP-ICP
99.0 +£ 11.0 vs. V-ICP 100.9 + 9.1 mmHg) or CPP
(IP-ICP 84.9 + 16.1 vs. V-ICP 86.3 + 8.8 mmHg).

Changes in SVRI and CI (Fig. 1a)

SVRI increased (p < 0.05) in the IP-ICP group
compared to the V-ICP group (IP-ICP 2505.8 +
202.5 vs. V-ICP 1934.4 + 145.8 dyne.s/cm’/m?). A
decrease (p < 0.05) in CI was seen on the second hos-
pital day in the IP- ICP group (3.3 + 0.7 ml/min/m?)
compared to the V-ICP group (4.2 + 0.4 ml/min/m?).

Total infusion volume of crystalloid and mannitol
(Fig. 1b)

The total fluid infusion volume of crystalloid was
lower (p < 0.01) in the V-ICP group (4273.0 +
362.4 mL) than in the IP-ICP group (5036.4 +
403.8 mL). The volume of administered mannitol was
higher (p <0.01) in the IP-ICP group (625.0 +
143.8 mL) than in the V-ICP (83.0 + 103.0 mL)
group. The hypotensive episodes after mannitol infu-
sion tended to decrease in frequency during intensive
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Fig. 1. (a) Changes in SVRI and CI. (b) Total infusion volumes
of crystalloid and mannitol. Open bars: IP-ICP group, Closed bars:
V-ICP group; *p < 0.05. **p < 0.01

care management in the V-ICP group (IP-ICP, 6 epi-
sodes in 5 cases vs. V-ICP, 1 episode in 1 case).

Discussion

Patients who suffer severe brain injury face the risk
of developing secondary brain damage after the injury
due to the low CPP [8, 9] stemming from either intra-
cranial hypertension or arterial hypotension [1, 3, 7].
This study demonstrated that CPP management using
CSF drainage reduced the total intravenous infusion
volume after TBI. Head-injured patients administered
mannitol might have unexpectedly developed a combi-
nation of hypotension and hypovolemia [4]. This study
failed to uncover direct evidence of any relationship
between hypotension and the early use of mannitol as
a diuretic. It did demonstrate, however, that patients
undergoing CPP management without CSF drainage
exhibit high SVRI and low CI that is clinically signifi-
cant. The effective maintenance of systemic arterial
blood pressure now makes it difficult to identify hypo-
volemia in patients with increased systemic vascular
resistance. If the depletion in the intravascular volume
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after craniotomy cannot be determined, the failure to
maintain cardiac stroke volume may accelerate hemo-
dynamic impairment and lead to unexpected hypoten-
sion during intensive care.

Fluid replacement should be conducted based on the
blood pressure, heart rate, urine output, and central
venous pressure, if available, during intensive care
after craniotomy. If hypovolemia is not properly
corrected, the condition will trigger hypotension and
aggravate cerebral ischemia. Controversy has emerged
regarding the potential danger of seriously compro-
mised ICP as an adverse response to the large volumes
of crystalloid fluids required by patients with vaso-
genic edema after TBI.

Small-volume fluid resuscitation is particularly at-
tractive for use in patients with brain injuries. Hemo-
dynamic stability can be achieved with smaller vol-
umes of fluid, and this can theoretically reduce the
risk of brain edema after TBI.

Conclusion

Our study suggests that patients with severe TBI
run the risk of a masked imbalance of hemodynamics
during intensive care. Hypotension may occur due to
inadequate sedation, inadequate analgesia, and exces-
sive use of diuretic agents. CPP management by CSF
drainage may decrease the total infusion volume of
crystalloid and reduce the risk of aggravated brain
edema from excess fluid resuscitation.
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Summary

Introduction. The most common head injury in sports is concus-
sion, and repeated concussions occurring within a short period occa-
sionally can be fatal. Acute subdural hematoma is the most common
severe head injury and can be associated with severe neurologic
disability and death in sports. We investigated severe brain damage
resulting from repetitive head injury in sports, and evaluated the
pathophysiology of sports-related repetitive injury.

Methods. We reviewed the literature containing detailed descrip-
tions of repetitive severe sports-related head injury. In total, 18 cases
were analyzed with regard to age, gender, type of sports, symptoms
before second injury, and pathology of brain CT scans.

Results. The majority of cases involved young males aged 16 to 23
years old, who sustained a second head injury before symptoms from
the first head injury had resolved. Ten of 15 cases did not suffer loss
of consciousness at insult. Eight cases were confirmed on brain CT
scans after the second injury, and all 8 cases revealed brain swelling
associated with a thin subdural hematoma.

Conclusions. Second impact syndrome is thought to occur because
of loss of autoregulation of cerebral blood flow, leading to vascular
engorgement, increased intracranial pressure, and eventual hernia-
tion. Our investigation suggests that the existence of subdural hema-
toma is a major cause of brain swelling following sports-related,
repetitive head injury.

Keywords: Hemispheric swelling; thin subdural hematoma; repeti-
tive head injury; sports.

Introduction

The most common head injury in sports is concus-
sion. Furthermore, repeated concussions occurring
within a short period occasionally lead to a fatal out-
come. Once athletes have suffered a concussion, they
may be 4 to 6 times more likely to suffer a second
head injury than someone who has never had one [7].

Subdural hematoma is the most common cause of
death or severe disability in the sports-related head in-
jury patient [11]. It has been reported that subdural
hematoma can result from repeated minor head trau-

ma [17]. In this study, we focused on the acute phase
of repetitive injuries in an attempt to clarify the patho-
physiology of repetitive severe sports-related head
injury.

Materials and methods

We reviewed the published papers on repetitive severe sports-
related head injury [1, 2, 5, 6, 10, 11, 14, 16]. In total, 18 cases, in-
cluding our own 4 cases, were analyzed with regard to age, gender,
type of sport, symptoms before receiving second injury, and com-
puted tomography (CT) findings, if available.

Results

All 18 cases were male adolescents or young adults
and they returned to play before the symptoms from
their first injury had resolved. At the initial insult, 10
of 15 cases did not lose consciousness. After the second
injury, we could confirm CT findings in 8 cases, and all
8 cases revealed subdural hematoma (Table 1).

Case reports

The first case was a 22-year-old man, who was an
American college football player with an unremark-
able medical history. He received a strong tackle in
the first game. He did not lose consciousness but suf-
fered partial amnesia during the game. The player
stated that he was suffering from a headache and
nausea, but continued to participate in the game. At
14 days after the first game, his headache still persisted.

In the second game, the player received a hard
helmet-to-helmet hit that knocked him to the ground.
He came off the field of play complaining of headache
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Table 1. Summary of repetitive severe sports-related head injury cases (cases with CT scan imaging available after second injury)

Ref. Age/sex Sport Ist injury Ongoing symptoms Delay to 2nd injury 2nd injury Pathology GOS
16 19/M AF LOC- headache 4 days deep coma ASDH D

9 17/M AF LOC- headache 7 days deep coma ASDH D

11 18/M AF LOC- headache 2 hours headache nausea ASDH GR
5 22/M Boxing LOC- headache vertigo 2 months headache vomiting ASDH GR
* 22/M AF LOC- headache 2 weeks collapsed ASDH GR
* 23/M Boxing LOC—- headache 2 weeks collapsed ASDH GR
* 20/M Karate LOC+ headache 4 days headache ASDH GR
* 22/M Skiing LOC+ headache 2 days headache ASDH GR

* = Qur cases.

AF American Football, ASDH acute subdural hematoma, D dead, GOS Glasgow Outcome Scale, GR Good Recovery, LOC+ with loss of

consciousness, LOC— without loss of consciousness, Ref references.

Fig. 1. MRI coronal section showing a subdural hematoma over the
cerebral convexity and interhemispheric (arrows)

and vomiting, and then collapsed. He recovered con-
sciousness immediately, and he was oriented to time,
person, and place. The patient was then examined at
an emergency department. Coronal magnetic reso-
nance imaging revealed a subdural hematoma over
the cerebral convexity and interhemispheric (Fig. 1).

The second case was a 20-year-old man, a beginner
at karate. After his first competition, he suffered head-
ache and dizziness, but did not undergo a medical ex-
amination. After an interval of 4 days, he attempted to
participate in practice. He received a blow to the head
and developed severe headache and vomiting. His ini-
tial CT scan revealed extensive cerebral swelling of the
right hemisphere compared to the contralateral side,
and a thin rim of subdural hematoma in the right
temporal convexity (Fig. 2).

Discussion

Repetitive head injury in sports

Concussions are among the mildest forms of sports-
related head injury. Such sports-related head injuries
are very different from the typical severe traumatic
brain injuries such as those sustained in traffic acci-
dents and falls. Because sports-related brain injury
tends to be repetitive, prevention is feasible. A player
who has received a minor head injury is 4 to 6 times
as likely to sustain a subsequent head injury [7]. Re-
petitive concussive injury induces acute and chronic
damage to the brain. Repeated concussions that occur
within a short period can occasionally lead to a fatal
outcome.

Second impact syndrome

Second impact syndrome is a widely feared compli-
cation of sports-related traumatic brain injury, and
is characterized by rapid cerebral edema following a
second impact prior to recovery from the first. Loss of
consciousness is not always present, but mortality and
morbidity are extremely high. Seventeen cases were re-
ported in the 3 years from 1992 to 1995 [1].

The pathophysiology of second impact syndrome
is thought to involve a loss of autoregulation in the
brain’s blood supply. This leads to vascular engorge-
ment within the cranium which can, in turn, markedly
increase intracranial pressure and eventually result in
herniation [2]. McCrory reviewed and analyzed the
published cases of second impact syndrome, but de-
scribed the term “‘second impact syndrome” as mis-
leading because the etiology and pathology are not
entirely clear [12, 13].
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Fig. 2. CT scan showing a thin rim of acute subdural hematoma (arrow) associated with hemispheric swelling

Based on previous case reports [5, 11] and our cases,
it is conceivable that the pathology of repetitive severe
brain injury could be as follows. At the initial impact,
the insult spreads to the bridging veins, and these veins
become stretched and occasionally torn. The surface of
the cortex then adheres to the dura matter. At the next
impact, a thin rim of subdural hematoma compresses
the bridging veins. The brain becomes swollen due to
venous congestion, and fatal hemorrhage occasionally
occurs. Therefore, concussion injury patients should
receive close medical attention.

Management of concussion in sports

In general, a concussion can be defined as a head
injury involving a traumatic alteration in mental sta-
tus, commonly followed by confusion and amnesia
[9]. It has been suggested that most sports-related con-
cussions do not result in a loss of consciousness [3, 4].
Players often decide to return to play after a head
injury without seeking medical attention. Kawamata
et al. [8] have indicated that a decrease in incidence of
concussion leads to a decrease in fatal injury. Both
players and coaches need to understand the risks of
multiple head injuries and how to apply return-to-
play guidelines in their decision-making. For preven-
tion of further injury, systems have been developed to
determine when an athlete who has suffered a concus-
sion can safely return to competition. Various grading
schemas and guidelines exist [1, 10, 15, 18], and appro-
priate education and training for players and coaches

concerning the care of head injuries are needed in
order to prevent potentially catastrophic events.

Conclusion

The existence of subdural hematoma is one of the
major causes of brain swelling following repetitive
sports-related head injury. Further studies are needed
to clarify the detailed pathophysiology of repetitive se-
vere head injury.
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Summary

A 57-year-old man was admitted to the Emergency and Critical
Care Department with accidental hypothermia (31.5°C) after resus-
citation from cardiopulmonary arrest (CPA). Brain CT revealed an
acute subdural hematoma. Active core rewarming to 33°C was
performed using an intravenous infusion of warm crystalloid. The
patient underwent craniotomy soon after admission, with bladder
temperature maintained at 33 to 34 °C throughout the surgery. Ther-
apeutic hypothermia (34 °C) was continued for 2 days, followed by
gradual rewarming. After rehabilitation, the patient was able to con-
tinue daily life with assistance.

Traumatic brain injury (TBI) following CPA is associated with ex-
tremely unfavorable outcomes. Very few patients with acute sub-
dural hematomas presenting with accidental hypothermia and CPA
have been reported to recover. No suitable strategies have been
clearly established for the rewarming performed following accidental
hypothermia in patients with TBI. Our experience with this patient
suggests that therapeutic hypothermia might improve the outcome
in some patients with severe brain injury. It also appears that the
method used for rewarming might play an important role in the ther-
apy for TBI with accidental hypothermia.

Keywords: Traumatic brain injury; hypothermia; cardiac arrest.

Introduction

The neurological outcomes of traumatic brain in-
jury (TBI) are extremely poor in patients resuscitated
from cardiopulmonary arrest (CPA). In fact, TBI
with hypoxia/hypotension is reported to be one of
the most common causes of secondary brain damage.
Several studies have shown at least a doubling of mor-
tality in brain-injured patients with hypoxia and hy-
potension [9, 11, 14]. In this study we describe a patient
who received intensive treatment and ultimately sur-
vived after presenting with CPA involving accidental
hypothermia in the aftermath of a traumatic brain in-
jury.

The optimal strategy for rewarming from accidental

hypothermia in TBI patients remains unclear. Our pa-
tient with accidental hypothermia (31.5 °C) underwent
active core rewarming from to 33 to 34°C, followed
by therapeutic hypothermia with slow rewarming.
This experience may prove useful when considering
the need for warming and the method by which it is
applied. Specifically, the present case suggests that re-
warming is important in patients with TBI involving
accidental hypothermia and that therapeutic hypo-
thermia has the potential to improve outcome in se-
lected patients with severe TBI.

Case history

A 57-year-old man was discovered in front of a res-
taurant in coma with a gasping respiration pattern. By
the time emergency medical services reached the scene,
the patient’s body temperature had fallen to 31.5°C.
On arrival at our emergency room, bladder tempera-
ture was 31.8°C and no spontaneous respirations
were present. Carotid pulse was absent. Electrocardio-
gram indicated pulseless electrical activity. Active core
rewarming to 33°C was performed using a warming
blanket and intravenous infusion of warm crystalloid.

Cardiopulmonary resuscitation (CPR) had been ad-
ministered with an intravenous injection of epinephr-
ine (adrenaline, 1 mg) and atropine (1 mg). Return
of spontaneous circulation was finally observed 25
minutes after the onset of CPA.

A brain computed tomography (CT) revealed an
acute subdural hematoma with effacement of the basal
cisterns (Fig. 1A). The cause of the brain injury was
unclear, as no witnesses had been present at the scene
and the patient had been comatose at hospital admis-
sion. An emergency craniotomy was performed after
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Fig. 1. Sequential changes in brain CT after admission. (A) Brain CT revealed an acute subdural hematoma on admission. (B) No brain swell-
ing was observed on CT 4 days after admission. (C) Ventricular dilatations were observed at 6 weeks after admission

rapid rewarming to 33°C, with bladder temperature
maintained at 33 to 34 °C during the surgery. No brain
swelling or episodes of intraoperative hypotension
were observed. The pupils measured 3.5 mm after
surgery, but both were unreactive to light. Therapeutic
hypothermia was induced using a water-circulating
blanket to confer brain protection. The patient re-

ceived sedation by intravenous administration of
midazolam (0.1 mg/kg body weight/h initially) and
buprenorphine (0.05 mg/h), with dose adjustments as
needed for the management of mechanical ventilation.
Paralysis was induced by a continuous infusion of
pancuronium (0.05 mg/kg body weight) to prevent
shivering.
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Fig. 2. Sequential changes in mean arterial pressure and bladder temperature during hypothermia. Active core rewarming to 34 °C was done
using a warming blanket and intravenous infusion of warm crystalloid. Therapeutic hypothermia was continued for 3 days with gradual re-
warming of the patient to 37.0°C at a rate of 1 °C/day. No hypotensive episodes were observed after craniotomy

The patient was cooled (34.0 °C) continuously for 2
days and then gradually rewarmed to 37.0 °C at a rate
no faster than 0.1 °C/h and 1.0°C/d (Fig. 2). No evi-
dence of intracranial hypertension was observed on
brain CT 4 days after admission (Fig. 1B).

The patient was able to respond to verbal requests
and eat meals by himself after a rehabilitation pro-
gram, but he remained aphasic for 6 weeks after onset.
He was discharged to a satellite hospital with a rating
of severe disability on the Glasgow Outcome Scale. CT
at the time of discharge showed atrophy of the cerebral
cortex and ventricular dilation (Fig. 1C). The patient
currently lives in a partially-dependent state at the sat-
ellite hospital.

Discussion

The CPA suffered by this patient might have been
wholly or partially attributable to the following con-
ditions: 1) increased intracranial pressure caused by
brain contusion/hematoma, resulting in brainstem
compression, brain herniation, and subsequent respi-
ratory arrest; 2) secondary brain damage caused by
anoxia-hypoxia and hypotension; 3) hypothermia.
Even when return of spontancous circulation is ob-

served after successful CPR in patients with TBI, only
a few patients survive over the long term and those
who do have a poor prognosis for daily life. Isolated
brain injuries with hypotension are associated with in-
creased mortality [8].

The recovery of our patient after hypoxia and severe
hypotension was somewhat surprising. In view of this
outcome, this case suggests that therapeutic strategies
after TBI with accidental hypothermia should be con-
sidered further. Recent clinical trials of therapeutic hy-
pothermia suggest that this treatment can improve
outcomes after resuscitation from CPA due to cardio-
genic origins [1, 2, 13]. Although a clinical study of
TBI failed to identify significant improvements in out-
comes with therapeutic hypothermia [3], the present
report suggests that such treatment might be beneficial
in selected patients with TBI.

Two methods are applied for rewarming from ac-
cidental hypothermia (30 °C to <34 °C) [4]: passive re-
warming and active external rewarming (truncal areas
only). To avoid the risks of dysrhythmia and coagul-
opathy [15] that arise when the core temperature drops
below 33°C, the latter method, active external re-
warming, is generally preferred [4]. Dysrhythmia and
coagulopathy were not observed in the case reported
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here. A comparison between normothermic (37 to
38°C) and hypothermic (32 to 33°C) groups by Clif-
ton et al. revealed no difference in the incidence of
delayed traumatic intracerebral hemorrhage due to
coagulopathy [3, 12]. Standard rewarming rates from
accidental hypothermia range from 1 to 3°C/h for
cardiac arrest patients [5, 6]. Suitable rewarming rates
from accidental hypothermia with TBI remain contro-
versial, however. Each rewarming method has advan-
tages and disadvantages, and no controlled studies
have been performed to compare them in humans.
Clifton et al. [3] reported that brain-injured patients
with hypothermia on admission should not be re-
warmed. They based this advice on a subgroup analy-
sis revealing a significant improvement in the outcome
of brain-injured patients with hypothermia on admis-
sion. They did not, however, provide any data or indi-
cate the methods used for rewarming. The present case
suggests that the method of rewarming might play an
important role in improving outcomes in TBI with
accidental hypothermia. Posttraumatic hypothermia
followed by rapid rewarming offered no beneficial ef-
fects for neuronal outcome [10]. Our group previously
reported [7] that marked changes in alternation of vas-
cular resistance at rewarming and active core rewarm-
ing to normothermia may lead to elevations in cerebral
blood volume and intracranial pressure, which in turn
may adversely affect final outcomes. For these reasons,
we have determined that active core rewarming to nor-
mothermia at a rate of 1 to 3°C/h might worsen the
patient outcome. After active core rewarming to 33 to
34 °C, therapeutic hypothermia with slow rewarming
could be effective for the treatment of patients with se-
vere brain injuries accompanied by accidental hypo-
thermia < 33°C.

Conclusion

We report the case of a patient with severe brain in-
jury who survived CPA with accidental hypothermia.
Although the neurological outcome was poor, the sur-
vival of our patient suggests that therapeutic hypother-
mia might have the potential to improve survival and
functional outcome in TBI patients with accidental hy-
pothermia who experience hypoxia and hypotension.
This case may provide information useful for planning
rewarming treatment in TBI patients with accidental
hypothermia.
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Summary

Objectives. To investigate the clinical characteristics of contra-
lateral intracranial hematoma (ICH) after traumatic brain injury.
Methods. The subjects included 149 patients with traumatic ICH
treated by hematoma evacuation. The patients were retrospectively
divided into a bilateral ICH (B-ICH) group and unilateral ICH (U-
ICH) group after craniotomy using brain CT scans for comparison
of the following parameters: complicated expanded brain bulk from
the cranial window, hypotension during craniotomy, and outcome.
Results. Post-craniotomy brain CT scans revealed U-ICH in 106
patients and B-ICH in 43 patients. Average Glasgow Coma Scale
on arrival did not differ between the groups, but a higher proportion
of patients in the B-ICH group deteriorated after admission
(p = 0.02). The B-ICH patients also exhibited a significantly higher
rate of expanded brain bulk from the cranial window (p < 0.05). No
significant difference was observed between the groups with hypoten-
sion during craniotomy. The B-ICH group exhibited a lower rate of
favorable outcome (p < 0.05) and higher mortality (p < 0.05).
Conclusion. The B-ICH patients had a worse outcome than the U-
ICH patients. Contralateral ICH was difficult to forecast based on
pre- and intraoperative clinical conditions. Subdural hematoma or
contusional ICH was frequently observed as a contralateral ICH.

Keywords.: Traumatic brain injury; intracranial hematoma; hypo-
tension, clinical characteristics.

Introduction

Traumatic intracranial hematoma is a severe insult
with poor outcome. It often has mass effect and re-
quires surgical management urgently. Outbreak or en-
hancement of a contralateral intracranial hematoma
can develop after decompressive craniotomy. When
this happens, the patient is sent back to the operating
room after postoperative brain computed tomography
(CT) scan for contralateral surgical intervention. A
spreading contralateral intracranial hematoma might
be preventable if detected early enough. Few articles,

however, have described the clinical characteristics of
bilateral traumatic intracranial hematoma. In this
study we sought to clarify these characteristics and de-
termine whether the development of a contralateral
hematoma expansion could be predicted from the
clinical findings before and during craniotomy.

Materials and methods

The subjects included 149 patients who arrived with evidence of
traumatic intracranial hematoma on brain CT and underwent emer-
gency craniotomy and hematoma evacuation in the emergency
center of a university hospital between 1993 and 1999. Patients with
multiple injuries or hypotension before craniotomy (systolic blood
pressure < 90 mmHg) were excluded.

Brain CT scans were recorded on arrival and just after operation.
Based on these CT findings, the patients were retrospectively divided
into 2 groups: those with confirmed hematoma on the non-operative
side (bilateral intracranial hematoma: B-ICH) and those with no
hematoma on the non-operative side (unilateral intracranial hema-
toma: U-ICH). The group with a confirmed presence of hematoma
on the non-operative side was further divided into 2 subgroups based
on timing of the detection of the hematoma using brain CT on the
non-operative side on arrival (pre-B-ICH) or after the craniotomy
(post-B-ICH). Four parameters were studied in each of these groups:
Glasgow coma scale (GCS) on arrival, complicated expanded brain
bulk from the cranial window, hypotension during craniotomy, and
outcome.

Hypotension during craniotomy was defined as systolic arterial
blood pressure of <90 mmHg during emergency craniotomy for
10 minutes or more, in spite of steps taken to correct hypotension.

Deterioration into a coma state was assessed in patients whose
GCS score fell from a 9 or more to an 8 or less within 24 hours due
to neurological deterioration.

Outcome was evaluated on the Glasgow Outcome Scale.

Statistical analysis was performed using StatView 5.0 (SAS Insti-
tute Inc., Cary, NC). Student #-test was used to compare clinical data
between groups. Data are expressed as mean + SD. A p-value of less
than 0.05 was considered significant.



Clinical characteristics of postoperative contralateral intracranial hematoma after traumatic brain injury 49

Table 1. Clinical characteristics of ICH patients after TBI.

U-ICH B-ICH p

Pre-B-ICH Post-B-ICH
Patients 106 43

15(34.9%) 28 (65.1%)
Age (range) 52.1 + 19.8 (6-90) 51.7 £ 19.2 (19-86) NS
GCS < 8 on arrival (n) 76.4% (81) 83.7% (36) NS
Average GCS on arrival 6.7 5.7 NS
Deteriorated after admission (n) 36.0% (9/25) 85.7% (6/7) p=0.02
Expanded brain bulk from the cranial window (n) 10.4% (11) 23.3% (10) p < 0.05
Intraoperative hypotension (n) 12.3% (13) 16.3% (7) NS
Favorable outcome (n) 42.5% (45) 23.3% (10) p < 0.05
Mortality (n) 42.5% (45) 65.1% (28) p <0.05

B-ICH Bilateral intracranial hematoma; GCS Glasgow Coma Scale; ICH intracranial hematoma; NS not significant; 7B/ traumatic brain

injury; U-ICH unilateral intracranial hematoma.

Results

The results of our investigation are detailed in Table
1. Brain CT scans revealed traumatic U-ICH in 106
patients and B-ICH in 43 patients. Fifteen of the
contralateral hematomas in the B-ICH group were de-
tected on arrival (pre-B-ICH), while the other 28 were
detected after craniotomy (post-B-ICH).

Patients in the B-ICH and U-ICH groups ranged in
age from 19 to 86 years and 6 to 90 years, respectively,
with no significant difference in age between groups.

The average GCS on arrival did not differ between
the groups. A higher proportion of patients in the B-
ICH group deteriorated into a comatose state before
the craniotomy.

No difference was observed between the groups in
hypotensive episodes during the craniotomy. The B-
ICH patients exhibited a higher rate of expanded brain
bulk from the cranial window. The cause of the ex-
panded brain bulk in the U-ICH group was associated
with brain swelling (vascular engorgement) after treat-
ment for hypotension using massive fluid infusion or
vasopressors. There was no evidence of contralateral
hematoma in the brain CT scans after the craniotomy
in the U-ICH group. The main cause of the expanded
brain bulk in the B-ICH group was impossible to dis-
cern due to the combined contralateral hematoma with
brain swelling after treatment for hypotension.

Postoperative brain CT scans identified acute epi-
dural hematoma in 5 patients, acute subdural hema-
toma in 12, and contusional intracerebral hematoma
on the contralateral side in 11.

The B-ICH group exhibited a lower rate of favor-
able outcome (good recovery or moderate disability
on Glasgow Outcome Scale) and higher mortality.

Discussion

The GCS on admission did not differ between the 2
groups investigated in this study. Moreover, the con-
tralateral hematoma was only detected after the cra-
niotomy in 65% of the patients in the B-ICH group.
These results suggest that clinical parameters such as
GCS or an initial brain CT on admission may not be
predictive of B-ICH before craniotomy.

Deterioration into a comatose state after traumatic
brain injury has recently been estimated to occur in
about 10.5% to 25.1% brain-injured patients [6, 7, 10].
Intracranial hematoma has been cited as the most
frequent cause of the deterioration, and mass lesions
requiring surgical management are present in 75% to
81% of patients [9, 10, 13]. Our study indicated a very
high (85.7%) incidence of deterioration into a coma-
tose state in B-ICH patients, versus a much lower inci-
dence (36.0%) in patients with U-ICH. Patients with
traumatic B-ICH after craniotomy had a significantly
high mortality (65.1%) in the present study. In earlier
studies, however, favorable outcomes (good recovery
and moderate disability) were reported in 56% of pa-
tients with acute epidural hematoma, 10% to 30% of
patients with acute subdural hematoma, and 9% of pa-
tients with cerebral hemorrhage [2, 3, 5, 11, 12, 14].
Further studies will be needed to clarify the clinical
characteristics and the operative strategies for B-ICH
in order to improve outcome.

Intraoperative hypotension has often developed
during decompressive craniotomy for severe traumatic
brain injury. Kinoshita et al. [4] reported that the ex-
panded brain bulk from the cranial window was not al-
ways caused by expansion of contralateral hematoma,
and that the total infusion volumes treated for intra-
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operative hypotension during craniotomy were as-
sociated with intraoperative acute brain swelling. This
finding formed the basis for our decision to exclude
from the present study patients who had hypotension
before craniotomy. Two recent papers [1, 8] describe
intraoperative brain swelling as a sign suggestive of
contralateral hematoma development. In mentioning
“intraoperative brain swelling,” they refer to ex-
panded brain bulk from the cranial window. This
may not be entirely appropriate, however, as it can be
difficult to estimate whether the expanded brain bulk
occurs due to an expansion of contralateral hematoma
or due to swelling of brain substance during craniot-
omy [4]. Given the differences in pathophysiology and
clinical strategies for treatment, our group thought
that brain swelling (vascular engorgement) after treat-
ment for hypotension should be clearly distinguished
from expanded brain bulk caused by a contralateral
hematoma, a condition with compression from the op-
posite side. This was our rationale for coining the term
“expanded brain bulk from the cranial window.”

Expanded brain bulk from the cranial window dur-
ing craniotomy was significantly more frequent in the
B-ICH group than in the U-ICH group, but the main
cause of the condition in the former could not be con-
firmed. It appeared that the expanded brain bulk from
the cranial window did not always indicate develop-
ment or expansion of a contralateral hematoma. Con-
firmation by imaging such as brain CT might be nec-
essary when brain bulk expands in association with
treatment for unstable hemodynamics during craniot-
omy. We conclude that the occurrence of a contrala-
teral hematoma could not be confirmed solely on the
basis of intraoperative findings.

Subdural hematoma or contusional intracerebral
hematoma was frequently observed as a contralateral
intracranial hematoma on postoperative brain CT.
Subdural hematoma or contusional intracerebral hem-
atoma is often accompanied by damage of the brain
substance. These results suggest that B-ICH might
lead to extensive damage of the brain and ultimately
cause poor outcome.

Conclusions

The B-ICH patients had a worse outcome than the
U-ICH patients. Subdural hematoma or contusional

ICH was frequently observed as a contralateral ICH.
Development of contralateral hematoma could not be
predicted from pre- and intraoperative findings.
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Summary

Objective. Ischemia is the main cause of secondary damage in sub-
arachnoid hemorrhage (SAH). Cerebral blood flow (CBF) measure-
ment is useful to detect critical values. We analyzed the diagnostic
impact of CBF ischemic thresholds to predict a new low attenuation
area on computed tomography (CT) due to failure of large vessel
perfusion.

Methods. We analyzed 48 xenon CT (Xe-CT) studies from 10
patients with SAH. CBF measurements were obtained by means of
Xe-CT and cortical regions of interest (ROIs). The ROIs which ap-
peared in a hypoattenuation area were recorded. Cortical CBF was
tested for specificity and sensitivity as a predictor of hypoattenuation
by means of a receiver operating characteristic curve.

Results. Mean age was 58 (SD + 12.4) years. The median Fisher
score and Hunt & Hess scale were 2 and 3, respectively. The area
under the receiver operating characteristic curve was 0.912 (CI
0.896 to 0.926). The cut-off value for best accuracy was 6 mL/
100 g/min, with a likelihood ratio of 37.

Conclusion. The present study suggests a threshold of 6 mL/100 g/
min as a predictor of a new low attenuation area. However, each cli-
nician should choose the most useful threshold according to pre-test
probability and the cost/effectiveness ratio of the applied therapies.

Keywords.: Subarachnoid hemorrhage; ischemia; xenon CT.

Introduction

Ischemia is a frequent complication after aneurys-
mal subarachnoid hemorrhage (SAH) caused by vaso-
spasm [19], thromboembolic events related to em-
bolization [17], inadvertent intraoperative vascular
occlusion [6], or cerebral herniation [7]. Computed
tomography (CT) is considered to be a sensitive and
practical imaging method for detecting ischemic le-
sions after SAH, which appear as well-demarcated
parenchymal regions of low attenuation relative to ad-
jacent normal brain tissue [16]. However, hypoattenu-

ation of ischemic tissue, as depicted by CT scans, be-
comes fully apparent only 24 hours after the onset of
symptoms [11].

On the other hand, xenon-enhanced CT (Xe-CT)
technology has proven to be a powerful tool to demon-
strate the presence of cerebral blood flow (CBF) dis-
turbances in patients with ischemic stroke, SAH, and
head injury [3, 8, 14]. However, there is no consensus
about ischemic thresholds, which are often derived
from animal models. Failure of electrical activity and
neurological dysfunctions occurs at 18—-20 mL/100 g/
min [1, 13] in awake subjects, but when the patient is
comatose from disease and/or sedation [4, 9], an ische-
mic threshold CBF level might be as low as 10 mL/
100 g/min.

The purpose of this study was to analyze the diag-
nostic impact of a spectrum of CBF ischemic thresh-
olds to predict a new low attenuation area on the CT
scan, indicative of ischemia.

Materials and methods

Patient selection

From January 2001 to December 2003, our neurointensive care
unit admitted 173 patients with aneurysmal SAH. Of these, 85
patients underwent Xe-CT studies when physiological parameters
were stable. We selected for analysis 10 patients with more than 4
Xe-CT studies who did not have any low attenuation areas on the
initial Xe-CT. A total of 48 Xe-CT studies were analyzed. The phys-
iological data from Xe-CT studies were recorded. The amount of
traumatic SAH on initial CT scans was determined using Fisher’s
classification [5]. Clinical severity at admission was graded according
to the Hunt and Hess scale [10]. The outcome at 6 months post-
injury was measured using a Glasgow Outcome Score [12].
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Treatment and management

Decisions concerning aneurysm treatment were made based on a
combination of factors (aneurysm location, size, and shape, patient
age, Hunt and Hess scale, Fisher score, presence of hematoma, and
accessibility of resources). Patient monitoring involved transcranial
Doppler, intracranial pressure, and cerebral perfusion pressure
measurements. Clinical assessment was performed only in patients
who were lightly sedated, with good Hunt-Hess scores, and no intra-
cranial hypertension. When there was a suspicion of vasospasm, a
Xe-CT was performed. If a low CBF was found, hypertensive hyper-
volemic therapy and increased sedation, up to electroencephalogram
burst suppression, were instituted. Serial Xe-CTs were performed
over the next few days.

Stable Xe-CT CBF studies

CBF measurements were performed using a CT scanner (Picker
5000) equipped for Xe-CT CBF imaging (Xe/TC system-2TM,
DDP, Inc., Houston, TX). Cortical regions of interest (ROIs) were
measured by dedicated software (Xe-CT System Version 1.0, 1998,
Diversified Diagnostic Products Inc., Houston, TX).

An independent researcher (FT) evaluated the ROI density coeffi-
cients in the following Xe-CT studies. The corresponding ROIs,
which evolved in a hypoattenuation area due to impairment of arte-
rial perfusion (peri-herniation or postsurgical vascular distortion,
occlusion, or vasospasm), were recorded and matched to their corti-
cal regional CBF (rCBF) values from the previous Xe-CT study.

Statistical analysis

The presence of a new low attenuation area in combination with
a CBF value obtained from the same ROI found in the previous
Xe-CT study prompted a receiver operating characteristic curve
analysis. The area under the curve was measured and a cut-off value
obtained using the statistical approach involving the best accuracy
(MedCalc 7.5, Frank Schoonijans, Belgium). Diagnostic test results
were also evaluated using methods considered to be more relevant
for the “diagnostic impact” (the likelihood ratio [LR]) of diagnostic
thresholds [18]. The latter was categorized according to “Rule In”
(above 10 of LR), “Indeterminate High” (above 1 of LR), “Indeter-
minate” (equal to 1 of LR), “Indeterminate Low” (below 1 of LR),
and “Rule Out” (above 0.3 of LR).

Results

The demographic and clinical parameters of our
patients are reported in Table 1. The physiological
data on CBF studies were: intracranial pressure
18.4 mmHg (SD + 5.6), cerebral perfusion pressure
80.2 mmHg (SD + 13.5), and paCO2 39.9 mmHg
(SD =+ 4.8). The median time elapsing between con-
secutive studies was 3 days. We analyzed 1663
ROIs (mean area 400.2; SD + 89.8 mm?; mean rCBF
27.9 mL/100 g/min; SD + 13.7); 110 (7.3%) of them
developed low attenuation. The principal cause of a
new low attenuation area was vasospasm (62%). The
area under the receiver operating characteristic curve
was 0.912 (CI 0.896 to 0.926). The threshold of 6 mL/
100 g/min had a sensitivity of 37%, a specificity of
99%, and a LR of 37 (Table 2).

C. Compagnone et al.
Discussion

In the present study, the threshold of 6 mL/100 g/
min was more representative of low attenuation than
the traditionally accepted threshold of 18 mL/100 g/
min [13]. Physiologic and therapeutic reasons could
explain our results. Brain tissue at risk for irreversible
damage is classically described as the ischemic penum-
bra due to a critical CBF. The enlargement of perma-
nent damage and ischemia in the penumbra might be
dependent on 3 variables: the level of residual blood
flow (collateral blood flow), the duration of ischemia,
and the individual susceptibility of neurons [9]. The
treatment of SAH with suspicion of ischemia is con-
sistent with the increasing cerebral perfusion pressure,
reduction of blood viscosity, and a reduction of cere-
bral metabolic rate for oxygen, by means of metabolic
suppression (deep sedation and/or burst suppression).
The latter strategy could interfere with the relationship
between the CBF threshold and ischemia, and rCBF
reduction due to metabolic suppression could be im-
properly classified as ischemia. In fact, CBF and cere-
bral metabolic rate for oxygen are physiologically
coupled [15] and the deep sedation/burst suppression
can reduce metabolic rate and reduce CBF thresholds
for ischemia [2].

To verify the final impact of our diagnostic tests, we
must consider 2 other factors: the pre-test probability
and potential adverse events. The pre-test probability
is the patient’s probability of having ischemia based
on clinical experience, statistical prevalence, practice
databases, and the accuracy of diagnostic tests. With
a higher pre-test probability, it is possible to accept a
range of CBF with a low LR. Conversely, when the
chance to predict a priori that the fate of the tissue is
incomplete, thresholds having elevated LR may be
more useful. However, highly diagnostic LR may de-
tect biological phenomena without any possibility of
treatment benefit.

Our results, from both the statistical approach
as well as the “diagnostic impact,” suggest a thres-
hold of 6 mL/100 g/min. Nevertheless, each clinician
should choose the most useful threshold according to
the pre-test probability and the cost/effectiveness ratio
of the therapies applied. In our setting, the ischemic
threshold was lower (6 mL/100 g/min) than conven-
tion (18 mL/100 g/min) [13]. This finding might be re-
lated to our treatment protocol (deep sedation, hyper-
tension, hemodilution, and hypervolemia) [16]. Future
studies will be performed to confirm this supposition.
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Table 1. Patient demographics and clinical parameters.
Mean (SD) Median n (%)

Patients 10

Age,y 58 (12.4)

Sex, male/female 4/6

Fisher Score 2

Hunt & Hess Scale 3

Clipping/embolization 6/4

Normal pupillary reactivity 10 (100)

Bleeding Site Anterior communicating artery 5(50)
Posterior communicating artery 4 (40)
Anterior cerebral artery 1(10)

Maximum TIL Standard® 0(0)
Reinforced”# 5(50)
Extreme™## 5 (50)

Therapy ICP monitoring 9 (90)
CSF drainage 9 (90)
Sedation/analgesia 10 (100)
Burst suppression 4 (40)
Catecholamines (Mean arterial pressure 2 (20)

improvement)

Catecholamines (arterial hypertension) 6 (60)

GOS at 6 months Good recovery or moderate disability 4 (40)
Severe disability 2 (20)
Persistent vegetative state or death 2 (20)
Missing 2 (20)

Xenon Studies 48

New Low Attenuation Area 8 (80)

Causes of Low Attenuation Postsurgical 2(25)
Vasospasm 5(62.5)
Vascular distortion 1(12.5)

Time elapsed between basal Xe-CT and 3(2)

Xe-CT having new attenuation area (days)
Frequency distribution of xenon Patients with 4 studies 6 (60)
studies per patients Patients with 5 studies 1(10)

Patients with 6 studies 2 (20)
Patients with 7 studies 1(10)

# Standard: Sodium infusion, sedation, scheduled cerebrospinal fluid drainage, mannitol, or mild hyperventilation. *# Reinforced: Moderate
hyperventilation, arterial pressure improvement, propofol and benzodiazepine, indomethacin, evacuation of contusion or hematoma.
### Extreme: Deep hyperventilation, arterial hypertension, muscle paralysis, external decompression, internal decompression, barbiturates
or hypothermia. CSF Cerebrospinal fluid, GOS Glasgow Outcome Score, /CP intracranial pressure, T/L therapeutic intervention level,

Xe-CT Xenon-enhanced computed tomography.

Table 2. Suggested thresholds according to classes of likelihood ratio values [22]

CBF Hypoattenuation Hypoattenuation Likelihood Diagnostic
mL/100 g/min present absent ratio impact
(sensibility) (1-specificity)
n (%) n (%)
<6 41 (37%) 18 (1%) 37 Rule In
>6to <15 41(37%) 218 (14%) 2.6 Indeterminate
High
>15to <20 12 (11%) 196 (13%) 1.21 Indeterminate
>20to <25 10 (9%) 222 (14%) 0.84 Indeterminate
Low
>25 6 (5%) 898 (57%) 0.09 Rule Out
Total: 110 Total: 1552
(100%) (100%)

CBF Cerebral blood flow.
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Summary

We evaluated the effects of a novel pharmacological brain cooling
(PBC) method with indomethacin (IND), a nonselective cyclooxy-
genase inhibitor, without the use of cooling blankets in patients
with hemorrhagic stroke. Forty-six patients with hemorrhagic stroke
(subarachnoid hemorrhage; n =35, intracerebral hemorrhage;
n = 11) were enrolled in this study.

Brain temperature was measured directly with a temperature sen-
sor. Patients were cooled by administering transrectal IND (100 mg)
and a modified nasopharyngeal cooling method (positive selective
brain cooling) initially. Brain temperature was controlled with IND
6 mg/kg/day for 14 days. Cerebrospinal fluid concentrations of
interleukin-1f (CSF IL-1p) and serum bilirubin levels were measured
at 1, 2, 4, and 7 days. The incidence of complicating symptomatic
vasospasm after subarachnoid hemorrhage was lower than in non-
PBC patients. CSF IL-1f and serum bilirubin levels were suppressed
in treated patients.

IND has several beneficial effects on damaged brain tissues (anti-
cytokine, free radical scavenger, antiprostaglandin effects, etc.) and
prevents initial and secondary brain damage. PBC treatment for
hemorrhagic stroke in patients appears to yield favorable results by
acting as an antiinflammatory cytokine and reducing oxidative
stress.

Keywords.: Cyclooxygenase inhibitor; interleukin-1f; stroke; hy-
pothermia; free radical scavenger.

Introduction

Neurons are extremely vulnerable to hyperthermia
compared to other cell types [17]. Brain temperature
elevates during the early phase of severe brain damage
caused by cerebral vascular accidents or severe head
injury [3]. Hyperthermia is believed to occur after
brain damage due to dysfunction of the selective brain
cooling mechanisms [5], destruction of the hypothala-

mus, the abnormal release of catecholamines, and the
production of endogenous pyrogens such as inflamma-
tory cytokines [8, 14, 21]. Elevation in cerebrospinal
fluid concentrations of interleukin-18 (CSF IL-1p) in-
duces hyperthermia [20]. Hyperthermia and increased
concentrations of inflammatory cytokines caused by
primary brain damage induce secondary brain damage
[11, 17].

Neuroprotective effects of hypothermia have been
described [2]. Clinically, even mild brain hypothermia
(33°C to 35°C) achieved by surface cooling is neuro-
protective [10, 16]; however, the clinical use of brain
hypothermia therapy has been limited, and imprecise
temperature control may cause systemic complications.

Indomethacin (IND) is a strong cyclooxygenase
(COX) inhibitor widely used as a nonsteroidal anti-
inflammatory drug. Recently, the COX inhibitors, in-
cluding IND, have been shown to have not only anti-
pyretic and antiinflammatory effects, but also other
pharmacological effects (Table 1) including protection
against neuronal cell death [7, 9].

Heme oxygenases, the rate-limiting enzymes in
heme degeneration, catalyze the cleavage of the heme
ring to form ferrous irons, carbon monoxide, and bili-
verdin. Biliverdin is rapidly metabolized to bilirubin,
which is known to have powerful antioxidant proper-
ties [4, 18, 19]. Serum bilirubin concentration has re-
cently become a marker of oxidative stress in patients
with brain damage [4].

In the present study, we administered a pharmaco-
logical brain cooling (PBC) method with IND to pa-
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tients with cerebrovascular diseases. We also measured
CSF IL-1B and serum bilirubin concentrations in these
patients to evaluate the combined effect of PBC and
IND. This study was approved by the Ethics Commit-
tee of Showa University.

Materials and methods

Patients

The study group included 46 patients with intracerebral hemor-
rhage (ICH) (n = 11; Glasgow Coma Scale, mean = 5.9) and sub-
arachnoid hemorrhage (SAH) (n = 35; World Federation of Neuro-
surgical Societies Grade 2, n = 5; Grade 3, n = 3; Grade 4, n = 6;
Grade 5, n = 21) who were admitted to Showa University Hospital
from January 1997 to March 2000. The mean ages of the patients in
the ICH and SAH groups were 58.6 and 68.2 years. The patients in
the SAH group underwent early operation. Thirteen patients with
SAH were not treated with the PBC method, serving as controls,
and were compared with the ICH group. The ICH control group
(Glasgow Coma Scale, mean = 6.9) consisted of 30 patients and
were compared with the SAH group (SAH control group: World
Federation of Neurosurgical Societies Grade 1, n = 1; Grade 2,
n = 7; Grade 3, n = 3; Grade 4, n = 4; Grade 5, n = 15). The mean
ages of patients in the ICH and SAH control groups were 68.3 and
66.3 years.

PBC method

The PBC method was introduced at the early postoperative stage
in the SAH group, and as early as possible after admission in the
ICH Group.

Induction of brain cooling

Brain temperature was measured directly with a ventriculostomy
catheter (intracranial pressure and brain temperature sensor;
4HMT, Integra NeuroSciences, Hampshire, UK). While vital signs
were monitored, transrectal IND (100 mg) was administered to the
patients. Positive selective brain cooling was also performed for
rapid introduction of brain cooling [5, 12]. A balloon catheter was
inserted to direct chilled air (8 to 12 L/min) into each side of the na-
sal cavity. The chilled air was exhaled only through the oral cavity.

Control of brain temperature

Brain temperature was maintained at 36.5 to 37.5°C by adminis-
tering IND suppositories (6 mg/kg/day) and regulating the room
temperature without the use of cooling blankets. Additional IND
suppositories were administered (maximum of 600 mg/day) to main-
tain temperature control.

Rewarming

Rewarming was controlled to within 1°C/day by decreasing the
IND dose and regulating the room temperature.

Measurement of CSF IL-1[ concentrations

CSF IL-1B concentrations in SAH patients were measured on
days 1, 2, 4, and 7 by enzyme-linked immunoabsorbent assay (PBC
group, n = 6; control group, n = 6).

K. Dohi et al.

Measurement of serum bilirubin

Ondays 1, 2, 4, and 7, 5 ml aliquots of blood were collected in the
morning. Bilirubin concentrations in the serum were measured for 4
consecutive days using an enzyme assay (PBC group, n = 46; con-
trol group, n = 13).

Statistical analysis

Data were evaluated using SigmaStat software (Systat Software
Inc., Point Richmond, CA) using analysis of variance followed
by Tukey’s test or by Student #-test and are expressed as the
mean + SEM.

Results

Clinical course

The mean dose of IND was 267.3 + 121.6 mg/day.
The outcomes 3 months after admission were eval-
uated using the Glasgow Outcome Scale. In the ICH
PBC group, 5 patients were scored as ‘“‘moderate dis-
ability” (MD), 3 had “‘severe disability”’ (SD), 3 were
classified as “‘vegetative state” (VS), and none were
“dead” (D). In the control group, there were 2 MD, 3
SD, 6 VS, and 2 D. In the SAH PBC group, 11 patients
were scored as ““good recovery’” (GR), 3 MD, 5 SD, 2
VS, and 14 D. In the control group, 5 were GR, 6 MD,
3 SD, 2 VS, and 14 D. The incidence of symptomatic
vasospasm after SAH was suppressed (p < 0.01):
17.1% in the PBC group and 46.7% in the non-PBC
group. In the ICH patients with hemiparesis on admis-
sion, weakness was significantly improved in the PBC
group (81.8%) compared to the non-PBC group
(33.3%). Anal bleeding due to the insertion of supposi-
tories was observed in 2 patients. Common complica-
tions associated with brain hypothermia, such as se-
vere infections including pneumonia, were observed
in only 2 patients.

CSF IL-1f concentrations

In the PBC group, CSF IL-1f concentrations were
suppressed significantly 1 and 2 days after attack
(Fig. 1a).

Serum bilirubin concentrations

In the PBC group, serum bilirubin concentrations
were suppressed significantly 1 and 2 days after attack
(Fig. 1b).
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Fig. 1. (a) CSF IL-1P concentrations after hemorrhagic stroke. In the PBC group, CSF IL-1f concentrations were suppressed compared to the
non-PBC group. Each value is mean + SEM for 6 patients per group. (*p < 0.05) (b) Serum bilirubin concentrations after hemorrhagic stroke.
In the PBC group, plasma bilirubin concentrations were suppressed compared to the non-PBC group. Each value is mean + SEM. (*p < 0.05)
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Table 1. Effects of pharmacological brain cooling with indomethacin.

Desired Effects Complications

+ Gastrointestinal ulcer
+ Degeneration of coagulation

+ Control of intracranial pressure
+ Inhibition of neurotoxic factors

+ Control of brain hyperthermia system
+ Prevention of brain edema + Anal laceration by
+ Maintenance of blood-brain suppository

barrier » Renal failure
« Prevention of endothelial cell + Shock (drug allergy)
damage + Asthma
Discussion
Effects of PBC (Table 1)

COX is an important enzyme that metabolizes
arachidonic acid found in unsaturated fatty acids in
prostaglandin. There are 3 isozymes: COX-1 (constitu-
tional type), COX-2 (inducible type), and COX-3,
which represents a new COX family [1]. IND is one of
the strong nonselective COX inhibitors.

COX inhibitors, including IND, induce various sys-
temic and local pharmacological effects, and are used
commonly as nonsteroidal antiinflammatory drugs
and to treat various diseases. COX inhibitors directly
prevent delayed neuronal cell death after ischemia
and spinal injury [9]. We used IND in the present study
since it has already been used in patients with brain tu-
mors and head injury for its beneficial effect in cases of
elevated intracranial pressure [6]. Recent advances in

molecular biology have shown that various biologi-
cally active substances, including COX, have complex
roles in brain injury. Inflammatory cytokines and free
radicals are induced in the early phases of brain injury
and promote primary and secondary tissue damage.
These substances also play a role in the systemic in-
flammatory response syndrome [13, 15]. Inflammatory
cytokine levels and COX are also associated with vaso-
spasm after SAH [13, 15]. IND acts directly as a free
radical scavenger [7].

We have demonstrated that IND suppresses produc-
tion of CSF IL-1P and reduces oxidative stress. These
findings indicate that PBC improves outcomes and
minimizes neurological deficits by decreasing the inci-
dence of cerebral vasospasm through its effect on anti-
inflammatory cytokines and free radical scavengers as
well as suppression of hyperthermia. In particular, the
decreased occurrence of symptomatic vasospasm in
the PBC group is highly significant, since vasospasm
is a serious problem associated with conventional
brain hypothermia. Our results demonstrate that PBC
induces effects different from those of conventional
brain cooling achieved by the use of cooling blankets.

IND is a nonselective COX inhibitor that causes ad-
verse events such as gastrointestinal ulcer. Safer and
more effective COX-2 inhibitors should be evaluated
in the PBC method. We have started using a COX-2
inhibitor clinically, though in a small number of pa-
tients thus far. Further research to evaluate the differ-
ent effects of COX-1, COX-2, and COX-3 on neurons,
endothelial cells, as well as the entire body, is required.
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Conclusion

We describe a novel pharmacological method for
brain cooling using IND. PBC induces many effects in-
cluding suppression of inflammatory cytokines and re-
duction in oxidative stress. PBC is a safe alternative to
conventional brain hypothermia management, which
often results in systemic complications.
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Summary

Introduction. Of all forms of stroke, spontaneous intracerebral
haemorrhage (ICH) causes the highest morbidity and mortality.
The Surgical Trial in Intracerebral Haemorrhage (STICH) found
no difference in outcomes between patients randomized to surgical
or conservative treatment.

Patients and methods. Of 530 patients randomized to initial con-
servative treatment, 140 crossed over to surgery. This study examines
the variables associated with crossover.

Results. Dominant features of the crossover group were: male,
(p =0.04), right-sided clot (p = 0.03), lobar clot (p = 0.003),
clot volume (median 64 mL for crossovers vs. 38 mL for others,
p < 0.00001), midline shift (median 6 mm for crossovers vs. 3 mm
for others, p < 0.00001), superficial clot (median 1.3 mm for cross-
overs vs. 11.5 mm for others, p < 0.00001), and randomization with-
in 12 hours of ictus (p < 0.0005). Thalamic location (p = 0.002) was
under-represented. Intraventricular haemorrhage, hydrocephalus,
and focal deficits were not associated with crossover. Craniotomy
was the method of evacuation in 85% of crossover patients.

Conclusions. Crossover to surgery was more likely when ICH had
these features: Right side, lobar location, superficial, large volume,
big shift, and early randomization. Crossovers formed a worse prog-
nostic group compared to non-crossovers. Surgery did not affect trial
results, which were analyzed by intention-to-treat.

Keywords: Crossover; intracerebral haemorrhage; surgery.

Introduction

Spontaneous intracerebral haemorrhage has the
highest mortality of all forms of stroke, and accounts
for 20% of all stroke-related neurological deficits [5].
The Surgical Trial in Intracerebral Haemorrhage
(STICH) reported a neutral trial finding with no differ-
ence in outcomes at 6 months between those random-
ized to early surgery and those receiving initial conser-
vative treatment. An unexpected feature of this trial
was the crossover rate. Crossovers to surgery in pro-
spective randomized controlled trials (PRCT) cause
problems in comparing groups as well as affecting the

power of the trial. We explored the features and impact
of crossovers in STICH.

Materials and methods

STICH had a parallel group design in which a total of 1033
patients from 83 centers in 27 countries were recruited over an §-
year period [5]. The patients were randomized to early surgery
(haematoma evacuation) or initial conservative treatment, but cross-
overs were permitted for clinical and ethical reasons. The extended 8-
point Glasgow Outcome Score (GOS) at 6 months was used as the
primary outcome measure. Analysis was by intention-to-treat. We
analyzed STICH randomization and outcome data and the pre-
randomization CT scans coded using a specified protocol [3].

Results

The reasons for crossover to surgery from the initial
conservative treatment group were rebleeding (n = 17),
neurological deterioration (n = 82), clinical deteriora-
tion (n = 20), no improvement with conservative treat-
ment (n =4), raised intracranial pressure (n = 3),
edema (n = 5), altered consciousness (n = 2), coma
(n = 1), aneurysm (n = 1), not waking after external
ventricular drain (n = 1), family request (n = 1), and
reason not recorded (n = 3).

Of the 1033 patients who were recruited, 503 were
randomized to early surgery while 530 drew initial
conservative treatment. Of these, 496 were assessable
in the surgery group while 529 were assessable in the
initial conservative treatment group at 2 weeks. Com-
plete outcome data at 6 months was available for
468 patients among those randomized to early surgery
while 497 were assessable in the initial conservative
treatment group. Thirty-one patients (6%) allocated
to surgery did not have the procedure while 140 (26%)
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Fig. 1. Graph showing percentage of crossovers to surgery in the initial conservative treatment group according to different ages (1A), gender
(1B), side of haematoma (1C), site of haematoma (1D), volume of haematoma (1E), haematomas at different depths from cortical surface
(1F), ictus to randomization time intervals (1G), presence or absence of IVH (1H), presence or absence of hydrocephalus (11), and presence

or absence of focal deficits (1J). Had surgery @l NO, ] YES

from the conservative treatment group crossed over to
surgery.

Patients randomized to surgery but did not have it
were a very small group and are not considered in fur-
ther detail here. Crossovers from initial conservative
treatment to surgery are included in all further analy-
ses in this paper.

Crossover rates for patients with a Glasgow Coma
Scale (GCS) score of 15 was 14.5% while for patients
with a GCS score less than 10 was 34.9%. The drop
in GCS between randomization and surgery for the
crossovers averaged 3 points. Age did not have any

particular association with crossovers and frequencies
were matched in the different quartiles (Fig. 1A).
Males were more common in the crossovers (p = 0.04;
Fig. 1B). Right-sided clots were more likely than
left-sided ones in the crossover group (p = 0.03; Fig.
1C). The site of the haematoma had a positive associa-
tion with crossovers with lobar clots (p = 0.003, Fig.
I1D) while thalamic haematomas were infrequent
(p =0.002). As expected, larger haematomas tended
to crossover more often (Fig. 1E). Seventy percent of
the crossovers had a clot less than 10 mm from the sur-
face (p < 0.0005; Fig. 1F). Of those randomized with-
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in 12 hours after the ictus, 38.4% crossed over, while
the crossover rate for those randomized later was
21.4% (p < 0.0005, Fig. 1G). There were no differ-
ences in crossover rates in subjects with or without
intraventricular haemorrhage (IVH) (Fig. 1H), hydro-
cephalus (Fig. 11), or focal deficits (Fig. 1J). The me-
dian clot volume for those crossing over was 64 mL
(IQR 44 to 85) compared to 38 mL (IQR 21 to 58)
for those who did not (p < 0.00001). Midline shift
also had a predictable association. The median shift
in crossovers was 6 mm (IQR 4 to 9), while it was
3 mm (IQR 1 to 6) for the others (p < 0.00001). Hae-
matomas closer to the surface were more likely to be
crossovers than deeper ones, with median depth from
the cortical surface for crossovers being 1.3 mm (IQR
0 to 10.9) and 11.5 mm (IQR 0 to 18.2) in those that
did not (p < 0.00001). Of the 140 patients who were
crossovers to surgery, 119 (85%) had craniotomy as
the method of haematoma evacuation. Favorable out-
come was experienced in 22% of the crossover group
and 24% of those who continued to have conservative
treatment (p = 0.7).

STICH used the intention-to-treat analysis primar-
ily, but analyses using methods such as “treatment
per protocol” or “treatment received’” did not change
the basic conclusions (Fig. 2).

Discussion

PRCT are always vulnerable to dropouts, protocol
violations, and crossovers. Crossovers occur due to
evolution of the clinical problem, thus removing
the equipoise that existed at randomization or due to
selection/efficacy bias. Sometimes crossovers are used
deliberately, as in crossover trials to use within-patient
comparisons rather than between-patient comparisons
[4], but that methodology is impossible in surgical
trials.

Another constraint for PRCTs involving surgical

options is that true blinding of treatment is not possi-
ble. In various coronary bypass grafting trials, cross-
over rates to surgery have been in the range of 25% to
38% over periods up to 5 years [6, 9]. In STICH, cross-
over from initial conservative treatment to surgical
treatment was 26%. An important requirement of
PRCTs is determination of sample size. If crossovers
are not factored in, the trial can suffer from loss of
power [8]. When statistical power is lost, a truly effec-
tive treatment may be erroneously considered to be no
better than control [9]. Often sample size determina-
tion is based on anticipated type I and II error rates
and other assumptions such as Cox’s proportional haz-
ards [8]. However, STICH used published data and in-
formation from a prospective pilot study to include a
safety margin of 25% to offset effects on sample size
of protocol violations and crossovers [5]. The target
sample size of 800 was exceeded even when protocol
violations and crossovers were excluded.

Crossovers are significant confounding elements
when analysis of outcome is by initial assigned treat-
ment (intention-to-treat). Attributing success to the
assigned treatment, but ignoring crossovers, would
falsely associate outcome to the treatment modality
from which the patient had crossed over. Similarly, if
success was simply tagged to the treatment received af-
ter crossover, it would miss failures of the first assigned
treatment [2].

For these reasons the classic intention-to-treat anal-
ysis has been doubted for its lack of sensitivity in de-
tecting the ‘true’ effect of a treatment. This has been
compared with other types of analyses, such as: 1) ex-
clusion of crossovers from analysis; 2) transferring
crossovers to the new treatment group from the time
of treatment change; 3) censoring crossovers from the
time of the crossover; 4) counting crossovers retrospec-
tively from the date of randomization, but in the new
group. After comparison of all these methods, the va-
lidity of the intention-to-treat analysis has been re-
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affirmed [6]. There is extensive support in the literature
that data occurring after crossover has little bearing on
the comparison of 2 treatments [7]. STICH primarily
used the intention-to-treat analysis, but analyses using
methods such as “treatment per protocol” and “‘treat-
ment received” did not change the basic conclusions
(Fig. 2).

Features of the crossovers in STICH displayed a
predictable pattern. Disease evolution and loss of clin-
ical equipoise were likely reasons for crossover when
randomization was undertaken early (<12 hours) [5].
Crossover took place with an average drop in GCS by
3 points. Larger clots, lobar location, nondominant
hemisphere involvement, superficial haematomas,
and greater midline shift had higher associations with
crossovers. These are in keeping with conventional
surgical practice. Established focal neurological defi-
cits did not spur crossovers. Not surprisingly, patients
with IVH and hydrocephalus were not associated with
higher crossover rates, probably related to the poor
prognosis associated with such cases [1].

Conclusions

There was a greater rate of crossovers to surgery in
STICH in men, and in patients with right-sided clots,
larger haematomas, lobar location, superficial pres-
ence, increased midline shift, and in those randomized
early (<12 hours). Thalamic bleeds had a significantly
lower crossover rate. IVH, hydrocephalus, and focal
deficits had no association with crossovers. Of the
crossovers from the initial conservative treatment
group, 85% underwent craniotomy for haematoma
evacuation.

Crossover rates in STICH were not higher than ex-
pected. Crossovers formed a significantly worse prog-
nostic group than non-crossovers. Ineffective surgery

did not affect trial results analyzed by intention-to-
treat. Our results suggest that surgeons in the STICH
trial were more likely to operate (despite initial ran-
domization) in patients with large, superficial right-
sided haematomas with a greater midline shift.
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Summary

Introduction. Intraventricular hemorrhage (IVH), either indepen-
dent of or as an extension of intracranial bleed, is thought to carry a
grave prognosis. Although the effect of IVH on outcome in patients
with subarachnoid hemorrhage has been extensively reviewed in the
literature, reports of spontaneous intracerebral hemorrhage (ICH)
in similar situations have been infrequent. The association of hydro-
cephalus in such situations and its influence on outcome is also
uncertain.

Patients and methods. As a sub-analysis of data obtained through
the international Surgical Trial in Intracerebral Hemorrhage
(STICH), the impact of IVH, with or without the presence of hydro-
cephalus, on outcome in patients with spontaneous ICH was ana-
lyzed. CT scans of randomized patients were examined for IVH
and/or hydrocephalus. Other characteristics of hematoma were eval-
uated to see if they influenced outcome, as defined by the STICH
protocol [9].

Results. Favorable outcomes were more frequent when IVH was
absent (31.4% vs. 15.1%; p < 0.00001). The presence of hydrocepha-
lus lowered the likelihood of favorable outcome still further to 11.5%
(p = 0.031). In patients with IVH, early surgical intervention had a
more favorable outcome (17.8%) compared to initial conservative
management (12.4%) (p = 0.141).

Conclusion. The presence of IVH and hydrocephalus are indepen-
dent predictors of poor outcome in spontaneous ICH. Early surgery
is of some benefit in those with IVH.

Keywords.: Intracerebral hemorrhage; intraventricular hemor-
rhage; hydrocephalus; outcome.

Introduction

Primary intracerebral hemorrhage (ICH) is a
common and devastating disorder that often results in
long-term disability and a socio-economic burden to
society. Clinical and radiological findings following
ICH not only help in treatment planning and prognos-
tication, but also aid rehabilitation specialists to de-
velop treatment goals, anticipate long-term patient
care needs, and educate and train caregivers [2].

The recently concluded international Surgical Trial
in Intracerebral Hemorrhage (STICH) [9] gave insight
into the outcome of ICH with early surgical interven-
tion when compared to initial conservative treatment.
Intraventricular hemorrhage (IVH), either indepen-
dently or as an extension of an intracranial bleed, is
thought to carry a grave prognosis [10, 14]. Various
treatment options to address the intraventricular blood
load has been of particular interest recently [3, 5, 7,
11]. Although the effect of IVH on outcome in patients
with subarachnoid hemorrhage has been reviewed in
the literature extensively [4, 8, 12], reports of spontane-
ous ICH in similar situations have been reported
less frequently. The association of hydrocephalus in
such situations and its influence on outcome is also un-
certain, although it has been identified as one of the
major factors determining mortality in primary IVH
[14].

Materials and methods

As detailed in the STICH report [9], a parallel group trial design
was used to compare outcomes of patients having ICH treated with
early surgery versus initial conservative treatment. In addition to
clinical data, pre-randomization computerized tomography (CT)
scans were collected from centers all over the world either as hard
copies or in electronic format. Scans were re-evaluated for the pres-
ence of IVH and/or hydrocephalus, as well as information on site,
volume, midline shift, depth, and other special characteristics,
if any. At 6-month follow-up, the 8-point Glasgow Outcome
Score was used as the primary outcome measure. Analysis was by
intention-to-treat. As a sub-analysis of data obtained through
STICH, the impact of IVH and the presence of hydrocephalus on
outcome were analyzed. Patient factors and hematoma characteris-
tics were also evaluated to see if they had any bearing on outcome
in this subset of patients.
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Fig. 1. Comparison of favorable outcome (%4) in patients with no intraventricular hemorrhage (no ivh), intraventricular hemorrhage (ivi), and
associated hydrocephalus (ivi + hcp) with respect to treatment; early surgery (ES) and initial conservative treatment (/CT). Total numbers
in each group are shown on the horizontal axis. [ no ivh ES, § no ivh ICT, g ivh ES, [ ivh ICT, g ivh + hep ES, i ivh + hep ICT

Results

Patients (n = 1033) from 83 centers in 27 countries
were randomized to early surgery (n = 503) or initial
conservative treatment (n = 530) [9]. Of 468 patients
randomized to early surgery, 122 (26%) had a favor-
able outcome compared with 118 (24%) of 496
randomized to initial conservative treatment (odds
ratio 0.89 [95% CI, 0.66—1.19]; p = 0.414); absolute
benefit 2% (—3.2 to 7.7); relative benefit 10% (—13 to
33). Pre-randomization CT scans were collected and
analyzed for 960 (93%) patients. Of these, 950 had
adequate images to provide for analysis and 902 had
follow-up. Scans were reviewed by the Research Regis-
trars after establishing inter-observer and intra-
observer variability [1].

Of the 902 patients with follow-up, 42% (377) had
IVH of whom 55% (208) went on to develop hydroce-
phalus. Mean age was 60.9 years (+13.6) when IVH
was present and 62.9 years (+12.2) when hydrocepha-
lus was present, compared to mean age of 60.7 years
(£12.4) when neither were present. Median Glasgow
Coma Scale score changed from 12 when IVH was ab-
sent to 11 when IVH was present, or 10 when hydroce-
phalus was present as well (p < 0.00001, Kruskal-
Wallis test). Fifty-eight percent of patients > 50 years
of age developed hydrocephalus following IVH
compared to only 41% of those <50 years of age
(p =0.007).

Outcome

Favorable outcomes were more frequent (31%) when
IVH was absent compared to when IVH was present
(15%; p < 0.00001), with or without associated hydro-
cephalus. The presence of hydrocephalus lowered the
likelihood of favorable outcome still further to 12%
in comparison to the presence of IVH alone (20%,
p = 0.031). In patients with IVH, early surgical inter-
vention had more favorable outcomes (18%) when
compared to initial conservative management (12%)
(p=0.141). Age did not have any significant effect
on outcome in these patients.

As one would expect, deeper hematomas were asso-
ciated with greater IVH (20%; p < 0.00001) and hy-
drocephalus (29%) than lobar ones (17% and 15%).
Outcome was different between lobar and deep hema-
tomas when hydrocephalus was present (p = 0.001).

There was marginal benefit for the early surgical
group over the conservative group when the ICH was
lobar in location, whereas there was a slight, although
not statistically significant, detrimental effect of sur-
gery when the ICH was deep with no IVH (Fig. 1).

The average midline shift for having a favorable
outcome was significantly different in both IVH
(p =0.008) and hydrocephalus groups (p = 0.008),
whereas there was no significant difference (p = 0.059)
when neither was present (Table 1). Increasing volume
of the ICH also correlated with unfavorable outcome
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Table 1. Percentage of favorable outcomes in 902 patients after spon-
taneous intracerebral hematoma.

NoIVH IVHonly IVH+
Hydrocephalus

Midline shift (cm)
0 36% (111)  33% (21)  25%(28)
<1 31% (371)  19% (124)  11% (141)
>1 12% (17) 9% (23) 3% (38)
Hematoma volume (mL)
<40 36% (245) 32% (54)  13%(67)
40-80 29% (179) 19% (67)  13%(75)
>80 16% (43) 6% (35) 5% (55)
Side of hematoma
Left 30% (249) 24%(92)  11%(116)
Right 34%(239) 16% (71)  11%(88)
Primary site
Lobar 42% (233) 21%(61)  24%(51)
Deep 23% (268) 17% (105) 6% (155)

IVH Intraventricular hemorrhage.
Number of patients in parentheses.

with IVH (p = 0.003) and without IVH (p = 0.003)
and did not have any significant correlation in pres-
ence of hydrocephalus (p =0.167). Left-sided ICH
with IVH had a tendency for better outcome than
right-sided ones, although it was not statistically sig-
nificant.

To summarize, factors that most affected outcome
were midline shift, volume, and deep location.

Discussion

Spontaneous or secondary IVH is a marker of poor
prognosis for hemorrhagic stroke. It can cause hydro-
cephalus requiring ventricular shunt placement, result-
ing in permanent neurological deficit or death [6, 14].
Severe IVH caused by extension from subarachnoid
hemorrhage or ICH leads to hydrocephalus and often
poor outcome, although no randomized controlled tri-
als have been conducted thus far [13]. Most studies re-
garding treatment and outcome following IVH have
been conducted in neonates.

STICH was designed to look at outcome measures
in adolescent or adult ICH patients receiving early sur-
gical intervention versus initial conservative manage-
ment. Although no overall benefit was shown from
early surgery when compared with initial conservative
treatment [9], there may be subsets showing some ben-
efit of one over the other.

A systematic review compared conservative treat-

ment, extraventricular drainage, and extraventricular
drainage combined with fibrinolysis [13]. The poor
outcome rate was 90% for conservative treatment,
89% for extraventricular drainage, and 34% for extra-
ventricular drainage with fibrinolytic agents.

Conclusion

This analysis of the STICH data shows the detri-
mental effect of the presence of IVH and consequent
hydrocephalus on outcome in patients with spontane-
ous ICH. Early surgery might be of some benefit in
those with IVH. Further studies are necessary to eluci-
date this problem and evaluate various treatment
options.
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Summary

Objective. To investigate whether any changes occur in the
coagulative/fibrinolytic cascade in patients with subarachnoid hem-
orrhage (SAH) or hypertensive intracerebral hemorrhage (HICH).

Design and methods. Subjects included 143 patients with intracra-
nial hemorrhage (SAH, n = 50; HICH, n = 82; ROSC-SAH [return
of spontaneous circulation after cardiopulmonary arrest due to
SAH], n = 11). Coagulative and fibrinolytic factors were measured
in blood samples taken on admission.

Results. The prothrombin fragment 142 level was significantly
higher (p < 0.005) in SAH patients than in HICH patients. The
fibrinolytic factors (plasmin alpha 2-plasmin inhibitor complex, D-
dimer, or fibrinogen degradation products) in SAH and ROSC-
SAH were both significantly higher than those in HICH, but the
significance of difference was stronger in the case of ROSC-SAH
(p < 0.05).

Discussion. Both coagulative and fibrinolytic activities were al-
tered after the onset of SAH. These results demonstrate that the
coagulative/fibrinolytic cascade might be activated via different
mechanisms in different types of stroke. It remains unclear, however,
whether a significant alteration of the fibrinolytic cascade in patients
with ROSC-SAH might be a nonspecific phenomenon attributable
to the reperfusion after collapse.

Keywords: Coagulation; fibrinolysis; subarachnoid hemorrhage;
cardiopulmonary arrest; return of spontaneous circulation; intra-
cerebral hemorrhage; PTF1+-2; plasmin inhibitor complex; D-dimer;
fibrinogen degradation products.

Introduction

A recent study [20] reported that mechanisms sec-
ondary to subarachnoid hemorrhage (SAH) could
contribute to the development and progression of ex-
tracerebral organ dysfunction by promoting systemic
inflammation. About 77% of documented extracere-
bral organ system failures have been reported to occur
in conjunction with systemic inflammatory response
syndrome [5]. Moreover, the inflammatory and pro-

coagulant host responses have been found to be closely
related [4]. Inflammatory cytokines such as tumor ne-
crosis factor alpha, interleukin-1beta, and interleukin-
6 are capable of activating coagulation and inhibiting
fibrinolysis, while the procoagulant thrombin is capa-
ble of stimulating multiple inflammatory pathways [1,
4].

The various relationships among the activated
coagulative/fibrinolytic cascade, patient prognosis,
and the incidence of complications have recently been
described in stroke patients [6, 19]. It remains unclear,
however, whether the mechanisms activating these cas-
cade changes differ among various types of stroke pa-
tients, such as SAH and hypertensive intracerebral
hemorrhage (HICH). Knowledge is also scanty on
coagulative/fibrinolytic activities in patients who expe-
rience return of spontaneous circulation (ROSC) from
cardiopulmonary arrest (CPA) due to SAH, one of
the most common causes of sudden death [17]. The ob-
jective of our study was to examine the coagulative/
fibrinolytic cascade and its mechanism of activation
in stroke patients.

Materials and methods

SAH and HICH patients scoring 8 or less on the Glasgow Coma
Scale (GCS) and patients experiencing ROSC from SAH-induced
CPA (ROSC-SAH) were studied at a university hospital. ROSC-
SAH patients whose spontaneous circulation returned in an ambu-
lance or in the hospital were included. All ROSC-SAH patients
were diagnosed as SAH by computed tomography. Coagulation
and fibrinolytic activities were retrospectively compared between
the patient groups.

We investigated 143 intracranial hemorrhage patients divided into
3 groups: SAH (n = 50), ROSC-SAH (n = 11), and HICH (n = 82).
Peripheral blood samples were drawn immediately after hospitaliza-
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Table 1. Patient characteristics at admission

T. Ebihara et al.

Variable SAH ROSC-SAH HICH p Value

No. of patients 50 11 82 NS

Age, yrs 60.3 +15.0 60.1 +12.0 599 +15.6 NS

Male gender, % 46.0 27.3 75.6 <0.0005

GCS 49+ 1.8 3.0+ 0.0 5.0+ 1.8 <0.005%, <0.001°

Body temperature, centigrade 363+ 1.2 35.34+0.7 364+ 1.2 NS

Blood glucose level, mg/dL 221.34+74.3 311.8 +85.6 182.0 +49.2 <0.005 *, <0.0001°, <0.05¢

 Denotes significance in the comparison between SAH and ROSC-SAH, * denotes significance in the comparison between ROSC-SAH and
HICH, ¢ denotes the significance in the comparison between SAH and HICH. SAH Subarachnoid hemorrhage, ROSC-SAH return of spon-
taneous circulation after cardiopulmonary arrest due to subarachnoid hemorrhage, HICH hypertensive intracerebral hemorrhage, GCS Glas-

gow Coma Scale, NS not significant.

tion in patients with SAH and HICH. The samples from the ROSC-
SAH group were drawn after the ROSC.

The modulating factors of coagulation cascade were measured us-
ing the following methods: Antithrombin III was measured by the
chromogenic synthesized substrate method; prothrombin fragment
142 (PTF1+2) was assayed by enzyme-linked immunosorbent as-
say; protein C was measured by latex photometric immunoassay;
activated protein C was evaluated using the activated prothrombin
time method; thrombomodulin was assayed by enzyme immunoas-
say.

The modulating factors of the fibrinolytic cascade were measured
using the following methods: Tissue plasminogen activator plasmi-
nogen activator inhibitor-1 complex (tPA-PAIl) was assayed by the
enzyme immunoassay; plasmin alpha-2 plasmin inhibitor complex
(PIC), D-dimer, and fibrinogen degradation products were assayed
using latex photometric immunoassay.

StatView for Windows version 5.0 (SAS Institute, Cary, NC) was
used for statistical analysis. Proportions were compared using the
Fisher exact test. Continuous variables were compared using the un-
paired Student ¢ test or Mann-Whitney’s U test, and presented as
mean + SD. Two-tailed p values of <0.05 were used to indicate sta-
tistical significance.

Results

Table 1 shows patient characteristics at admission.
The proportion of males was significantly lower in
the ROSC-SAH group than in the other groups
(p < 0.0005). All patients in the ROSC-SAH scored 3
points on the GCS, and the GCS score for the group
as a whole was significantly lower than the scores in
the other groups (p < 0.005, ROSC-SAH vs. SAH;
p < 0.001, ROSC-SAH vs. HICH). Blood glucose
levels were higher than the reference value (70—
109 mg/dL) in all groups, and remarkably elevated in
the ROSC-SAH group.

Comparison of coagulative|fibrinolytic activities
between SAH and HICH patients

The antithrombin III level was significantly lower in
the HICH group than in the SAH group (p < 0.05),

but the change was within reference values. Changes
in protein C, activated protein C, and thrombomodu-
lin levels were comparable in these 2 groups. The
PTF1+42 level in the SAH group was significantly
higher than that in the HICH group (p < 0.005).
Changes in tPA-PAII levels were not significant in ei-
ther group, but the levels were remarkably higher than
the reference value in both groups. The levels of PIC,
D-dimer, and fibrinogen degradation products ex-
ceeded the reference values in both groups and were
significantly higher in the SAH group than in the
HICH group (p < 0.001, p < 0.01, p < 0.005, respec-
tively) (Table 2).

Comparison of coagulative|fibrinolytic activities
between SAH and ROSC-SAH

While the antithrombin III level in the ROSC-SAH
patients was below the reference value, it was not sig-
nificantly different from that of the SAH patients.
Changes in PTF1+2, protein C, activated protein C,
and thrombomodulin levels were not significant either.
Changes in tPA-PAII levels were not significant in ei-
ther group, but they were above the reference value in
both groups. The levels of PIC, D-dimer, and fibrino-
gen degradation products exceeded the reference value
in both groups, but the only difference between the
groups was a significantly higher PIC in the ROSC-
SAH patients (p < 0.05) (Table 2).

Discussion

Medical complications such as systemic inflam-
matory response syndrome, pneumonia, sepsis, and
multiple organ dysfunction syndrome are among the
leading causes of late morbidity and mortality in
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Table 2. Changes in coagulative|fibrinolytic activities in patients with SAH, ROSC-SAH, and HICH

Variable SAH ROSC-SAH HICH p Value

AT (79-121%) 939+ 17.8 70.5 4+ 0.7 822 +19.1 <0.05¢
PTF1+2 (0.4-1.4 nmol/L) 78+ 7.1 27+1.5 3.5+£3.0 <0.005°¢
Protein C (70-150%) 95.8 +26.2 80.3 +29.0 88.6 +26.3 NS

APC (64-146 %) 79.1 +28.9 60.0 + 3.6 86.5 +27.8 NS

TM (1.8-4.1 FU/mL) 9.6 +21.4 33+1.0 48 +338 NS

tPA-PAIl (<15 ng/mL) 21.0 + 16.0 20.8 +9.0 26.3 +45.1 NS

PIC (<0.8 pg/mL) 9.1 +11.9 254 4+ 309 2.8+3.5 <0.05%, <0.001¢
D-dimer (<1.0 pg/mL) 22.5+34.6 41.8 £53.4 75+ 17.4 <0.01°¢

FDP (<4 pg/mL) 62+9.2 92+104 2.0+33 <0.005°¢

Numerical values in parentheses denote the reference values of the coagulation/fibrinolysis factor.

* Denotes significance in the comparison between SAH and ROSC-SAH, © denotes significance in the comparison between SAH with HICH.
SAH Subarachnoid hemorrhage, ROSC-SAH return of spontaneous circulation after cardiopulmonary arrest due to subarachnoid hemor-
rhage, HICH hypertensive intracerebral hemorrhage, 4T antithrombin, PTF 142 prothrombin fragment 142, APC activated protein C, TM
thrombomodulin, 1PA-PAII tissue-plasminogen activator plasminogen activator inhibitor-1 complex, PIC plasmin alpha2-plasmin inhibitor

complex, FDP fibrinogen degradation products, NS not significant.

aneurysmal SAH. Le Roux e al. [8] found a significant
association between multiple medical complications
with unfavorable outcome in both Hunt-Hess grades
1 to 3 [8] and Hunt-Hess grades 4 and 5 [9]. The mech-
anisms leading to the development of these medical
complications after SAH are still poorly understood,
however.

Disseminated intravascular coagulation is charac-
terized by the widespread activation of coagulation,
which results in intravascular fibrin formation and, ul-
timately, thrombotic occlusion of small and midsize
vessels [2, 13, 14]. Intravascular coagulation can also
compromise the blood supply to organs, and when
combined with hemodynamic and metabolic derange-
ments, it can contribute to multiple organ dysfunction
syndrome [10]. Early activation of both coagulative
and fibrinolytic systems following SAH has also been
demonstrated [10]. Moreover, SAH patients who suf-
fered CPA (ROSC-SAH group) had higher plasma
levels of PIC, a marker of increased fibrinolytic activ-
ity, than SAH patients without CPA.

Several reports have described this altered coagu-
lation/fibrinolytic cascade activity in SAH patients
[6, 15, 16, 19], and altered coagulation activity has
been found to correlate with poor outcome [15]. Other
authors have concluded that altered fibrinolytic activ-
ity is linked with neurological deficits and a higher
incidence of complications [6, 15, 16]. These results
suggest that activation of both coagulation and fibri-
nolysis in SAH patients without CPA may be strongly
associated with clinical severity, correlated with the
development of multiple organ dysfunction syndrome

and worsened outcome. It remains unclear, however,
whether a significant alteration of fibrinolytic cascade
in ROSC-SAH might be a nonspecific phenomenon at-
tributable to reperfusion after collapse.

As is true for almost all systemic inflammatory re-
sponses, the derangement of coagulation and fibrinol-
ysis in disseminated intravascular coagulation is medi-
ated by several proinflammatory cytokines [11, 18].
Recent reports have demonstrated that the efficacy of
activated protein C in sepsis might be rooted in the
protein’s ability to modulate both coagulation and in-
flammation [12]. In vitro experiments have shown that
activated protein C can inhibit neutrophil binding to
selectins, potentially blocking tight leukocyte adhe-
sion. Protein C also inhibits tumor necrosis factor-
alpha secretion from monocytes and other cell lines
by interfering with nuclear factor-kappaB nuclear
translocation, and it has been shown to prevent organ
damage in experimental models of sepsis [3]. The level
of activated protein C in our study tended to descend
below the reference value in patients resuscitated from
cardiopulmonary arrest following SAH, although the
difference failed to reach a significant level among the
SAH, ROSC-SAH, and HICH groups.

We also observed an elevation of plasma tPA-PAII
above the reference value in all 3 groups. Johansson
et al. [7] recently reported that the tPA/PAI-1 com-
plex, a novel fibrinolytic marker, is independently
associated with the development of a first-ever stroke,
especially hemorrhagic stroke. They proposed that ele-
vated tPA-PAI-1 complex levels could reflect a more
severe form of endothelial dysfunction caused by an
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advanced form of atherosclerotic disease. If our results
can be taken to support their hypothesis, the distur-
bances in fibrinolysis might precede a cerebrovascular
event and the coagulative/fibrinolytic cascade might
be activated via different mechanisms in different types
of stroke. Ikeda er al. [6] reported that elevated levels
of cerebrospinal tPA-PAI-1 complex are associated
with neurological outcome and the occurrence of
vasospasm in severe SAH patients. Noting its role in
inducing a more advanced form of atherosclerotic
disease, we proposed that this early alteration of the
coagulative/fibrinolytic cascade with endothelial dys-
function might affect the incidence of vasospasm after
SAH. Nonetheless, we have yet to elucidate the role
of endogenous activated protein C, tPA-PAIl, or
PIC in coordinating the innate immune response in
endothelium-based inflammation.

Our study has some limitations. The gravely ill con-
dition of the patients following stroke (GCS 8 or less)
or ROSC from CPA limits the applicability of our re-
sults. These findings might simply indicate a poor clin-
ical condition such as severe ischemia inapplicable to
stroke patients of a more favorable grade. The lack of
detailed data on medical complications, on the inci-
dence of vasospasm, and on overall outcomes follow-
ing stroke in the limited number of patients included
in this study calls for further investigations to elucidate
the importance of the data, as well as the status of
other types of diseases and more favorable grades of
stroke.

Conclusions

Coagulative and fibrinolytic activities were both
altered after SAH. The activation of fibrinolytic cas-
cade was higher in patients with ROSC-SAH than in
those with SAH. These results demonstrate that the
coagulative/fibrinolytic cascades might be activated
via different mechanisms in different types of stroke.
It remains unclear, however, whether the significant
alteration of the fibrinolytic cascade in patients with
ROSC-SAH might be a nonspecific phenomenon at-
tributable to the reperfusion after collapse.
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The effect of hematoma removal for reducing the development of brain edema

in cases of putaminal hemorrhage
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Summary

Introduction. Surgical intervention in putaminal hemorrhage has
been a controversial issue. The aim of this research is to evaluate
the benefits of surgery for reducing the development of brain edema.

Materials and methods. Sixteen cases of putaminal hemorrhage
were examined. Eight patients were treated conservatively (C group),
and the other 8 patients were treated surgically (S group). Head CT
scans were performed on the day of onset (day 0) in C group or per-
formed just after surgery (day 0) in S group, and performed again
once per period on days 1-7, 8-14, and 15-21. The volume of the
mass including hematoma and edema (H + E) was measured using
CT scans and the (H + E)/Hj ratios were calculated (Hy; hematoma
volume on day 0). The (H + E)/H, ratios for each period were com-
pared statistically between the 2 groups using a z-test.

Results. The mean values of (H + E)/H, ratios at each period were
2.19, 2.63, 2.53 in C group, and 1.29, 1.29, 0.66 in S group. The
values in S group were significantly lower as compared with C group
in every period (p < 0.01, <0.05, <0.01).

Conclusions. Hematoma volume reduction by surgery reduced the
development of brain edema.

Keywords: Brain edema; intracerebral hemorrhage; hematoma
removal.

Introduction

Surgical treatment for intracerebral hemorrhage
(ICH), including hematoma removal by craniotomy
and stereotactic hematoma evacuation, has long been
controversial. Since Cushing [1] reported the first oper-
atively treated case of ICH with localizing symptoms
in 1903, many medical researchers have studied the ef-
fectiveness of surgery for ICH.

In 1961, McKissock et al. [8] reported the first
randomized trial in which 180 patients were included.
They reported that surgically treated cases demon-
strated worse prognoses than conservatively treated
cases. Since then, there has been a tendency not to

perform surgical treatment for ICH in Western coun-
tries. However, the pre-microneurosurgical and pre-
computed tomography (CT) era during which that
investigation was conducted should be taken into
account.

Recent meta-analyses of published trials of craniot-
omy for ICH by Fernandes e al. [2] were also found to
be inconclusive, indicating that more information is
needed from randomized studies to determine the role
of surgery in ICH.

On the other hand, in Japan, a large-scale retrospec-
tive study by Kanaya et al. [5] in 1980, in which 7010
patients were included, has revealed an improvement
in mortality and morbidity rates in the cases of grade
3 (stupor), 4a (semicoma without herniation signs), 4b
(semicoma with herniation signs), and 5 (deep coma)
following hematoma evacuation by craniotomy. Since
then, there has been a tendency to perform surgical
treatment for ICH in Japan [6].

In a report from 2004, Hattori et al. [3] reported that
stereotactic hematoma evacuation is clearly of value in
selected patients with spontaneous putaminal hemor-
rhage whose eyes are closed, but will open in response
to strong stimuli on admission.

Until now there has been no consensus that surgical
treatment produces a better outcome than conserva-
tive treatment, because a number of mechanisms ap-
pear to be involved in ICH, especially edema forma-
tion around a hematoma.

In our hospital, on the basis of past literature and
from our own experience, we usually perform surgical
treatment for ICH when the hematoma volume is more
than about 40 cm?, the patient is suited to a neurolog-
ical grading of 3 (stupor) or 4 (semicoma), and no
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other conditions such as aging, anti-coagulant use, or
chronic renal failure are an obstacle.

The object of this paper is to evaluate the benefits of
surgery for reducing the development of brain edema
by measuring the volume of the mass including the
hematoma and surrounding edema in a quantitative
manner and analyzing the data statistically.

Materials and methods

Sixteen cases of putaminal hemorrhage were selected according to
the volume of the hematoma. Patients with hematoma volume of
20 cm? or less at the time of onset and who had been treated conser-
vatively and patients whose hematoma volume had been reduced to
20 cm? or less as a result of surgery were included in the present
study.

The patients were hospitalized during a S-year period between
1999 and 2003. All patients were admitted to our hospital within 24
hours after onset, and the diagnosis of idiopathic putaminal hemor-
rhage was based on CT findings. We excluded patients with a past
history of cerebrovascular diseases such as ICH or cerebral infarc-
tion, intraventricular extension, underlying aneurysm or vascular
malformation, anticoagulant use, trauma, or death before 28 days
after onset.

Eight patients were treated conservatively (C group) and 8 pa-
tients were treated surgically (S group). Both groups received admin-
istration of osmotic antidiuretics and other intensive medical treat-
ments such as antihypertensives.

Surgery consisted of hematoma removal by craniotomy or stereo-
tactic hematoma evacuation, the former for 3 cases and the latter for
5 cases. Stereotactic hematoma evacuations were performed using
the Komai CT-guided stereotaxic system, without administration of
argatroban or tissue plasminogen activator (tPA).

There were 5 men and 3 women ranging in age from 41 to 82
years (mean 57.6 + 14.8 years old) in the C group, and 4 men and 4
women from 33 to 77 years (mean 55.9 + 14.9 years old) in the S
group.

In the C group, the mean volume of the hematoma was 20 cm? or
less at the time of onset (mean 13.4 + 4.8 cm?). Three cases occurred
in the right hemisphere, and the other 5 cases in the left.

In the S group, surgery was performed within 72 hours after
the onset; the mean volume of the hematoma before surgery was
46.1 + 9.7 cm? and it was reduced to 20 cm? or less as the result of
surgery (mean 10.4 + 5.4 cm?3). Three cases occurred in the right
hemisphere, and the other 5 cases in the left.

There were no significant differences between these 2 groups with
regard to age, sex, hematoma volume (compared the day of onset in
C group and the day after surgery in S group), side of the hematoma,
and history of hypertension or diabetes. Hematoma enlargement was
not observed in either group.

We defined the day of onset as day 0 in the C group, and the day
just after surgery as day 0 in the S group. Head CT scans were per-
formed on the day of onset (day 0) in C group or just after surgery
(day 0) in S group, and repeated on periods of days 1-7, 8—14, and
15-21, respectively, one scan per period.

First, we calculated the volume of hematoma on day 0 (Hy). We
measured the area of the hematoma in each CT slice using NIH Im-
age software, multiplied the area and the thickness of each slice, and
summed them all. The product is Hy.

Next, we calculated hematoma volume (H) plus perihematomal
edema volume (E) (H + E) in each CT film since day 1. We defined

(E) as a lower density area than the corresponding area in the con-
tralateral hemisphere [4]. We measured the area of mass including
(H) and (E), multiplied the area and the thickness of each CT slice,
and summed them all. The product was (H + E).

Finally, we determined the (H + E)/H ratio, which indicated the
increased volume compared to the hematoma volume on day 0, in
each CT film in every period. The (H 4 E)/H ratios were compared
statistically between the C group and the S group in every period by
performing a ¢-test. Differences were regarded as significant when the
probability value was less than 0.05.

We evaluated the neurological status of each patient on day 21
using the Modified Rankin Scale.

Results

Figure 1 shows representative cases from the C
group (upper row) and the S group (lower row), re-
spectively. The volume of edema peaked on days 8-
14 in both groups.

The mean values of (H + E)/H, ratios at each pe-
riod (days 1-7, 8—14, and 15-21) were 2.19, 2.63, 2.53
in the C group, and 1.29, 1.29, 0.66 in the S group. The
mean values of the (H + E)/Hj ratios in the S group
were significantly lower compared with the C group
in every period (p < 0.01, <0.05, <0.01) (Fig. 2).

The results of our study indicate the benefits of sur-
gery for reducing the development of brain edema in
patients with putaminal hemorrhage. However, there
was an apparent inconsistency in that the S group
showed a worse prognosis than the C group with re-
gard to neurological status on day 21 as evaluated by
the Modified Rankin Scale. The scores indicated 2.5
as the mean value in the C group, and 3.75 in the S
group (p < 0.05).

Discussion

In this study, by measuring volume of the hematoma
and edema in a quantitative manner and analyzing the
data statistically, we found that surgical treatment was
considered to reduce the development of brain edema
with putaminal hemorrhage. Considering the correla-
tion between brain ICH-induced edema and surgical
treatment, we review the current knowledge of how
the brain tissue is injured in ICH.

Brain injury due to ICH consists of 2 steps. Primary
brain damage is due to hematoma formation. Hema-
toma itself causes mechanical and immediate destruc-
tion of the neural structure. Secondary brain damage
is brought about by edema formation and ischemia
around a hematoma. Edema formation in the perihe-
matomal area is considered to play an important role
in brain damage.
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day 15-21

Fig. 1. The upper row shows the representative course of a conservatively treated case, and the lower row shows that of a surgically treated
case. The volume of edema peaked on days 8-14 in both cases (C group; conservatively treated group, S group; surgically treated group)

The pathomechanism for the development of brain
edema associated with ICH seems to be quite different
from that of cold lesion edema, edema induced by
ischemia, and other sorts of edema. Suzuki ez al. [9]
demonstrated that the ICH-induced edema peaked be-
tween 10 to 20 days after the onset and prolonged clin-
ical deterioration.

A number of mechanisms appear to be involved in
edema formation after ICH and have not yet been fully
understood. Xi et al. [10] reported that at least 3 phases
of edema are involved in ICH. These include a very
early phase involving hydrostatic pressure and clot re-
traction, a second phase involving the activation of
the coagulation cascade and thrombin production,
and a third phase involving red blood cell lysis and
hemoglobin-induced neuronal toxicity. That is, toxic
components of blood seem to be closely correlated
with edema formation.

Recent research has identified thrombin as a key me-
diator in the development of edema in animal models,
prompting further studies on the administration of a
thrombin inhibitor such as argatroban. Kitaoka et al.
[7] reported in 2002 that intracerebral injection or the
systemic administration of high-dose argatroban in
the acute phase of ICH significantly reduced edema
and suggested that argatroban may be an effective
therapy for ICH-induced edema. Clot removal after

tPA treatment or infusion of tPA directly into the hem-
atoma have also been actively tested.

Hematoma removal may be the effective cure be-
cause it reduced brain edema volume and blood-brain
barrier disruption and improved cerebral tissue pres-
sure, and because it results in the removal of toxic
components such as thrombin at the same time [10].

We emphasize that, whether medicines such as arga-
troban and tPA are used or not, surgical reduction of
the fluid component at the site of the hematoma would
be effective for reducing the development of brain
edema because thrombin existing in fluid components
around the clot would be reduced. In our study, edema
formation was reduced after surgical intervention
compared with the conservatively treated cases, al-
though the hematoma volume just after surgery re-
mained at the same level between the 2 groups. We
did not use either argatroban or tPA.

Although 2 of 8 cases were treated with ventricular
drainage for hydrocephalus and this influence cannot
be ignored, the result of our current study supports
the possibility that surgical treatment itself can prevent
brain edema by reducing toxic components of blood
such as thrombin in ICH.

Regarding the worse prognosis for the S group as
evaluated by the Modified Rankin Scale in the current
study, the result appeared to be affected by the neuro-
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Fig. 2. The broken line shows the chronological change of (H + E)/Hj ratios in the conservatively treated group, and the solid line shows that
in the surgically treated group. The mean values of the (H + E)/Hj ratios in S group are significantly lower compared with C group in every
period (# = p < 0.01; * = p < 0.05) (C group; conservatively treated group, S group; surgically treated group)

logical status at the time of onset between the 2 groups.
The mean score on the Glasgow Coma Scale in our C
group was 13.75 at the time of onset, and 10.25 in our
S group; it was significantly lower in the S group
(p < 0.05).

We intend to enhance the quality of research with a
more secure protocol, many more cases, analysis of the
fluid components gained by surgery, and by seeking to
promote our understanding of the connection between
edema formation in ICH and surgical treatment.
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Summary

Early hematoma enlargement and delayed clot lysis contribute to
brain injury after intracerebral hemorrhage (ICH). We investigated
hematoma growth, clot lysis, and brain edema formation in patients
with spontaneous ICH.

A total of 17 spontaneous ICH patients who received regular med-
ication were chosen for this study. All patients had their first CT scan
within 5 hours of onset of symptoms (day 0). The patients then un-
derwent second, third, and fourth CT scans at 1, 3, and 10 days later.
Hematoma size and absolute and relative brain edema volumes were
measured. Hematoma enlargement was defined as a >33% increase
in volume. Relative brain edema volume = absolute brain edema
volume/hematoma size. Hematoma enlargement occurred in 4 of
the 17 ICH patients (24%) within the first 24 hours. The hematoma
sizes were reduced significantly at day 10 (p < 0.05) because of clot
lysis. However, both absolute and relative brain edema increased
gradually with time (p < 0.01).

These results suggest that delayed brain edema following ICH
may result from hematoma lysis. This study also shows that early
hematoma enlargement occurs in Chinese patients with ICH. Reduc-
ing early hematoma growth and limiting clot lysis-induced brain
toxicity could be potential therapies for ICH.

Keywords.: Intracerebral hemorrhage; brain edema; hematoma
growth; hematoma lysis; computed tomography.

Introduction

Spontaneous intracerebral hemorrhage (ICH) is a
common and often fatal stroke subtype lacking effec-
tive management [6]. ICH is estimated to account for
10-15% of all strokes in the United States [10]. The in-
cidence of ICH is more common in China [17]. Brain
edema contributes to brain damage after ICH [14].
Experimental and clinical investigations have demon-
strated that early hematoma enlargement and delayed
clot lysis contribute to ICH-induced brain injury [15].
The natural history and pathogenesis of hematoma
and perihematomal edema in human ICH have not

been well-studied. We investigated hematoma growth,
clot lysis, and brain edema formation in Chinese ICH
patients.

Materials and methods

Study design

In-patients who experienced spontaneous ICH (n = 17) in the
Huashan Hospital at Fudan University between 2003 and 2004
were studied. All hematomas were located in the supratentorial
area. Patients received regular medication. Exclusion parameters
for this study included: 1) traumatic hemorrhage with initial or sub-
sequent intraventricular extension, subsequent subarachnoid hemor-
rhage, or underlying aneurysm or vascular malformation, 2) death,
or 3) undergoing surgical treatment within 10 days. All patients re-
ceived non-contrast brain computed tomography (CT) scans within
6 hours of ICH onset. After the first CT scan, patients underwent sec-
ond, third, and fourth CT scans at 1, 3, and 10 days after ICH onset.
Hematoma enlargement was defined as a >33% increase in volume

(21

Measurement of hematoma and perihematomal edema volumes

All CT pictures were converted from CT machine to personal
computer using the accessory software of the CT machine (e-Film),
and NIH Image J 1.29 software (National Institutes of Health, USA)
was used to analyze hematoma and edema volume.

We reset the calibration of the image according to the scale on the
CT slices. Then the range of hematoma and perihematomal edema
were marked out (for hematoma, the grey value was >130, and for
the edema area, the grey value was 55-90). The area of hematoma
and perihematomal edema of each CT slice was measured by NIH
Image J. The above steps were repeated 3 times. Relative brain
edema volume = absolute brain edema volume/hematoma size.

Statistical analysis

All data in this study are presented as mean + SD. Data were an-
alyzed with ANOVA using the Scheffe F test. Significance levels
were measured at p < 0.05.
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Results

A total of 17 patients were chosen for this study. De-
mographic and clinical features of the study patients
are summarized in Table 1. All patients received non-
contrast brain CT within 6 hours of ICH onset, and
mean time was 2.6 hours after symptom onset. Ten pa-
tients had a history of hypertension (3—20 years) and 5
patients had a history of diabetes mellitus (4—13 years).

Hematoma enlargement occurred in 4 of the 17 ICH
patients (24%) within the first 24 hours. Average
hematoma sizes of all 17 patients were 20.9 + 18.8,
23.8 4+ 16.5,21.2 + 14.8, and 12.4 + 10.3 cm? at days
0, 1, 3, and 10, respectively. The hematoma sizes were
reduced significantly at day 10 (p < 0.05) because of
clot lysis (Table 2, Fig. 1). However, both absolute
and relative brain edema volumes increased gradually
with time (absolute edema: 46.4 + 30.1 at day 10 vs.
20.4 + 13.2 cm? at day 0, p < 0.05; relative edema:
6.1 + 6.5 at day 10 vs. 1.3 + 0.8 at day 0, p < 0.05;
Table 2). Figure 1 shows serial CT scans in 2 ICH
patients.

Discussion

Our study demonstrates that early hematoma en-
largement contributes to brain injury in Chinese ICH

Table 1. Clinical data after admission.

Gender (n) Male (10), female (7)
Age,y 59+ 13
Systolic pressure, mmHg 176 + 26
Diastolic pressure, mmHg 105+ 13
Blood glucose, mM 943
Glasgow Coma Scale 11+3
Hematoma location, n (%)

— Right basal ganglia 6(36)
— Left basal ganglia 4 (24)
— Right temporal lobe 2(12)
— Left temporal lobe 3(18)
— Right parieto-occipital 1(6)
— Right frontal lobe 1(6)

Table 2. Volumes of hematoma and perihematomal brain edema.

patients. Hematoma enlargement occurred in 4 of 17
ICH patients (24%) within the first 24 hours.

Several recent investigations evaluated the rate of
hematoma enlargement after initial presentation [1, 2,
4, 7]. Early enlargement of the hematoma after the ic-
tus is associated with midline shift and accelerates neu-
rological deterioration [1, 16]. The precise mechanisms
of hematoma growth are not known, but most hema-
toma enlargement occurs within the first 24 hours [2,
7]. Broderick et al. [1] recognized that early hematoma
growth is associated with early neurological deteriora-
tion. An ongoing clinical trial focuses on early treat-
ment with activated Factor VIla aimed at preventing
hematoma enlargement and reducing ICH-induced
brain injury [8].

We also found that hematoma size decreases and
perihematomal brain edema increases during the first
10 days after ICH in humans, suggesting delayed brain
edema following ICH may result from hematoma lysis.
Other studies have demonstrated that perihematomal
edema peaks several days after ICH [3, 11]. In rats,
brain edema peak occurs on the third or fourth day
after experimental ICH [13]. This delayed brain edema
may be related to erythrocyte lysis, because infusion of
packed erythrocytes causes edema after about 3 days
but not earlier when the erythrocytes remain intact
[13]. A clinical study of brain edema after ICH also in-
dicates that delayed edema is related to significant
midline shift after ICH [16].

Delayed brain edema in ICH patients may be due
to erythrocyte lysis and iron toxicity. Our previous
studies demonstrated that an intracerebral infusion
of hemoglobin and its degradation products, hemin,
iron, and bilirubin, cause the formation of brain edema
within 24 hours. Hemoglobin itself induces heme
oxygenase-1 up-regulation in the brain, and heme
oxygenase inhibition by tin-protoporphyrin reduces
hemoglobin-induced brain edema. In addition, an in-
traperitoneal injection of a large dose of deferoxamine,
an iron chelator, attenuates brain edema induced by
hemoglobin. These results indicate that hemoglobin

Volume Day 0 Day 1 Day 3 Day 10
Volume of hematoma (cm?) 20.9 + 18.8 238+ 16.5 212+ 148 12.4 4+ 10.2*
Absolute edema volume (cm?) 20.4 +13.2 30.7 + 15.4% 42.6 +23.8 46.4 + 30.1
Relative edema volume 1.3+0.8 1.7+ 1.1 254+ 1.7 6.1 +6.5

# p < 0.05vs. day 0.
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Fig. 1. Serial CT scans of 2 ICH patients

causes brain injury by itself and through its degrada-
tion products [5]. Also, investigations have demon-
strated that iron overload occurs in the brain after
ICH, and iron chelation with deferoxamine reduces
perihematomal edema [9, 12].

In conclusion, early hematoma enlargement oc-
curred in our study population of Chinese ICH pa-
tients, and delayed perihematomal edema develop-
ment was associated with erythrocyte lysis. Reducing
early hematoma growth and limiting clot lysis-induced
brain toxicity could be potential therapies for ICH.
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Summary

In this study, we investigated 40 patients (18 male, 22 female;
mean age = 64.5 + 11.0; GCS = 9 to 14) with acute supratentorial
spontaneous intracerebral hemorrhage (SICH) at admission by us-
ing a 1-tesla magnetic resonance imaging (MRI) unit equipped for
single-shot echo-planar spin-echo isotropic diffusion-weighted imag-
ing (DWI) sequences. All DWI studies were obtained within 48
hours after symptom onset. Regional apparent diffusion coefficient
(rADC) values were measured in 3 different regions of interest
(ROIs) drawn freehand on the T2-weighted images at b 0 s/mm?
on every section in which hematoma was visible: 1) the perihemato-
mal hyperintense area; 2) 1 cm of normal appearing brain tissue sur-
rounding the perilesional hyperintense rim; 3) an area mirroring the
region including the clot and perihematomal hyperintense area
placed in the contralateral hemisphere. rADC mean values were
higher in perihematomal hyperintense and in contralateral than in
normal appearing areas (p < 0.001), with increased rADC mean
levels in all regions examined.

Our findings show that rADC values indicative of vasogenic
edema were present in the perihematomal area and in normal ap-
pearing brain tissue located both ipsilateral and contralateral to the
hematoma, with lower levels in non-injured areas located in the T2
hyperintense rim around the clot.

Keywords. Intracerebral hemorrhage; apparent diffusion coeffi-
cient; diffusion-weighted imaging.

Introduction

Neither surgical nor medical treatment has been
shown to improve clinical outcome after spontaneous
intracerebral hemorrhage (SICH) [13]. Several investi-
gations have recently focused on the mechanisms un-
derlying edema formation in brain tissue surrounding
the hematoma, widely considered to be a major cause
of secondary damage contributing to delayed deterio-

ration following SICH [6]. Although the development
of perihematomal edema has been clearly demon-
strated in animal models [10, 18, 19], the precise nature
of this edema reaction remains to be elucidated [6, 13].
Studies performed with diffusion-weighted imaging
(DWTI) in humans may distinguish between cytotoxic
and vasogenic edema, showing decreased apparent dif-
fusion coefficient (ADC) values in cytotoxic edema
and increased ADC values in vasogenic edema [14].
Perihematomal edema can be cytotoxic [8] or vaso-
genic [12, 15] in hyperacute phases, vasogenic [2, 3,
12] or combined cytotoxic and vasogenic [4] in acute
phases, and vasogenic in subacute [2, 3, 12] stages of
hematoma temporal evolution. ADC levels measured
in the whole lesion (hemorrhagic core plus perihema-
tomal area) are low in hyperacute, elevated in acute,
decreased in early subacute, and slightly increased in
late subacute hematomas [7]. Similar chronological
fluctuations in ADC values are seen in the perithemato-
mal area [4]. Since cellular components are irreversibly
injured in cytotoxic and preserved in vasogenic edema
[1], it is important to clarify which type of edema
occurs early in the perihemorrhagic area. In the pres-
ent study, we sought to evaluate perilesional ADC
changes in patients with acute SICH.

Materials and methods

Patient selection

Forty patients with acute supratentorial SICH (18 male and 22 fe-
male; mean age = 64.5 + 11.0) who underwent DWI studies within
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48 hours after symptom onset were included in the study. Time of
ictus was considered as the last time the patient was known to be neu-
rologically normal. Patients with infratentorial hemorrhage, hema-
toma related to tumor, trauma, coagulopathy, aneurysms, vascular
malformations, hemorrhagic transformation of brain infarction, in-
traventricular extension of their hemorrhage, and patients who had
undergone surgical hematoma evacuation were excluded. Disease se-
verity was scored in all patients at entry using the Glasgow Coma
Scale (GCS) [16]. Hematoma location was classified as either basal
ganglia or lobar. Hematoma volume was calculated using the for-
mula A x B x C/2[9]. Informed consent was obtained from each pa-
tient or from relatives before DWI studies were performed.

DWI studies

DWI examinations were performed on a I-tesla magnetic reso-
nance imaging (MRI) unit (Signa Horizon LX™, GE Medical
System, Milwaukee, WI) equipped for isotropic DWI single-shot
echo-planar spin-echo sequences. Axial images covering the whole
brain were obtained by single-shot echo-planar spin-echo sequences

perihematomal
hyperintense area

normal app earing
brain tissue

D

contralateral area
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(TR = 10000 ms; TE = 109 ms; slice thickness = 5 mm; interslice
spacing = 0; matrix size = 96 x 96; FOV =28 cm; NEX = 1; b-
value = 1000 s/mm?). ADC maps were generated for each patient
using an imaging workstation (Advantage Windows; GE Medical
System, Milwaukee, WI) supplied with a dedicated software package
(Functool; GE Medical System, Milwaukee, WI). Regional ADC
(rADC) values were measured in 3 different regions of interest
(ROIs) drawn freehand on the T2-weighted images at b 0 s/mm?
on every section in which the hematoma was visible: 1) the perihema-
tomal hyperintense area; 2) 1 cm of normal appearing brain tissue
surrounding the perilesional hyperintense rim; 3) an area mirroring
the region showing the clot and perihematomal hyperintense area in
the contralateral hemisphere (Fig. 1). rADC values within the hem-
orrhagic core were not evaluated due to the presence of susceptibility
artifacts. rADC levels were expressed in s/mm? [11]. Because cere-
brospinal fluid (CSF) contamination was not excluded from rADC
measurements, rADC values lower than 80 x 107> and higher than
92 x 10~ s/mm? were considered to be suggestive of cytotoxic and
vasogenic edema, respectively [17].

Fig. 1. DWIimages obtained within 48 hours after symptom onset in a patient with SICH in the left thalamus. Images A, B, and C show hand-
drawn ROIs placed around the perihematomal hyperintense area and normal appearing brain tissue surrounding the perilesional hyperintense
rim in T2-weighted sequences at b = 0 s/mm? (A), in isotropic DWI sequences at b = 1000 s/mm? (B), and in ADC maps (C). mage D, E, and
F depict hand-drawn ROIs including the clot and perihematomal hyperintense area, and a mirroring area located in the contralateral hemi-
sphere in T2-weighted sequences at b = 0 s/mm? (D), in isotropic DWI sequences at b = 1000 s/mm? (E), and in ADC maps (F)
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Statistical analysis

Mann-Whitney U test was used to compare mean values among
the various groups. The Spearman rank correlation coefficient test
was used to identify possible relationships among the different vari-
ables. Statistical significance was set at p < 0.05.

Results

Overall, SICH was observed within basal ganglia
regions in 10 patients and within lobar regions in the
remaining 30 patients. GCS scores ranged between
9 and 14. Mean hematoma volume was 17.2 + 12
(range = 2-48.3). The mean time from symptom onset
and DWI studies was 39.9 + 4.4 hours (range = 29.2
to 47 hours; median = 40.2 hours). As illustrated in
Fig. 2, rADC mean values were higher in perihemato-
mal hyperintense tissue and contralateral parenchyma
than in normal appearing areas (p < 0.001). There
was no difference between perihematomal hyperin-
tense and contralateral areas. The analysis of absolute
values revealed that rADC mean levels were increased
in perihematomal hyperintense (111.7 + 38.2 x 107
s/mm?), in normal appearing (93.8 + 11.4 x 107 s/
mm?) and in contralateral (104.9 + 20 x 107 s/
mm?) areas. No definite correlations were observed be-
tween perihematomal rADC mean levels and hema-
toma volume.
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225 p < 0.001

200 |
175 P <0.001
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Fig. 2. Regional ADC (rADC) mean values expressed in 107> s/
mm? in perihematomal hyperintense area, in normal appearing tis-
sue surrounding the perilesional hyperintense rim, and in a mirroring
contralateral area including the clot and perihematomal hyperin-
tense area from 40 patients with SICH. rADC mean values were
higher in perihematomal hyperintense and contralateral areas than
in normal appearing areas (p < 0.001). The boundaries of the box
represent the 25th to 75th quartile. The line within the box indicates
the median. The whiskers above and below the box correspond to
highest and lowest values, excluding outliers

Discussion

We have investigated rADC values in the region pe-
ripheral to the hematoma to verify whether perihema-
tomal edema is cytotoxic or vasogenic in the acute
phase. In accordance with previous studies [2, 3, 12],
perihemorrhagic rADC values were elevated, suggest-
ing ongoing accumulation of excess fluid in the extra-
cellular space consistent with vasogenic edema. These
findings are in contrast with those obtained by other
investigators who have shown that cytotoxic and vaso-
genic edema can coexist in the perihematomal zone
when a different topographical approach is used [4].
A possible explanation for acute edema formation sur-
rounding the clot in the extracellular compartment
comes from experimental studies documenting that
vasogenic edema development around an intracerebral
hemorrhage during the acute stage is mainly mediated
by the clotting of blood with liberation of the remain-
ing serum proteins, especially thrombin, into sur-
rounding brain parenchyma [10] rather than by the
toxic effect of hemoglobin degradation products de-
rived from erythrocyte lysis [19]. In agreement with
recent observations [7, 15], an inverse correlation be-
tween perihematomal rADC levels and hematoma
size described previously [3] was not found. Our results
argue against a major role for mechanical compression
of small perilesional blood vessels related to hema-
toma mass effect in early perithemorrhagic edema de-
velopment [6].

Interestingly, rADC values indicative of vasogenic
edema were detected in non-lesioned regions located
around the perihemorrhagic hyperintense rim and in
the contralateral hemisphere. Concordance between
our data and those obtained in other reports [3, 7, 15]
is of particular relevance since they confirm that nor-
mal appearing brain tissue is not always normal when
a focal hemorrhagic lesion is present. Global elevation
of hydrostatic pressure resulting in abnormal water
shift from blood vessels to the extracellular space could
account for the occurrence of the increase in whole-
brain ADC levels [7]. Alternatively, an intense and dif-
fuse inflammatory response due to remote toxic effects
of clotting proteins and red blood cell lysis compo-
nents may contribute to the vasogenic edema observed
in non-affected brain areas adjacent and distant to the
SICH [10]. As seen in Fig. 1, the high rADC values ob-
tained in normal appearing ROIs, manually outlined
ipsilateral and contralateral to the hematoma, could
be ascribed to inclusion of small and partially conflu-
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ent focal hyperintensity on T2-weighted imaging. In
fact, it has been demonstrated that ADC values are
elevated in regions of leukoaraiosis as a consequence
of axonal loss replaced by interstitial water [5].

Regional ADC levels were greater in contralateral
than in ipsilateral normal appearing regions. Because
the CSF signal was not excluded from rADC measure-
ments, this apparent paradox was probably attribut-
able to an effacement of the contiguous CSF spaces
with elevated ADC values determined by the hema-
toma mass effect.

In conclusion, rADC values reflecting vasogenic
edema were found in the perihematomal area and in
normal appearing brain tissue located both ipsilateral
and contralateral to the hematoma, with less pro-
nounced values in the non-injured area located around
the T2 hyperintense rim of the clot. Edema formation
in the perilesional T2 high signal area did not seem to
relate to the hematoma size. These findings suggest
that an acute SICH is associated with both local and
global edematous brain responses, indicating that
DWI with analysis of rADC values represents a power-
ful tool for the evaluation of early edema development
occurring around an acute hemorrhagic focal lesion.
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Summary

Hypoattenuation areas shown on brain CT scans after subarach-
noid hemorrhage (SAH) are believed to be associated with persistent
ischemia. The aim of this study was to evaluate regional cerebral
blood flow (rCBF) in hypoattenuation areas and its evolution over
time by means of Xenon CT (Xe-CT).

We enrolled 16 patients with SAH who developed a hypoattenua-
tion area in the middle cerebral artery territory. Patients were studied
at time zero (the first Xe-CT), within 24 to 96 hours, and 96 hours
after the initial Xe-CT.

We analyzed 19 hypoattenuation areas caused by vascular distor-
tion, vasospasm, or post-surgical embolization in 48 Xe-CT studies.
Areas of hypoattenuation were divided in 2 groups according to ini-
tial rCBF. In the first group (n = 15), rCBF was initially above
6 mL/100 gr/min but only 2 were still ischemic (rCBF < 18 mL/
100 gr/min) 96 hours after the first Xe-CT, while 7 (58%) were
hyperemic. Conversely, in the second group with severe ischemia
(rCBF < 6 mL/100 gr/min; n = 4) mean rCBF increased (p = 0.08)
but still remained below the ischemic threshold.

In severely ischemic lesions, rCBF reperfusion occurs but is prob-
ably marginally relevant. Conversely, in lesions not initially severely
ischemic, residual CBF gradually improved and frequently became
hyperemic. The functional recovery of these zones remains to be
evaluated.

Keywords: Subarachnoid hemorrhage; ischemia; cerebral blood
flow; Xenon-CT.

Introduction

The most common complication of aneurysmal sub-
arachnoid hemorrhage (SAH) is cerebral ischemia
[11]. Low attenuation zones due to poor perfusion in
a major vessel territory after SAH are usually associ-
ated with persistent ischemia. Hypodense lesions con-
sistent with cerebral infarctions (40 to 60%) are com-
mon on follow-up computerized tomography (CT)
scans among survivors [6]. However, spontaneous re-
perfusion can follow ischemia. Many reports describe
ischemic events after SAH, but none explain the evolu-

tion over time of the regional cerebral blood flow
(rCBF) following ischemia. The knowledge of rCBF
values in low-density areas related to SAH may be of
potential interest in outcome prediction as well as in
treatment planning. It is reasonable to believe that pa-
tients with low-density areas associated with normal
rCBF levels have better outcomes. The practice of re-
gional monitoring of hypodense edematous areas on
CT could benefit from rCBF measurements, which
might explain brain tissue oxygen or microdialysis re-
gional data and improve the physiological background
that sustains specific therapies [12]. The aim of our
study was to evaluate CBF in low attenuation areas
over time by repeated rCBF measures with Xenon CT
(Xe-CT).

Materials and methods

From June 2000 to January 2003, 169 patients with aneurysmal
SAH were treated in the Intensive Care Unit at Bufalini Hospital,
Cesena-Italy. Sixteen of them developed new hypoattenuation areas
greater than 1 cm? in the middle cerebral artery (MCA) territory
and were studied with at least 2 Xe-CTs. Parenchymal hypoattenua-
tion on CT was defined as a visually well-recognized cerebral region
of abnormally increased radiolucency relative to other parts of the
same structure or to its contralateral counterpart covering the same
vascular territory [13]. There were 3 causes of major vessel distortion:
distortion due to elevated intracranial pressure (ICP), vasospasm,
and post-clipping or post-embolization procedures. The site of the
bleeding aneurysm was assessed by angiography. Clinical and radio-
logical severity on admission was graded according to Hunt and Hess
[2] and Fisher [1] scores. ICP, arterial pressure, body temperature,
and end-tidal CO, were continuously monitored. Patients were also
monitored with a Swan-Ganz or a PICCO catheter as needed. Addi-
tional monitoring included transcranial Doppler and electroence-
phalography.

A staircase treatment protocol to maintain ICP below 20 mmHg
was applied, consisting of sedation and analgesia to a level reducing
noxious stimulation known to increase ICP, intermittent cerebro-



86

spinal fluid drainage to control ICP and to wash out bloody cerebro-
spinal fluid, control of serum sodium, and normocapnia. In cases
with refractory elevated ICP, benzodiazepine and fentanyl treatment
was combined with propofol or barbiturate to induce burst suppres-
sion, if necessary. Cerebral perfusion pressure (CPP) was maintained
above 70 mmHg with crystalloid input and with norepinephrine
and dobutamine if needed. Patients with critical rCBF and/or sus-
pected vasospasm were treated with further elevation of CPP up to
90 mmHg.

Once a focal lesion was found in the MCA territory and rCBF
measured, the treatment applied was consistent with ICP level, the
extent of the area of the lesion, the cardiovascular reserve status,
and the risk of medical complications. In patients with elevated ICP
and large low-density areas that had ischemic or hyperemic rCBF
values, treatment consisted of external decompression, CPP levels
no higher than 70 mmHg, and deep sedation frequently induced
with diazepam, propofol, and fentanyl. Conversely, patients with
borderline rCBF values in low-density areas were treated with pro-
longed CPP elevation (90 mmHg).

Outcome was evaluated 1 year later using the Glasgow Outcome
Score (GOS) [3]. We combined good recovery and moderate disabil-
ity into one group (good), and severe disability, persistent vegetative
state, or dead into a second group (poor).

CBF studies

When a hypoattenuation area was detected by CT, CBF was mea-
sured using a CT scanner (Picker 5000) equipped for Xe-CT CBF
imaging (Xe/TC system-2, DDP, Inc., Houston, TX). Regions of in-
terest larger than 1 cm? were drawn freehand around the low-density
area on the CT scan. The rCBF mean values of each region of inter-
est were expressed in mL/100 gr/min. Two different groups were de-
fined according to the rCBF of the lesions seen on the first Xe-CT.
The first group had severely ischemic lesions (CBF < 6 mL/100 g/
min) [7] on the first Xe-CT, while the second group had less severe
ischemic lesions on the first Xe-CT (CBF > 6 mL/100 g/min). Mod-
erate ischemia was defined as rCBF > 6 and <18 mL/100 gr/min
[4]. Relative hyperemia was defined as CBF > 33.9 and <55.3 mL/
100 g/min, while absolute hyperemia was CBF above 55.3 mL/
100 g/min [10]. The distribution of the studies were categorized in 3
time periods: 1) first Xe-CT with a hypoattenuation zone, 2) 24 to 96
hours, and 3) 96 hours after the first Xe-CT.

The time intervals between both the onset of SAH and surgical
or endovascular procedures and Xe-CT CBF measurements were
recorded.

Statistical analysis

Comparisons of mean rCBF among different time groups were
carried out by ANOVA. Comparison of mean rCBF between the
group with severely ischemic lesions on the first Xe-CT and the
group with less severe ischemic lesions was done using the unpaired
2-tailed 7 test. Comparison of percentage of hyperemic and ischemic
lesions and outcome between groups was done by means of Chi-
square (Data Desk v 6.1.1, by Data Description, Inc., Ithaca, NY,
USA). A value of p < 0.05 was considered significant.

Results

Patient characteristics are reported in Table 1. The
median Hunt and Hess score was 3 (interquartile
range; IQR 2). The median Fisher score was 3 (IQR 1).

The 16 patients developed 19 hypoattenuation le-
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Table 1. Patient characteristics.

Patients n 16
Age (years) Mean (SD) 52 (12)
Sex (%) Female 62
Fisher Score 1 n (%) 1(6)
11 n (%) 1(6)
11 n (%) 6 (38)
v n (%) 8 (50)
Hunt & Hess Score 1 n (%) 4 (25)
11 n (%) 3(19)
11 n (%) 1(6)
v n (%) 8 (50)
A\ n (%) 0(0)
Clipping/Embolization n/n 12/4
Bleeding Site AcoA n (%) 51
MCA n (%) 7 (44)
PcoA n (%) 2 (12.5)
ICA n (%) 2 (12.5)
Outcome at Good recovery or n (%) 7 (44)
12 months moderate disability
Severe disability n (%) 5Q@30)
Persistent vegetative 1 (%) 3(19)
state or death
Missing n (%) 1(6)

AcoA Anterior communicating artery; M CA middle cerebral artery;
PcoA posterior communicating artery; /CA internal carotid artery.

sions in the MCA territory on plain CT scans. The first
Xe-CT of a hypoattenuated lesion was performed at a
median time of 3 (IQR 5) days after bleeding. The me-
dian time between aneurysm exclusion and the first
Xe-CT was 1.5 (IQR 4) days. The 19 lesions were ana-
lyzed by 48 Xe-CT studies with a median of 3 Xe-CT
studies per lesion (low attenuation lesion/Xe-CT
study). Therefore, a total of 52 low attenuation
lesion/ Xe-CT studies were subjected to statistical anal-
ysis. The mean physiological parameters recorded dur-
ing the 48 Xe-CT studies were ICP = 21 + 6 mmHg,
CPP =74 4+ 13 mmHg, and PaCO, = 39 + 5 mmHg.
The initially less severe ischemic lesions were due
to vascular distortion (n = 1), vasospasm (n = 3), or
post-surgical embolization (n = 8). In the first group
with severely ischemic lesions on the first Xe-CT,
the mean rCBF was higher in subsequent Xe-CTs
(p=0.08), failing to reach a mean rCBF above
18 mL/100 gr/min. In the group of less severe ische-
mic lesions on the first Xe-CT, the mean rCBF rose
(p = 0.24) with an increased frequency hyperemic le-
sions (p = 0.053) (Table 2). This behavior was consis-
tent with relative hyperemia. Conversely, absolute hy-
peremia peaked at 24 to 96 hours after the first Xe-CT
and declined thereafter.

Poor outcome was found at 12 months in 3 (75%)
patients with severely ischemic lesions on the first Xe-
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Table 2. Data from 48 Xe-CT studies comparing lesions according to the threshold of severe ischemia.

First CT 24-96 hrs >96 hrs p-value
Initially severe ischemic mL/100 gr/min mean + SD (n) 3+ 1@)* 43+26@)% 14+ 120y 0.08
low-density lesions (n = 4) % of relative hyperemic lesions (n) 0 0 0 1
% of absolute hyperemic lesions (n) 0 0 0
% of lesions with rCBF < 18 mL/100 gr/min (n) 100 (4) 100 (4) 50 (1)
Initially less severe ischemic mL/100 gr/min mean + SD (n) 22+ 19 (15)* 34 4+30(15% 35+ 17(12° 0.24
low-density lesions (n = 15) % of relative hyperemic lesions (n) 6.6 (1) 13.3(2) 40 (6) 0.053
% of absolute hyperemic lesions (n) 6.6 (1) 26.6 (4) 6.6 (1)
% of lesions with rCBF < 18 mL/100 gr/min (n) 60 (9) 40 (6) 5(2)

* p<0.03;% p<0.03;° p<0.05.

CT and 6 (50%) patients with less severe ischemic le-
sions (p = 0.68).

Discussion

This study suggests that hypoattenuated lesions on
plain CT scans usually associated with current ische-
mia do not always correspond with reduced rCBF be-
low the ischemic threshold and that rCBF recovery is
consistent in most lesions. However, only in the ini-
tially less severe ischemic lesions will stable and satis-
factory final rCBF levels return.

Reperfusion or recovery of rCBF may be due to
the reversal of an initial fall in rCBF in the MCA
territory, suggested by the pathological hyperemia
which appeared early and disappeared after 96 hours.
Similar behavior has already been described in patients
with acute stroke [9]. Conversely, relative hyperemia
tends to consolidate later, suggesting that focal de-
rangement of microcirculation due to post-ischemic
vasodilatation subsides and normal circulation re-
covers. Whether reperfusion in low-density areas con-
tributes to cellular viability and better neurological
outcome remains to be evaluated.

Since cerebral ischemia is generally described as the
most frequent complication after SAH [11] and is asso-
ciated with poor outcome [5], the value and evolution
of rCBF within hypodensity areas may help with man-
agement decisions [8].
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Summary

Background. Cocaine and other vasoactive substances are known
causes of cerebrovascular disease. Ictus during drug intake adversely
affects outcome.

Materials and methods. A retrospective review revealed 42 patients
with cocaine abuse and stroke. Aneurysmal bleed occurred in 15 pa-
tients; the rest had stroke. The outcome of stroke because of cocaine
intoxication was analyzed.

Results. Mean age for stroke was 38 (+8.5 SD) years; males out-
numbered females (20: 7) similar to the pattern seen in subarachnoid
hemorrhage (SAH) following aneurysm rupture. Nine had intracere-
bral hematomas, 6 had SAH with intracerebral hemorrhage (ICH)/
infarct, 1 had transverse myelopathy. Transient ischemic attack was
identified in 4. Carotid occlusion was found in 2, and slow-flow in the
vertebrobasilar system in 1. Fifteen were known hypertensives.

Cocaine was the principal substance in all patients; 7 used other
substances including marijuana and heroin. Three patients had
HIV, 3 had hepeatitis, 2 had syphilis, and 1 had tuberculosis. Urinal-
ysis was positive for cocaine metabolites in 15; 2 had late analysis.
Nine had ICH or SAH with poor neurological status at admission
and died. Cocaine intoxication correlated with fatal cerebrovascular
accident (CVA) (p < 0.001) and poor Glasgow Outcome Score
(GOS) (p < 0.001).

Conclusion. Stroke and cocaine use correlated with fatal CVA and
poor outcome. Prompt diagnostic intervention may reveal the inci-
dence of CNS injury with cocaine abuse.

Keywords.: Cocaine; stroke; aneurysm; subarachnoid hemorrhage.

Introduction

The Substance Abuse and Mental Health Adminis-
tration reported that nearly 2.5 million Americans
admitted occasional and 600 000 admitted frequent co-
caine use in 1995 [43]. These statistics show that a large
number of individuals are exposing themselves to po-
tentially adverse health consequences associated with
cocaine use, the most commonly documented system
being cardiovascular [S]. Hospital admissions for ma-
jor cerebrovascular abnormalities associated with co-

caine abuse have been less than 3% [13]. However, re-
cent literature illustrates that the incidence of cocaine-
related cerebrovascular disease is rapidly increasing
[6]. The likelihood of developing a stroke in cocaine
users may be as much as 14 times greater than that
in age-matched non-cocaine using people [36]; 25%
to 60% of these strokes are attributable to cerebral
ischemia [7, 24]. The etiology of cocaine-induced brain
ischemia involves vasospasm, platelet aggregation,
pathological changes in the cerebral vasculature, and
impaired cellular oxygenation [18, 27]. Rupture of in-
tracranial aneurysms and arteriovenous malforma-
tions have been detected in nearly half of the patients
with hemorrhagic strokes due to cocaine abuse. A tem-
poral association exists between the onset of hemor-
rhagic and ischemic strokes and cocaine administra-
tion, the majority developing within 1 hour [29, 32].

Materials and methods

A computer search of ICD-9-CM (International Classification of
Diseases, World Health Organization, 9th Revision, Clinical Modi-
fication) was utilized for retrieval of data on cocaine abuse and cere-
brovascular disease. Over a 7-year period, 42 patients admitted to
the hospital with this diagnosis were identified. Our review included
patient demographics, comorbid factors like hypertension, nature of
stroke, urinalysis findings, outcome measured by Glasgow Outcome
Score (GOS) and angiographic findings. Data were coded and en-
tered in to multivariate analysis using SigmaStat (version 3.0, Systat
Software Inc., Chicago, IL).

Results

There are 2 categories of patients in the study; one
with aneurysmal subarachnoid hemorrhage and the
other group with hemorrhagic and non-hemorrhagic
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Fig. 1. (a) Plain CT scan of brain showing intracerebral and subarachnoid hemorrhage on right side. (b) Cerebral angiogram showing internal
carotid injection on right side with saccular aneurysm arising from middle cerebral artery bifurcation

cerebrovascular incidents including transient ischemic
attack (TTIA), infarcts, intracerebral hemorrhage
(ICH), and subarachnoid hemorrhage (SAH).

Aneurysmal SAH

Among 42 patients, aneurysmal SAH was seen in 15
patients with a mean age of 38.4 years (+11.2 SD).
Five were males and 10 were females. Ten patients ex-
perienced ictus during intake of the drug, while others
were affected a few hours after intake. Most aneurysms
were located on proximal sites and all except one were
in the anterior circulation.

In comparison with the mean size of aneurysms in
our own data base, aneurysms associated with co-
caine were significantly smaller and tended to be mul-
tiple. The mean size of the aneurysms was 8§ mm,
almost 50% of them 5 mm or smaller in size, a differ-
ence from the average aneurysm size in our database
(p < 0.05).

Nearly 60% of the patients presented with a good
clinical grade (Hunt and Hess classification). One pa-
tient, in grade V, died before angiography and was
found to have a proximal internal carotid artery aneur-
ysm. No patient had evidence of vasospasm in our

study. Most aneurysms were small and proximal in lo-
cation; one was on the basilar artery.

All patients underwent clipping of the ruptured
aneurysms. A good outcome was achieved in 80%,
comparable with our overall outcome in aneurysm
patients.

Case illustration

(Case 1) GM, a 26-year-old female, had severe head-
aches and altered sensorium following nasal insuffla-
tion of cocaine. Computed tomography (CT) scan of
the brain showed an ICH with extension into the syl-
vian fissure (Fig. 1a). An emergency angiogram re-
vealed a multi-lobulated aneurysm at the bifurcation
of the middle cerebral artery on the side of the ICH
(Fig. 1b). Clipping of the aneurysm achieved a good
result.

Cerebrovascular events

There were 20 men and 7 women with a mean age of
38 years (+8.5 SD). Nine patients had an ICH, 6 had
SAH with ICH/infarct, 13 had infarcts, and 4 had
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Fig. 2. (a, b) Delayed MR scan of brain showing infarct in middle cerebral artery territory in a young man who presented with sudden onset

right-sided extremity weakness during cocaine abuse

TIA. Fifteen had hypertension and were getting treat-
ment for it. All had cocaine as the principal abuse sub-
stance, while 7 used other stimulants including mari-
juana and heroin. At the time of admission, urinalysis
revealed positive cocaine metabolites in 15 while 2 had
late analysis. Other patients arrived in an elective fash-
ion. Nine had other diseases including tuberculosis
(n = 1), syphilis (n = 2), hepatitis (n = 3), and HIV
(n=3).

Nine patients admitted emergently died. All of them
had ICH and/or SAH with poor neurological status at
the time of arrival (33.33%). Other reasons for admis-
sion of patients with cocaine abuse included TIA and
small non-hemorrhagic infarcts.

Statistical analysis

Forward stepwise regression analysis for cerebro-
vascular events revealed that a positive urinalysis was
a strong predictor of severe stroke (hemorrhagic with
ICH or SAH; p < 0.001) while other comorbid factors
like hypertension, cigarette smoking, alcohol, age, and
gender had no correlation with stroke severity. Hyper-
tension, as a comorbid factor, had no relationship with
the nature of the stroke.

Stepwise regression model for outcome (GOS)

showed that a positive urinalysis for cocaine metabo-
lites and stroke severity had a correlation with poor
outcome (p < 0.001 and p < 0.01, respectively). Co-
morbid factors, including age and hypertension, did
not reveal any association with outcome.

Case illustrations

(Case 2) SP, a 33-year-old man, was admitted with
right-sided weakness, global aphasia, and altered sen-
sorium following usage of cocaine and possibly other
agents that the patient was unable to name. Cocaine
metabolites were found in the urine. CT was negative
for hemorrhage. Echocardiography was negative for
thrombus. Magnetic resonance imaging (MRI) studies
were positive for an occluded middle cerebral artery on
left side (Fig. 2a—b).

(Case 3) SB, a 22-year-old female presented with
sudden onset of right-sided limb weakness during in-
take of cocaine. She was admitted to the hospital. A
CT scan did not reveal significant abnormality. Her
urinalysis was positive for cocaine metabolites. She
recovered completely from weakness over the next
few hours. A follow-up MRI of the brain was normal.
The neurological event this patient had was secondary
to spasm of cerebral vessels during cocaine intake.
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Discussion

Cocaine is a highly lipid soluble alkaloid that
reaches a 5:1 brain-plasma ratio with a half-life of ap-
proximately 1 hour [17]. It potentiates the effects of
monoamines by blocking reuptake of norepinephrine,
thus increasing the bio-availability of catecholamines.
This effect, combined with increased sensitivity of cat-
echolamine receptors, leads to sympathetic hyperactiv-
ity and transient hypertension [11, 21, 23]. Hyperten-
sion is a significant risk factor for cerebrovascular
accident and aneurysmal formation as well as rupture
[25, 38, 40].

Cocaine-induced hemodynamic changes play a vital
role in the formation and rupture of intracranial
aneurysms. The transcranial Doppler ultrasound
study by Van de Bor et al. [47] on infants exposed to
cocaine in utero strongly supports the hypothesis that
aneurysmal rupture is a direct consequence of the he-
modynamic effects of cocaine; the transient but re-
peated bouts of hypertension are transmitted, almost
unchanged, to the saccular aneurysms [9] and result in
exceedingly high intra-aneurysmal wall tension that in-
creases the risk of rupture. Because of the relative non-
distendability of the aneurysmal sac, which is deficient
in functional elastin and collagen, the intraluminal
stress within the aneurysm can be nearly 10 times that
of cerebral arteries at a particular pressure [3, 34]. Fre-
quent bursts of hypertension can induce an injury to
the arterial wall, the formation and enlargement of
aneurysms, and even subsequent rupture [1, 25, 37,
41]. In the current study, rupture of the aneurysms oc-
curred during intake of cocaine in the majority of the
patients.

Cocaine and its metabolites have been shown to
be potent cerebral vasoconstrictors in animal models
[26]. In almost 80% of long term cocaine users, a focal
perfusion defect develops, which is a subtle form of
cerebrovascular dysfunction, and may be secondary
to cocaine-induced cerebral vasoconstriction [42, 48].
In human volunteers, a similar phenomenon was dem-
onstrated by Kaufmann ez al. [18]. Their findings also
suggested a dose-related cumulative residual effect in
which repeated cocaine exposures produce delayed
and/or prolonged vasoconstriction. In both formation
and growth of an aneurysm, narrowing of vessels has
a direct influence: the nozzle effect of a jet of blood
emerging through a constricted area results in turbu-
lence that induces damage to the vessel wall [14, 46].
However, the duration of cocaine-induced vasocon-
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striction is unclear. The active metabolites, benzylec-
gonine and ecgonine, are known to remain in the brain
long after exposure to the drug and the defective areas
of cerebral blood flow may remain 10 days after intake
[50]. The smaller size aneurysms at the time of rupture
and the young age of patients might be indicators of
these vasoactive properties of cocaine and resultant
damage to the cerebral vasculature [29].

A recent study by Su et al. [44] showed that cerebral
vascular smooth muscle can undergo rapid apoptosis
in response to cocaine in a concentration-dependent
manner. Cocaine-induced apoptosis plays a major
role in brain-microvascular damage, cerebral vascular
toxicity, and stroke.

Our study has shown that strokes tend to be hemor-
rhagic and present in poor neurological status in peo-
ple who take cocaine actively. Most of them in poor
clinical grade succumb to the intracranial pathology.
The manner in which cocaine induces cerebrovascular
disease is multifactorial.

Nassogne et al. [30] showed that exposure of fetal
mouse brain co-cultures to cocaine does not affect the
viability of glial cells, but selectively inhibits neurite
outgrowth, followed by loss of neurons through an un-
known mechanism. The major metabolites of cocaine
appeared to have no detectable effects on neurons, in-
dicating that apoptosis could be due to cocaine itself
[31]. Inappropriate neuronal apoptosis in cocaine-
exposed fetal brain could perturb the neurodevelop-
ment program and contribute to quantitative neuronal
defects. Similar laboratory data suggest that cocaine
induces apoptosis in the smooth muscle of the cerebral
vasculature predisposing the brain to development of
multiple cerebrovascular diseases. Kaufmann ez al.
[18], using human volunteers, administered cocaine in
small doses and suggested that low cocaine doses are
sufficient to induce cerebrovascular dysfunction. Their
data also suggested a dose-response relationship be-
tween cocaine and vasoconstriction. In a small dose
(0.2 or 0.4 mg/kg), cocaine when administered intrave-
nously to human volunteers induced vasoconstriction
on magnetic resonance angiography. A similar phe-
nomenon may be responsible in one of our patients
who presented with vascular insufficiency syndrome
but had normal MRI brain 1 year later. Kaufmann
et al. [18] confirmed the findings of Su et al. [44] that
cocaine may have cumulative effect in producing cere-
brovascular dysfunction in addition to its acute vaso-
constrictive effect.

According to Levine et al. [24], 0.1% of in-patient
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admissions had a cerebrovascular event temporally re-
lated to cocaine use. Petitti ez al. [36] also reported that
cocaine and/or amphetamine use was a major inde-
pendent risk factor for stroke in young women. The
occurrence of hemorrhagic strokes exceeds that of ce-
rebral infarctions [19], although significant numbers
also present with ischemic episodes [24]. Our study
also showed a large number of patients with hemor-
rhage (ICH, SAH, or both) from aneurysmal or non-
aneurysmal causes. There is a cause and effect relation-
ship between a cerebrovascular event and cocaine as
shown by our study, where the majority of aneurysms
bled during drug abuse. Similar clinical studies have
also shown the same phenomenon [12, 19, 24]. Apart
from spasm, other possible mechanisms for increased
stroke risk include emboli from drug impurities [§],
paradoxical fat embolism [2], infectious emboli from
heart [16], acute severe increase in blood pressure [35],
cardiomyopathy induced emboli [29], hypoxia during
drug overdose [51], and allergic reactions to the drug
or its additives [8]. Cocaine also enhances the response
of platelets to arachidonic acid in vitro, thus promot-
ing thrombus formation [45]. Chronic cocaine use
increases platelet levels, enhances adenosine diphos-
phate platelet activation, and augments sporadic re-
lease of platelet-bound alpha granules. These activities
may be mediated by cocaine-induced increases in
monoamine levels, particularly of 5-HT [20].

About 70% of events occurring with intranasal or
intravenous cocaine use are caused by hemorrhage.
Hemorrhages may be intracerebral, intraventricular,
or subarachnoid. In the majority of studies, most
strokes occurred during the first hour of drug use and
blood pressure may not be elevated at all times or at
the time or presentation. Sometimes hypertension is la-
beled as the cause of hemorrhage.

Although vasculitis was often mentioned as a possi-
ble cause, no cases of vasculitis have been found in sev-
eral large postmortem series [22, 28, 33]. Nolte et al.
[33] found almost 60% of the fatal intracranial hemor-
rhages were associated with cocaine use. This is similar
to our finding where all fatalities occurred from ICH.
Vascular changes described histologically in cocaine
abuse include abnormal internal elastic lamina infold-
ing and tunica media disruption in cerebral infarction
[20], arteriolar and periarteriolar fibrosis in the nasal
mucosa of cocaine snorters [4], elastic disruption and
subendothelial edema in submucosal intestinal arteri-
oles in a case of intestinal ischemia [10], and coronary
artery intimal hyperplasia with platelet thrombi in

ischemic heart disease [39]. Vascular changes may ap-
pear as spasm on angiography and the beaded appear-
ance of vessels sometimes goes on to vasculitis. Large
arteries also may go into spasm and produce infarc-
tion. In some instances, platelet activation and sub-
sequent thrombus formation can induce vascular oc-
clusion.

The biological half-life of cocaine in blood is ap-
proximately 1 hour, with less than 5% of cocaine ap-
pearing unchanged in urine. Most urine excretion of
cocaine and its metabolites occurs within the first 24
hours after administration regardless of route. The du-
ration of detection of urinary cocaine metabolites de-
pends upon 2 factors: the amount of cocaine absorbed
or injected and the sensitivity of the drug assay used.
Smoking cocaine provides the fastest route of entry
into the cerebral circulation (6 to 8 seconds) and the
intravenous route takes twice as much time; nasal in-
sufflation produces peak levels in 30 to 60 minutes
[15, 49].

The true incidence of cocaine-induced cerebrovascu-
lar events, including aneurysmal rupture, remains ob-
scure. The pharmacokinetics and pathophysiological
mechanisms involved in cocaine-induced CNS damage
are also unclear. From our data and other publica-
tions, it is evident that most strokes and deaths due
to hemorrhage in the young have a relationship with
cocaine use. Prompt diagnostics for the evaluation of
cocaine metabolites in body fluids might help us under-
stand the true nature of the cocaine-related CNS injury
and further management strategies.
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Brain oxygen metabolism may relate to the temperature gradient between
the jugular vein and pulmonary artery after cardiopulmonary resuscitation

A. Sakurai, K. Kinoshita, K. Inada, M. Furukawa, T. Ebihara, T. Moriya, A. Utagawa, Y. Kitahata, K. Okuno,

and K. Tanjoh

Department of Emergency and Critical Care Medicine, Nihon University School of Medicine, Tokyo, Japan

Summary

Objective. A gradient between the jugular vein temperature and
core body temperature has been reported in animal and clinical
studies; however, the pathophysiological meaning of this phenome-
non remains unclear. This study was conducted to identify the tem-
perature gradient between the jugular vein and pulmonary artery in
comatose patients after cardiopulmonary resuscitation.

Materials and methods. The temperatures of the jugular vein and
pulmonary artery were measured in 19 patients at 6 and 24 hours af-
ter cardiopulmonary resuscitation. Jugular venous blood saturation
(SjO,; %) was also measured concomitantly. The patients were di-
vided into 2 groups: high SjO, (SjO, > 75%: H-group; n = 10) and
normal SjO; (SjO; < 75%: N-group; n = 9). The temperature gradi-
ent was calculated by subtracting the temperature of the pulmonary
artery from that of the jugular vein (jugular — pulmonary = dT °C).
Statistical significance was defined as p < 0.05.

Results. dT was significantly lower in the H-group than in the
N-group at 6 hours (0.120 + 0.011: mean + SD vs. 0.389 + 0.036:
p =0.0012) and 24 hours (0.090 + 0.005 vs. 0.256 + 0.030: p =
0.0136) after cardiopulmonary resuscitation.

Conclusion. The temperature gradient between the jugular vein
and pulmonary artery was significantly lower in patients with high
SjO; after cardiopulmonary resuscitation. This temperature gradient
may be reflected in brain oxygen metabolism.

Keywords.: Jugular vein temperature; pulmonary artery tempera-
ture; SjO,; CMRO:..

Introduction

Fever is a frequent and important problem in pa-
tients with neurological injury [4]. Among brain-
injured patients with hypothermia, regional differences
in brain temperature appear to increase [5, 9, 10].
In temperature measurements taken immediately after
neurological injury, local brain temperatures are often
significantly higher than core body temperatures [3, 4,
9, 10]. This differential between local brain and core
body temperatures ranges from 0.1 to 2.0°C [4, 9, 10],

and it has been clinically and experimentally demon-
strated to increase even further when the core temper-
ature climbs above 38 °C[1, 3, 5]. The pathophysiolog-
ical meaning of this phenomenon remains unclear,
however.

Clinical studies [6, 8] have reported fluctuations in
this temperature differential between brain and core
body in patients with traumatic brain injury or stroke.
The authors of these studies have suggested that the
temperature gradient in critical brain conditions might
be reflected in brain blood flow and oxygen metabo-
lism. Few studies, however, have reported the temper-
ature gradient between the central nervous system and
core body temperatures in comatose patients after re-
suscitation from cardiopulmonary arrest (CPA). The
objective of our study was to identify whether this tem-
perature gradient in comatose patients resuscitated
from CPA reflects brain blood flow and oxygen metab-
olism.

Materials and methods

The temperatures of the jugular vein and pulmonary artery were
measured in 19 patients at 6 and 24 hours after CPA. Patients with
traumatic brain injury or cerebrovascular accident were excluded
by computed tomography (CT). The jugular venous blood satura-
tion (SjO,; %) was measured concomitantly using a jugular vein
catheter (Opticath P540-H, Abbott Laboratories, Chicago, IL) in-
serted into the right jugular bulb and depicted on skull radiographs
to confirm appropriate placement. All SjO, values were obtained by
re-calibrated data for blood samples drawn through the catheter. A
pulmonary artery catheter (OptiQ, Abbott Laboratories, Chicago,
IL) was inserted into the pulmonary artery. Appropriate placement
was confirmed by pressure waves and a chest radiograph.

All patients were managed by controlled ventilation (maintaining
PaCO, at 35 to 45 mmHg), sedation, and neuromuscular blocking
agents. Systemic blood pressure was kept above 90 mmHg.
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A Pittsburgh cerebral performance category of 1 (good recovery)
or 2 (moderate disability) was defined as a favorable outcome. The
other 3 categories — 3 (severe disability), 4 (vegetative state), and 5
(death) — were defined as unfavorable outcomes.

The patients were retrospectively divided into 2 groups based on
the SjO, at 6 hours after resuscitation: normal SjO; (SjO, < 75%:
N-group; n =9) and high SjO;, (SjO, > 75%: H-group; n = 10).
The temperature gradient was calculated by subtracting the tem-
perature of the pulmonary artery from that of the jugular vein
(jugular — pulmonary = dT °C). Non-paired 7 -test and Fisher exact
test were employed for the comparisons between the 2 groups. Statis-
tical significance was defined as p < 0.05.

Results

The profiles of the 2 groups are summarized in Table
1. There were no significant differences between the

Table 1. Patient characteristics

N-group H-group p-value
Gender (male/female) 6/3 5/5 0.6499
Age (mean + SD) 56.7 + 15.0 552+ 155 0.8364
Cause of CPA (cardiac/ 3/6 2/8 0.6285
non-cardiac)
CPA witnessed/non- 7/2 6/4 0.6285
witnessed
Outcome (favorable*/ 3/6 3/7 0.9999
unfavorable**)

N-group Normal SjO, group; H-group high SjO, (>75%) group;
CPA cardiopulmonary arrest.

* Favorable outcome defined as Pittsburgh cerebral performance
category 1 (good recovery) or 2 (moderate disability), ** unfavor-
able outcomes defined as Pittsburgh cerebral performance category
3 (severe disability), 4 (vegetative state), or 5 (death)
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groups in gender, age, rate of cardiac etiology with
CPA, rate of witnessed CPA, or outcome.

Brain CT scans revealed no brain swelling, basal cis-
tern, or evidence of intracranial hypertension.

Figure 1 compares the temperature gradients (dT)
between the N-group and H-group at 6 hours (A) and
24 hours (B) after resuscitation. dT was significantly
lower in the H-group than in the N-group at both 6
hours (0.120 + 0.011: mean + SD vs. 0.389 + 0.036:
p = 0.0012) and 24 hours (0.090 + 0.005 vs. 0.256 +
0.030: p=0.0136) after cardiopulmonary resuscita-
tion.

Discussion

Fluctuations in the gradient between brain and core
body temperatures are frequently observed in brain-
injured patients [3, 5, 6]. Brain temperature seems to
be determined by 3 major factors: 1) the production
of local heat by metabolic processes in the brain; 2)
the rate of local cerebral blood flow; and 3) the arterial
blood temperature [1]. We have reported that temper-
ature gradient differences between brain and bladder
have a significant inverse correlation with SjO, at cere-
bral perfusion pressure (CPP) > 50 mmHg in patients
with traumatic brain injury and stroke [8]. A higher
SjO, indicates brain hyperemia or blood contamina-
tion from the external carotid artery after brain death
[2]. Hyperemia is defined as a cerebral blood flow in
excess of the metabolic demand. In this study we also
found that the temperature gradient between the jugu-
lar vein and pulmonary artery was significantly lower

p=0.0012 p=0.0136
0.5 0571
0.4 [ 0.4F
0.3 3t
0.3 i

0.2 0.2
0.1 01 I -

0 0
dT °C a dT °C b

Fig. 1. Comparison of temperature gradient between the N-group (open bars) and H-group (closed bars) at 6 hours (a) and 24 hours (b) after
resuscitation. dT = temperature of the pulmonary artery subtracted from the temperature of the jugular vein
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in a high SjO, group than in the normal group, and it
remained so for 24 hours. These results corroborated
those from our previous study [§8]. We surmise that a
long-lasting elevation of SjO; for at least 24 hours after
resuscitation from CPA might indicate a lower brain
oxygen metabolism rather than hyperperfusion follow-
ing anoxia-ischemia. This would be consistent with
earlier results from ischemia-reperfusion models dem-
onstrating postischemic hyperperfusion lasting only a
few minutes [7]. Taken together, these findings have
two implications: first, that brain blood flow and oxy-
gen metabolism might reflect fluctuations in the
temperature gradient between the jugular vein and
pulmonary artery of comatose patients after cardio-
pulmonary resuscitation; and second, that a reduced
gradient might indicate a lower oxygen metabolism
at SjO,; > 75%.

Our decision to measure the jugular vein tempera-
ture instead of the brain tissue temperature in this
study was based on the report by Ao indicating that
jugular vein temperature reflects brain temperature
[1]. A major limitation of our study was the inability
to monitor intracranial pressure (ICP) or CPP. While
CT brain scans revealed no evidence of increased ICP,
further studies will be needed to elucidate the impor-
tance of temperature gradient data together with data
on ICP and CPP in comatose patients after resuscita-
tion from CPA.

Conclusion

This study showed that the temperature gradient
between the jugular vein and pulmonary artery was
significantly lower in a high-SjO, group (Sj0, > 75%)
than in a normal group (SjO, < 75%) among coma-

tose patients after cardiopulmonary resuscitation.
This temperature gradient may also reflect brain blood
flow and oxygen metabolism.
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Summary

Objectives. To examine changes in cerebrovascular pressure trans-
mission derived from arterial blood pressure (ABP) and intracranial
pressure (ICP) recordings by autoregressive moving average model-
ing technique.

Methods. Digitized ICP and ABP recordings were obtained from
patients with brain injury. Two groups were defined: Group A with 4
patients who demonstrated plateau waves, and Group B with 4 intra-
cranial hypertensive, hypoperfused patients. For each 16.5 s inter-
val, mean values of ICP, ABP, cerebral perfusion pressure (CPP),
and corresponding highest modal frequency (HMF) of cerebro-
vascular pressure transmission were computed.

Results. Mean values of CPP and HMF of 56.2 mmHg and
2.0 Hz for Group A were significantly higher (p < 0.005) than corre-
sponding mean values of 31.9 mmHg and 0.744 Hz for Group B.
The mean value of the slope of the regression line between HMF
and CPP for group A of —0.034 Hz/mmHg was significantly differ-
ent (p < 0.025) than the mean value of 0.0077 Hz/mmHg for Group
B. Computations of HMF, pressure reactivity, and correlation pres-
sure reactivity index on continuous pressure recordings are illus-
trated.

Conclusions. Values of HMF of cerebrovascular pressure trans-
mission are inversely related to CPP when pressure regulation is
thought to be intact, and directly related when regulation is likely
lost.

Keywords. Plateau waves; cerebrovascular pressure transmission;
highest modal frequency.

Introduction

Protocols for the intensive care management of pa-
tients with traumatic brain injury such as controlled
cerebral perfusion pressure (CPP) [8], controlled intra-
cranial pressure (ICP) [6], or the Lund therapy [1] are
substantially different. However, a recent retrospective
study comparing the CPP- and ICP-oriented protocols
indicates better outcomes occur when the former pro-
tocol is applied during active pressure regulation of
cerebral blood flow and the latter protocol is more ap-

propriate when pressure regulation of cerebral blood
flow is impaired [5]. Given the lack of clinically practi-
cal methods to continuously evaluate pressure regula-
tion, trauma centers generally have no alternative but
to follow the approach that one protocol fits all.

Indirect methods designed to assess regulation of
cerebral blood flow continuously based on analysis of
the readily-available arterial blood pressure (ABP) and
ICP recordings have been proposed [3, 5]. A recent
laboratory study has shown that numerical analysis
system identification techniques applied to recordings
of ABP and ICP can be used to derive a mathematical
model of cerebrovascular pressure transmission [4].
Furthermore, during pressure regulation of cerebral
blood flow, the highest modal frequency (HMF) of
cerebrovascular pressure transmission is inversely re-
lated to CPP [4]. In contrast, following brain injury
and during loss of pressure regulation, the HMF varies
directly with CPP [4].

In our current study we used this same mathematical
technique to examine clinical pressure recordings ob-
tained from 2 groups of patients. One group consisted
of patients with plateau waves. For this group it was
assumed that partial pressure regulation was intact be-
fore and following a wave. The other group consisted
of 4 patients with severe intracranial hypertension and
hypoperfusion. All patients in this latter group were
assumed to have impaired pressure regulation.

The purpose of this study was to determine the rela-
tionship between HMF and CPP for each group to test
the hypothesis that during active pressure regulation,
the relationship between HMF and CPP is an inverse
one, whereas during loss of pressure regulation the
HMEF varies directly with CPP.
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Materials and methods

Patients

Measurement of ICP and ABP is standard monitoring in the man-
agement of severely head injured young adult patients in Adden-
brooke’s Hospital, Cambridge, United Kingdom. Each set of record-
ings was labeled in such a manner that the patients studied here could
not be identified by the Memphis investigators. The Institutional Re-
view Board at The University of Memphis approved the data analy-
sis protocol. Two groups were defined: Group A consisting of 4 pa-
tients who demonstrated a plateau wave, and Group B consisting of
4 patients with intracranial hypertension and hypoperfusion. Pres-
sure recordings over a 6.6 hour period were obtained from 1 addi-
tional patient.

Pressure recording analysis

Monitoring included invasive ABP from the radial or dorsalis
pedis artery. ICP was monitored using an intraparenchymal probe
(Camino ICP transducer, Integra LifeSciences Corp., Plainsboro,
NY, or Codman ICP MicroSensors, Codman & Shurtleff, Inc.,
Raynham, MA). ICP and ABP recordings were sampled at 30 Hz.
For each 16.5 s interval, mean values of ICP, ABP, CPP, and the
corresponding HMF of cerebrovascular pressure transmission were
computed. The length of the pressure recordings obtained from
each patient in Groups A and B varied from 16.2 minutes to 117
minutes. Because the aim of this study was to compare the results of
the mathematical modeling technique derived from pressure record-
ings obtained during both active pressure regulation and loss of pres-
sure regulation, analysis of pressure recordings from Group A was
done on segments before and following a wave. To reconstruct the
sampled recordings to a more accurate description of the actual pres-
sure recordings, a moving average filter was applied to every 2 sam-
ple values of the sampled recordings.

Numerical methods

The details of the numerical analysis have been described previ-
ously. In brief, the mathematical structure of the model used for
identification modeling of cerebrovascular pressure transmission by
the autoregressive moving average (ARMAX) is based on a Wind-
kessel model of ICP dynamics that has been successfully used to in-
terpret bedside tests of cerebrovascular autoregulation [2] and is of
the form:

Y(n+3)T)+aY((n+2)T)+aY((n+ 1)T) +aoY(nT)
=b,U(nT) + bU((n+ 1)T) + b3U((n + 2)T). (1)

Specifically, in the above equation, Y(nT) and U(nT) represent
ICP and ABP, respectively, and T represents the sampling epoch of
33 ms. For each 500 paired samples of pressure values representing
16.5 s segments, the autoregressive moving average (ARMAX) nu-
merical technique was applied using MATLAB System Identifica-
tion Toolbox software (The MathWorks, Inc., Natick, MA) to ob-
tain the minimum least square error set of constants ag, a;, a; and
by, by, bs for equation (1) above. These constants are used to derive
the equivalent continuous-time differential equation description of
cerebrovascular pressure transmission of the form:

d*Y(t)/dt® + aayd®Y(t)/dt® + aa;dY(t)/dt + aag Y (t)
= bb; U(t) + bbodU(t)/dt + bbyd>U(t)/dt>. )

The eigenvalues of this differential equation are the modal radian
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frequencies of the cerebrovascular pressure transmission and are the
roots of the polynomial equation:
2> + aayz® + aa;z' 4+ aag = 0. 3)

The highest modal radian frequency is defined as the eigenvalue
with the greatest absolute value and is converted to modal frequency
by division by 2*pi.

The ABP recording obtained from either the radial artery or dor-
salis pedis artery does not have the same time relationship to the ICP
recording as does an ABP recording obtained from one of the major
arteries entering the intracranial subarachnoid space. To account for
the time difference between recordings, the computation is done on
10 paired recordings. These paired recordings are obtained by shift-
ing the start of the 16.5 s ICP recording in steps of 33 ms over a
range of +165 ms relative to the same 16.5 s ABP recording. As a
result, 10 sets of constants each derived by the ARMAX technique
were determined, and the best fit set which produced minimum least
square error was selected to describe the cerebrovascular pressure
transmission between ABP and ICP and the corresponding value of
HMF.

For the patient monitored continuously over a 6.6 hour period, a
continuous computation of the correlation pressure reactivity index
(PrX) was computed as the correlation of 40 consecutive 5 s aver-
aged samples of ICP and ABP. In addition, the pressure reactivity
index (PRI) defined as the slope of the regression line of the relation-
ship between mean ICP and mean ABP was determined from 11 con-
secutive samples of mean ICP and mean ABP with each value de-
rived over a 16.5 s interval. The slope parameter of the HMF/CPP
was similarly determined by 11 consecutive samples of mean HMF
and mean CPP with each value derived over a 16.5 s interval.

Results

Examples of ICP and ABP recordings from patients
in Groups A and B and the corresponding changes
in the HMF of cerebrovascular pressure transmission
are shown (Fig. 1). During the 26-minute monitoring
period, patient A demonstrated an apparent plateau
wave (Fig. 1a). The corresponding relationship be-
tween the HMF and CPP is also shown (Fig. 1c).
Both the computed correlation coefficient and slope
of the regression line values for this relationship were
negative at —0.29 and —0.061 Hz/mmHg, respec-
tively. During the 130-minute monitoring period, pa-
tient B demonstrated a marked increase in ICP and
an increase in ABP. The corresponding relationship
between the HMF and CPP is also shown (Fig. 1f).
The computed correlation coefficient and slope of the
regression line values for this were positive at 0.831
and 0.0151 Hz/mmHg, respectively. Grand mean
values (+SD) of ABP, ICP, CPP, HMF, and the
slope of the regression line and correlation coefficient
of the relationship between HMF and CPP of patients
and with the degree of significance between the corre-
sponding means for Groups A and B are given in
Table 1.
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To illustrate the use of indirect continuous methods
to assess pressure regulation of cerebral blood flow,
paired recordings obtained over a 6.6 hour period
were evaluated using the slope parameter of regression
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Fig. 1. Examples of ARMAX modeling method applied to clinical
pressure recordings. (a) ICP recording from patient with assumed
active pressure regulation in Group A. (b) ABP recording corre-
sponding to (a). (c) Derived values of HMF from recordings in
(a and b) plotted against corresponding values of CPP. Values of
HMF decrease with increasing CPP. (d) ICP recording from patient
with assumed impaired pressure regulation in Group B. (¢) ABP re-
cording corresponding to (d). (f) Derived values of HMF from re-
cordings in (d and e) plotted against corresponding values of CPP.
Values of HMF increase with increasing CPP

lines of the relationships between HMF and CPP, the
PRI, and the PrX. During the monitoring period, ICP,
ABP, and CPP remained stable with mean values
(£SD) of 21.2 (+4.8) mmHg, 92.9 (+22.7) mmHg,
and 71.6 (+21.8) mmHg; however, brief artifacts,
likely due to instrumentation or patient manipulation,
can be noted (Fig. 2).

Discussion

In this study, the ARMAX modeling technique was
used on clinical recordings obtained from 2 distinct pa-
tient groups. Group A consisted of patients who dem-
onstrated plateau waves. Because the onset and termi-
nation of a plateau wave are thought to relate to active
vasodilation and vasoconstriction [7], the recording
intervals just prior and following the wave were used
for analysis and assumed to be obtained during active
pressure regulation of cerebral blood flow. For this
group, values of HMF were found to decrease with
increasing CPP. In contrast, the severely intracranial
hypertensive, hypoperfused patients in Group B with
mean values (+SD) of ICP and CPP of 58.3
(+12.6) mmHg and 31.9 (+16.1) mmHg, respectively,
were assumed to have impaired pressure regulation.
These patients demonstrated a direct relationship be-
tween HMF and CPP (Table 1). These findings of the
use of the numerical modeling technique of cerebro-
vascular pressure transmission support the conclusion
of a recent laboratory study that during active pressure
regulation of cerebral blood flow the relationship be-
tween HMF and CPP is an inverse one; during im-
paired pressure regulation a direct relationship exists
between HMF and CPP [4].

This modeling technique is based on a functional
physiological compatible parameter model of a dy-
namic equilibrium between cerebrospinal fluid volume

Table 1. Grand mean (+SD) of ABP, ICP, CPP, HMF, regression line slope, and correlation coefficient between HMF and CPP for patient

groups A and B

Patient ABP ICP CPP HMF Slope Correlation
Group (mmHg) (mmHg) (mmHg) (Hz) Hz/mmHg coeflicient
An=4) 94.4 29.6 56.2 2.0 —0.034 —0.35
(£3.4) (+4.9) (£+6.5) (£0.20) (40.02) (£0.24)
p<! n.s. .01 .05 .005 .025 .05
B(n=4) 86.2 58.3 31.9 0.74 0.0077 0.24
(+29.9) (+12.6) (+16.1) (+0.22) (40.008) (+0.40)

! Level of significance between grand means was determined using Student #-test. ABP arterial blood pressure, CPP cerebral perfusion pres-

sure, HMF highest modal frequency, /CP intracerebral hemorrhage.
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Fig. 2. Example of application of indirect methods of assessment of
pressure regulation of cerebral blood flow on continuous 6.6 hour re-
cording. (a) Continuous recording of ICP with a mean value (+SD)
of 21.2 (+4.8) mmHg. Marked pressure peaks are apparent artifacts
and not physiological. (b) Corresponding continuous recording of
ABP with a mean value (+SD) 0f 92.9 (+22.7) mmHg. Marked pres-
sure peaks are apparent artifacts and not physiological. (c) Com-
puted recording of CPP derived as the difference between ABP and
ICP with mean value of 71.6 (+21.8) mmHg. (d) Serial HMF/CPP.
Serial values of the slope of the regression line of the relationship be-
tween HMF and CPP computed from 11 consecutive paired values
of HMF and CPP representing 182 minute intervals are plotted.
These slope parameter values were greater than zero 60% of the
time. (e) Serial ICP/ABP. Serial values of the slope of regression
line of the relationship between ICP and ABP computed from 11
consecutive paired values of HMF and CPP are plotted. These slope
parameter values were positive 49% of the time. (f) Serial PrX. Serial
values of the correlation index computed on 40 consecutive S-minute
averages of ICP and ABP recordings are plotted and found to be
positive 68% of the time

and cerebral blood volume [2]. Given this model, the
analytical description of cerebrovascular pressure
transmission is expressed as the third order differential
equation (see equation 3). As a result, it is possible
to interpret changes in modes of cerebrovascular pres-
sure transmission, particularly the HMF, in terms
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of changes in the resistance and compliance of the
arterial-arteriolar bed, cerebral venous compliance,
and intracranial compliance. During pressure regula-
tion of cerebral blood flow, increases in CPP result
in active vasoconstriction that causes an increase in
resistance of the arteriolar bed, cerebral venous com-
pliance, and intracranial compliance. When these pa-
rameters of the model are increased, HMF decreases
systematically. Thus, the inverse relationship between
HMF and CPP demonstrated by the patients in Group
A and by the model of cerebrovascular pressure trans-
mission is consistent with active vasoconstriction and
pressure regulation. Conversely, during impaired pres-
sure regulation, increases in CPP result in a passive
vasodilation that causes decreased resistance of the ar-
teriolar bed, cerebral venous compliance, and intracra-
nial compliance. When these parameters of the model
are decreased, HMF increases systematically. Thus,
the direct relationship between HMF and CPP demon-
strated by the patients in Group A and by the model is
passive vasodilation and impaired regulation. Because
monitoring the HMF of cerebrovascular pressure
transmissions may link directly to physiological prop-
erties of the cerebrovasculature, it can be used to sup-
port pure black-box indirect assessment such as the
PRI and PrX indices. As shown in Figure 2, the values
of HMF, PRI, and PrX were positive during the 6.6
hour monitoring period 60%, 49%, and 68% of the
time, indicating that during the monitoring period the
patient had impaired pressure regulation of cerebral
blood flow.

In conclusion, the findings of this study support the
premise that when the HMF varies indirectly with
CPP, pressure regulation of cerebral blood flow is
intact; whereas, when the HMF varies directly with
CPP, pressure regulation is impaired. Because the
HMF is a mode of cerebrovascular pressure transmis-
sion based on a physiological compatible model of ICP
dynamics, changes in this parameter can be related to
changes in arterial-arteriolar resistance, vascular com-
pliances, and intracranial compliance. Future studies
will be designed to examine the changes of the other
two modes of the model during active and impaired
pressure regulation.

Acknowledgments

This project was partially supported by the UK Government
Technology Foresight Initiative and the Medical Research Council
(Grant No. G9439390 ID 65883) (MC and JDP). This research was



Intracranial pressure monitoring: modeling cerebrovascular pressure transmission 107

also supported in part by the National Heart, Lung, and Blood Insti-
tute, National Institutes of Health, USA.

References

L.

Asgeirsson B, Grande PO, Nordstrom CH (1994) A new therapy
of post-trauma brain oedema based on haemodynamic principles
for brain volume regulation. Intensive Care Med 20: 260267

. Czosnyka M, Piechnik S, Richards HK, Kirkpatrick P, Smielew-

ski P, Pickard JD (1997) Contribution of mathematical modeling
to the interpretation of bedside tests of cerebrovascular autoregu-
lation. J Neurol Neurosurg Psychiatry 63: 721-731

. Czosnyka M, Smielewski P, Kirkpatrick P, Laing RJ, Menon D,

Pickard JD (1997) Continuous assessment of the cerebral vaso-
motor reactivity in head injury. Neurosurgery 41: 11-17; discus-
sion 17-19

. Daley ML, Pourcyrous M, Timmons SD, Leffler CW (2004) As-

sessment of cerebrovascular autoregulation: changes of highest
modal frequency of cerebrovascular pressure transmission with
cerebral perfusion pressure. Stroke 35: 1952-1956

5. Howells T, EIf K, Jones PA, Ronne-Engstrom E, Piper I, Nilsson
P, Andrews P, Enblad P (2005) Pressure reactivity as a guide in
the treatment of cerebral perfusion pressure in patients with brain
trauma. J Neurosurg 102: 311-317

6. Juul N, Morris GF, Marshall SB, Marshall LF (2000) Intracra-
nial hypertension and cerebral perfusion pressure: influence on
neurological deterioration and outcome in severe head injury.
The Executive Committee of the International Selfotel Trial. J
Neurosurg 92: 1-6

7. Rosner MJ, Becker DP (1984) Origin and evolution of plateau
waves. Experimental observations and a theoretical model. J
Neurosurg 60: 312-324

8. Rosner MJ, Rosner SD, Johnson AH (1995) Cerebral perfusion
pressure: management protocol and clinical results. J Neurosurg
83:949-962

Correspondence: Michael L. Daley, Department of Electrical and
Computer Engineering, The University of Memphis, Engineering
Science Building, Rm. 208B, Memphis, TN 38152-3180, USA.
e-mail: mdaley@memphis.edu



Acta Neurochir (2006) [Suppl] 96: 108—113
© Springer-Verlag 2006
Printed in Austria

Use of ICM + software for on-line analysis of intracranial and arterial pressures

in head-injured patients

K. Guendling!-?, P. Smielewski', M. Czosnyka, P. Lewis®, J. Nortje*, I. Timofeev!, P. J. Hutchinson', and

J. D. Pickard!

! Academic Department of Clinical Neuroscience, Addenbrooke’s Hospital, Cambridge, UK

2 Department of Neurosurgery, University of Giessen, Giessen, Germany

3 Prince Alfred Hospital, Melbourne, Australia

“Department of Anesthesiology, Addenbrooke’s Hospital, Cambridge, UK

Summary

Objective. To summarize our experience from the first 2 years of
use of the ICM+ software in our Neurocritical Care Unit (NCCU).

Materials and methods. Ninety-five head-injured patients (74
males, 21 females), average age 36 years, were managed in the
NCCU. Intracranial pressure (ICP) was monitored using Codman
intraparenchymal probes and arterial blood pressure (ABP) was
measured from the radial artery. Signals were monitored by ICM-+
software calculating mean values of ICP, ABP, cerebral perfusion
pressure (CPP) and various indices describing pressure reactivity,
compensation and vascular waveforms of ICP (pulse amplitude,
respiratory, and slow waves), etc.

Results. Mean ICP was 17 mmHg, mean CPP was 73 mmHg.
Seven patients showed permanent disturbance of cerebral autoregu-
lation (mean pressure reactivity index above 0.3). Pressure reactivity
index demonstrated significant U-shape relationship with CPP, sug-
gesting loss of pressure reactivity at too low (CPP < 55 mmHg) and
too high CPPs (CPP > 95 mmHg). Mean ICP was inversely corre-
lated with respiratory rate (R = 0.46; p < 0.0001; reciprocal model).

Conclusion. The new version of ICM+ software proved to be use-
ful clinically in the NCCU. It allows continuous monitoring of
pressure reactivity and exploratory analysis of factors implicating
intracranial hypertension.

Keywords: Head injury; intracranial pressure; cerebral perfusion
pressure; autoregulation; computer monitoring.

Introduction

Major improvements in outcome after traumatic
brain injury (TBI) over the past 20 years have been
achieved, not only because of new drugs and therapies,
but also through the identification and monitoring of
secondary brain insults [12]. Within the first few days
after injury, vital mechanisms to match the blood sup-
ply of the brain to its energy demands are often im-

paired [7, 9]. This leaves the brain vulnerable to rela-
tively minor insults such as transient falls in arterial
blood pressure (ABP) or arterial oxygen saturation
with profound effects on outcome. The new generation
of brain sensors (intracranial pressure [ICP], tissue
oxygen, pH, temperature, intracerebral microdialysis,
transcranial Doppler, laser Doppler, near-infrared
spectroscopy) enables on-line acquisition of vital infor-
mation on cerebral metabolism and blood supply and
function, enabling clinicians to recognize secondary in-
sults and optimize management [10, 11]. However, to
process and analyze on-line the large amount of data
generated continuously by bedside monitors in order
to facilitate decision-making is a complex task. The
problems of data filtration, integration, appropriate
analysis and prognostic interpretation await a satisfac-
tory solution, which has been only partly addressed in
previous studies [4, 8, 13].

The first specialized computer-based systems for
neurointensive care were introduced in the early
1970’s. Initially, these systems were aimed at monitor-
ing ICP and ABP, allowing calculation of CPP and a
basic analysis of the pulsatile ICP waveform. In con-
trast, contemporary systems are sophisticated, multi-
channel, digital trend recorders with built-in options
for complex signal processing [13].

The intensive care multimodality monitoring sys-
tem adopted in our Cambridge Neurosurgical Unit is
based on software for the standard IBM-compatible
personal computer, equipped with a digital to ana-
logue converter and RS232 serial interface. The first
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version of the software was introduced into clinical
practice in Poland, Denmark, and the United King-
dom in the middle 1980’s and has been extended into
a system for multimodal neuro-intensive care monitor-
ing (ICM) and waveform analysis ICP [4] used in
Cambridge, UK, and other centers in Europe and the
United States. Most data has been derived from head-
injured [5, 14] and hydrocephalus patients [1, 6]. How-
ever, the same or similar techniques are being increas-
ingly applied to those suffering from severe stroke,
subarachnoid hemorrhage, cerebral infections, ence-
phalopathy, liver failure, idiopathic intracranial hy-
pertension.

Over past 2 years, new software called ICM+, has
been introduced into clinical practice. We summarize
our clinical experience from use of the software in the
management of patients after TBI.

Materials and methods

Following head injuries of various etiology, 95 patients (74 males,
21 females) with an average age of 36 years were managed in the
Neurocritical Care Unit (NCCU) between 2003 and 2005. Median
admission Glasgow Coma Scale (GCS) score was 6 (range 3 to 14),
with 23% of patients having a GCS of 9 or greater, but deteriorating
later. ICP was monitored using Codman intraparenchymal probes
and ABP was measured from a peripheral artery. Signals were cap-
tured by personal computers running ICM+ software, calculating
mean values of ICP, ABP, cerebral perfusion pressure (CPP) and
various indices describing pressure reactivity, compensation, and
vascular waveforms of ICP.

The software reads analog signals through the analog-to-digital
converter (Data Translation 9800 USB box) with the sampling fre-
quency of 50 Hz. Data were processed (processing is fully program-
mable) and, for TBI patients, configuration was set to calculate aver-
age values of the following variables every minute:

ABP mean arterial blood pressure

aABP pulse amplitude of arterial blood pressure

AMP pulse amplitude of ICP waveform

CPP mean cerebral perfusion pressure

HR mean heart rate

ICP mean intracranial pressure

PRx pressure reactivity index

RAC index describing moving correlation between pulse
waveform of ICP and mean CPP

RAP index describing pressure-volume compensatory reserve

Resp amplitude of respiratory waveform

RespRate mean respiratory rate

Slow slow waves of ICP (equivalent time periods from 20 sec-

onds to 3 minutes)

Particular care was paid to organization of the front page display,
which shows time trends of ABP, ICP, CPP, and pressure reactivity.
For clarity, the pressure reactivity index (PRx) is also displayed at
the bottom of the screen as risk-graph, converting information about
reactivity to colors: green = good; red = impaired (Fig. 1). Optimal
CPP [14] was also calculated on-line (Fig. 2).

Results

Artifact-free time of signal recording, which pro-
vided good quality output suitable for data analysis,
was around 92% of the time our patients spent in the
NCCU.

Averaged values of monitored variables and their
standard deviations are given in Table 1. PRx plotted
as a function of CPP showed a significant relation-
ship (ANOVA: p < 0.023) indicating loss of cerebral
pressure-reactivity for low CPP (CPP < 55 mmHg)
and for high CPPs (CPP > 95 mmHg). This averaged
trend (Fig. 2b) emphasizes the validity of individual
methodology for tracing optimal CPP (Fig. 2a) using
finite-time (3 to 6 hours) plots of PRx versus CPP.

In total, 10% of patients had permanently impaired
cerebral autoregulation (PRx > 0.2). The software
was helpful in analyzing ICP respiratory waves. Respi-
ratory amplitude was not associated with any other pa-
rameters characterizing intracranial hypertension or
cerebral perfusion. But, respiratory rate demonstrated
a strong inverse relationship to ICP (R = 0.46;
p < 0.0001) indicating that lower mean ICP is present
with higher frequency ventilation (20 to 25 cycles per
minute).

Discussion

In the established environment of a clinical neuro-
science department, enormous quantities of data
can be captured, from which information regarding
cerebral autoregulation, cerebrospinal compensatory
reserve, oxygenation, metabolite production and func-
tion can be obtained. Recognition of changing cere-
brovascular hemodynamics and oxygenation demands
can result from reliable monitoring techniques, as well
as sophisticated and time-consuming signal analysis
provided by dedicated computer support [4, 8, 13].

The flexibility of such systems allows wide-range sig-
nal analysis, which can generate data chaos. Thus, the
modern user must decide which parameters should be
considered and how the data should be interpreted.
This information must be presented in a manner that
is comprehensible to medical and nursing staff. Al-
though personal computers with designated software
are portable, they have yet to gain widespread clinical
acceptance as an intensive care tool. They are seen
as stand-alone instruments requiring specialized skills
for their operation, and occupying precious space. In
contrast, a commercial hardware system with a cus-
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Fig. 1. Example of the ‘front page’ of the software. Standard display shows mean ABP, ICP, and CPP. PRx is displayed both as time trend and
color graph (here reduced to grey-scale). White indicates good autoregulation and black indicates poor pressure-reactivity. In this example, ICP
was quite stable but PRx deteriorated in the second half of the recording, probably due to elevated CPP

tomized console can be more user-friendly, but less
flexible and more expensive.

PRx — global index of cerebrovascular reactivity

Useful ICP-derived variable is the PRx, based on as-
sessing the response of ICP to spontaneous fluctua-
tions in ABP [5]. Using computational methods, PRx
is determined by calculating the correlation coefficient
between 40 consecutive, time-averaged data points
(over 6- to 10-second periods) of ICP and ABP. A pos-
itive PRx signifies a positive gradient of the regression
line between the slow components of ABP and ICP,
which has been shown to be associated with passive be-
havior of a non-reactive vascular bed. A negative value
of PRx reflects normal reactive cerebral vessels, as
ABP waves provoke inversely correlated waves in ICP.

Earlier work has shown a correlation between PRx
and outcome [14]. Our results show that the PRx/CPP

plot replicates a U-shape curve often seen in individual
cases: pressure reactivity is disturbed by both too low
and too high CPPs.

Optimization of CPP

Many attempts have been made to find an optimal
value for CPP; however, there is no method available
currently that is accurate enough to be clinically use-
ful.

In a group of retrospectively-evaluated patients, the
greater the distance between current and “optimal”
CPP, the worse the outcome [14]. This potentially use-
ful parameter attempts to refine CPP-directed therapy.
Both, too low CPP (indicating ischemia) and too high
CPP (indicating hyperemia) are detrimental. Hence, it
has been suggested that CPP should be optimized on-
line to maintain cerebral perfusion in the most favor-
able state (Fig. 2).
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Relationship between ICP and respiratory rate

Head trauma is a significant cause of death and dis-
ability, especially in young males, and is associated
with raised ICP. Raised ICP is defined as pressure
greater than 20 mmHg, and appears most commonly
in about 50 to 75% of patients with serve head injury

08
0
0.2
<60 525 575 62.5 67.5 725 775 825 875 925 975 >=100
CPP [ mm Hg]
20 T H
Time
[%] 1 T
0
<60 525 575 625 67.5 725 775 825 875 925 975 >=100
CPP [ mm Hg] a
PRx p<0.023
b —
04 r .
0 :I: :[ I I
T |1 Fig. 2. (a) Individual plot of PRx versus CPP (upper panel) and his-
02k | | | | | | ] togram of CPP, used to analyze on-line optimal CPP. This is a value
: - . of CPP corresponding to the lowest PRx (i.e., the best PRx) updated
50 60 70 80 90 100 110 on-line using past 3-hour trends of PRx and CPP. (b) Averaged plot
of PRx versus CPP in a group of 95 patients. The plot replicates
CPP [mm Hg] U-shape often seen in individual cases: PRx is disturbed by too low
b  and too high CPP (ANOVA; p < 0.023)

who remain comatose after resuscitation [3, 11]. In
the past, raised ICP has been found to be associated
with a poorer outcome from injury. Higher ICP, par-
ticularly higher peak ICP levels, correlate with mortal-
ity and morbidity [2, 12].

It is difficult to establish a universal ““‘normal value”
for ICP because it depends on age, body position, and
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Table 1. Mean values and standard deviations of the monitored
variables.

Variables Units Average  Standard
deviation

ABP (arterial blood mmHg 90.7 17.1
pressure)

aABP (pulse amplitude mmHg 20.1 6.2
of ABP)

AMP (pulse amplitude mmHg 4.78 7.98
of ICP waveform)

CPP (cerebral perfusion ~ mmHg 73.4 20.8
pressure)

HR (heart rate) Beats/minute 72.8 17.5

ICP (intracranial mmHg 17.3 20.3
pressure)

PRx (pressure 0.0558 0.1639

reactivity index)

RAC (index describing 1.11 9.22
moving correlation
between pulse
waveform ICP and
mean CPP)

RAP (index describing
pressure-volume
compensator reserve)

Resp (amplitude of
respiratory
waveform)

RespRate (respiratory
rate)

Slow (slow waves of
ICP)

0.148 0.174

mmHg 0.515 0.450

Cycles/minute  14.44 3.39

mmHg 5.97 7.28

clinical conditions. Our results show an inverse rela-
tionship between respiratory rate and mean ICP, i.e.,
a high respiratory rate signifies low ICP.

However, several questions need to be addressed to
determine the mechanistic and clinical significance of
this relationship. While the association of respiratory
rate and ICP is intriguing, these data do not provide a
complete explanation for the underlying pathophysiol-
ogy, because higher frequency ventilation may control
intracranial hypertension. And, higher respiratory rate
leads to a lower arterial CO, with vasoconstriction of
the cerebral blood vessels, causing ICP to fall.

Optional diagnostic tools

Program monitors gather input variables in the pre-
programmed manner and analyzes them according
to the programmed configuration, saving the output
data in 2 separate files. First file contains time trends
of the analyzed signals, and all calculations as well as
comments and remarks introduced during monitoring.

K. Guendling et al.

The second file contains raw data (input signals de-
fined by the user). This file may be viewed and ana-
lyzed using various spectral analysis methods, or pro-
cessed directly on-line.

Software also enables off-line data analysis, includ-
ing files from the old ICM software, text files, and
cerebrovascular laboratory software known also as
BioSAn, i.e. ‘text files’.

The software enables modification of existing meth-
ods of brain monitoring and development of new algo-
rithms through extensive programming of signal anal-
ysis. It aids the integration of physiological monitoring
with clinical observations.

In addition to continuous assessment provided by
the time trends of indices, it is sometimes necessary to
introduce external excitation to the measured system
and to quantify its response. Examples are an increase
in the ventilator rate to induce a change in arterial CO,
content, brief compression of the common carotid ar-
tery to induce a momentary drop in CPP, or controlled
infusion of saline into the cerebrospinal fluid space in
order to challenge the compensatory reserve. Such an
intervention provides an opportunity for more accu-
rate assessment of the queried system characteristics
than analysis of spontaneous fluctuations originating
from it. On-line tools available to assess these diagnos-
tic tests help gain additional insight into the developing
pathology as well as allow for cross-calibration of con-
tinuous time trends.

Conclusion

ICM+ software proved to be useful in the manage-
ment of patients after TBI. The study revealed that re-
spiratory rate and mean ICP were inversely related.
Therefore, higher frequency ventilation may be helpful
to control intracranial hypertension.
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Monitoring and interpretation of intracranial pressure after head injury
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Summary

Objective. To investigate the relationships between long-term
computer-assisted monitoring of intracranial pressure (ICP) and in-
dices derived from its waveform versus outcome, age, and sex.

Materials and methods. From 1992 to 2002, 429 sedated and ven-
tilated head-injured patients were continuously monitored. ICP and
arterial blood pressure (ABP) were recorded directly and stored in
bedside computers. Additional calculated variables included: 1) Ce-
rebral perfusion pressure (CPP) = ABP — ICP; 2) a PRx calculated
as a moving correlation coefficient between slow waves (of periods
from 20 seconds to 3 minutes) of ICP and ABP.

Results. Fatal outcome was associated with higher ICP (p <
0.000002), worse PRx (p < 0.0006), and lower CPP (p < 0.001).
None of these parameters differentiated severely disabled patients
from patients with a favorable outcome. Higher average ICP, lower
CPP, worse outcome, and worse pressure reactivity were observed in
females than in males (age-matched). Worse outcome, lower mean
ICP, worse PRx, and higher CPP were significantly associated with
the older age of patients.

Conclusion. High ICP and low PRx are strongly associated with
fatal outcome. There is a considerable heterogeneity amongst pa-
tients; optimization of care depends upon observing the time-trends
for the individual patient.

Keywords: Head injury; intracranial pressure; pressure reactivity;
outcome.

Introduction

Several novel methods of brain monitoring, includ-
ing brain tissue oxygenation, cerebral microdialysis,
and cerebral blood flow, have recently been studied
and compared to more traditional techniques. How-
ever, intracranial pressure (ICP) and mean arterial
blood pressure (ABP) are still gold standards in neuro-
critical care monitoring. Although there is no class-1
evidence that monitoring of ICP has the potential to
improve outcome [7], there is consensus that without
this modality the management of severely head injured
patients is far from optimal. Cerebral perfusion pres-
sure (CPP) and ICP have become therapeutic targets

to prevent potentially life-threatening cerebral hypo-
perfusion. Therefore, several protocols for the man-
agement of acutely head-injured patients are based on
a CPP-oriented therapy [9], an ICP-oriented manage-
ment [6], or a mixture of both [§].

Beginning in September 1991, bedside computer-
supported systems were used in our Neurosurgical
Critical Care Annexe until 1993, and then in our Neu-
rosciences Critical Care Unit (NCCU) from 1994 on-
ward [3]. Its purpose has been to continuously monitor
physiological parameters such as ICP, ABP, and CPP,
and pressure-derived indices describing the state of
brain homeostasis. The resultant large dataset has
been used to examine our 10-year experience with
head-injury monitoring. Some particular aspects are
summarized, such as the relationship between Glas-
gow Coma Score (GCS) and outcome, influence of
gender [1] and age [4] on outcome, and usefulness of
ICP waveform analysis in order to predict complica-
tions associated with intracranial hypertension [2].

Patients and methods

This retrospective analysis is based on 492 head-injured patients
admitted to the Annexe and NCCU between January 1992 and De-
cember 2001. Only patients with invasive monitoring of ICP and
ABP over a period greater than 12 hours and connected to a bedside
computerized system were included in the study. It is important
to emphasize that the studied group is not representative of all
admissions to the unit. Patients who were admitted and dis-
charged promptly or died soon after admission are not included
in the analysis.

Patients were sedated, mechanically ventilated, and paralyzed in
order to maintain ICP below 25 mmHg. Systemic hypotension was
treated with fluids and vasoactive drugs. CPP was kept above 60
to 70 mmHg to avoid secondary ischemic insults. Episodes of
intracranial hypertension were treated with mild hyperventilation
(PaCO2 > 4.0 kPa), moderate hypothermia, and boluses of manni-
tol and thiopentone. An external ventricular drain was inserted when
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feasible, depending on the size of ventricles on computed tomogra-
phy scan. In 1997, a standard ICP/CPP-oriented protocol for head
injury was introduced, consisting of more aggressive management
of intracranial hypertension and stricter control of ABP, aiming to
minimizing the detrimental effects of hypoperfusion on brain tissue
[8].

Data were analyzed retrospectively as part of the standard clinical
audit and no additional intervention was associated with the bedside
computer data capture of the monitored variables.

Monitoring and data analysis

ICP was monitored by an intraparenchymal probe (Camino ICP
transducer in 12 patients [Integra Neurosciences, Plainsboro, NJ] or
Codman ICP MicroSensors in 446 patients [Codman & Shurtleff
Inc., Raynham, MA]) or through a ventricular drain and an external
pressure transducer (34 cases; Baxter Healthcare Corp., Round
Lake, IL) prior to 1994. ABP was monitored invasively. Signals
were sampled from the analogue output of the monitors at 30 Hz,
digitized (12 bits analogue-to-digital converter), analyzed as 6-
second averages, and subsequently converted to 1-minute averages.

From each of the 40 samples of 6-second mean ICP and ABP,
a moving correlation was calculated (pressure-reactivity index
[PRx]). By averaging such a moving index over a minimum half an
hour interval, pressure reactivity could be assessed. A positive corre-
lation between ABP and ICP revealed a passive, non-reactive cere-
brovascular bed. A negative correlation is specific for a reactive bed
(Fig. 1A). A positive value of PRx has been previously demonstrated
to be a strong predictor of fatal outcome following head injury [2,
10].

Apart from the calculation of global averaged values of ICP, ABP,
CPP, and PRx, patients were classified as having gross intracranial
hypertension if their mean ICP was above 35 mmHg for at least 4
hours continuously. Post-resuscitation GCS was used for analysis.
The Glasgow Outcome Score (GOS) was determined at 6 months,
either by follow-up clinic or by questionnaire.

Results

Of 492 patients included in the computer-supported
monitoring, 429 were suitable for analysis, with ade-
quate quality of the continuous recording of ICP and
ABP and reliable outcome follow-up. Mean age was
34 (£16.7 years) and median admission GCS was 6
(range 3 to 15; 20% of patients had an initial GCS
above 8); 21% of the patients were female. Overall,
28% of patients had a good outcome, 21% were mod-
erately disabled, 22% severely disabled, 2% remained
in a persistent vegetative state, and 27% died at 6
months.

Impact of ICP, CPP, and pressure reactivity on
outcome

Outcome rates were distributed unevenly along
the observed range of ICP. Mortality showed a clear
breakpoint, increasing from 17% to 47% when aver-
aged ICP increased above 20 mmHg (p < 0.0001; the
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Fig. 1. (a) Mortality rate expressed as a function of intracranial
pressure (ICP). (b) Mortality rate expressed as a function of
pressure-reactivity (PRx)

exact threshold of ICP that minimized the p value of
difference in mortality rate was 23 mmHg) (Fig. 1).
This was mirrored by a decrease in good/moderate
outcome rate. Severe disability rate did not show any
remarkable changes dependent on ICP.

The mortality rate indicated a threshold rise from
20% to 70% when pressure reactivity deteriorated
(averaged PRx increased above 0.3; p < 0.01) (Fig.
1). The relationship between CPP and the mortality
rate revealed 2 areas where mortality rate increased.
For CPP below 55 mmHg mortality was 81%, while
above 55 mmHg it was only 23% (p < 0.0001). For
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CPP above 95 mmHg mortality was 50%, while below
was 20%, although this difference was not significant.

However, a CPP greater than 95 mmHg had a
detrimental effect on good and moderate outcome.
For CPP above 95 mmHg the rate of good and
moderate outcome was 28%, while below it was 50%
(p < 0.033).

The severe disability rate showed a tendency to
steadily increase with CPP (r = 0.87; p = 0.02), sug-
gesting either that a greater CPP does not help achieve
a favorable outcome, or that these patients had more
severe injury requiring greater intensity of treatment
(Fig. 2).

Gender-related differences

ICP was significantly greater (median 15.9 mmHg,
range 3.6 mmHg to 79 mmHg in males versus me-
dian 17.5 mmHg, range 5.7 mmHg to 106 mmHg
in females, p = 0.036) and CPP significantly lower
in females (males median: 76.7 mmHg vs. females
73.6 mmHg; p = 0.007). PRx was worse in females
than males (females: 0.1 vs. males 0.04; p = 0.022).

40

50 60 70 80 90 100 110
CPP [mm Hg]
b

Fig. 2. Outcomes as a function of cerebral perfusion pressure (CPP).
(a) Mortality/persistent vegetative state. (b) Good/moderate. (c)
Severe disability

ABP was not different between the 2 groups. The mor-
tality rate in females was significantly higher (females
35%, males 24%; p = 0.029) and rate of favorable out-
come was lower (females 40%, males 25%; p = 0.047).
The median GOS was worse in females (severe disabil-
ity) than in males (moderate disability).

The rate of gross intracranial hypertension (aver-
aged ICP above 35 mmHg) was greater in females
(11%) than males (4.1%; p = 0.012). Averaged ICP
was compared between both sexes in different outcome
groups. Significant differences were only found in pa-
tients who died or persisted in a vegetative state: in fe-
males, mean ICP was 21.5 (range 9.4 to 106) mmHg in
females versus 19.3 (range 3.6 to 75) mmHg in males;
p = 0.036 (Mann-Whitney). In other outcome groups,
ICP was distributed uniformly and reached a median
of 16.2 mmHg both in females and males.

Influence of age

Elderly people had a worse outcome after brain
trauma; the relationship between GOS and age was
significant and positive (R = 0.301; p < 0.0001). The
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initial GCS assessment correlated with age (R = 0.14;
p < 0.01), indicating that there was a tendency to score
better in elderly patients.

Monitored variables appeared to be associated with
age: mean ICP had a weak tendency to decrease with
age (R =—-0.14; p < 0.01), ABP tended to increase
with age although insignificantly (p = 0.18), and CPP
increased with age (R = 0.19; p = 0.0004). Pressure
reactivity indicated worsening of cerebrovascular con-
trol with age (PRx: R = 0.24; p = 0.003).

Discussion

Raised ICP determines outcome in terms of life
and death. Above 20 to 25 mmHg, the mortality rate
increases dramatically. An even more spectacular
threshold can be demonstrated when PRx is consid-
ered. There is a sudden increase in mortality rate from
20% to 70% when averaged PRx increases above 0.3.
Low CPP with aggressive CPP-oriented therapy is
seldom an issue. The lower values of CPP observed in
patients who died were mainly related to the higher
values of ICP, as no significant difference was found
between mean values of ABP in the different outcome
groups.

The finding that a high CPP (above 95 mmHg) may
reduce the rate of favorable outcome was surprising.
This may suggest that an excessive increase in ABP to
improve brain perfusion may be detrimental. Low ICP
and CPP within the range of 50 to 90 mmHg are clini-
cal findings that seem to justify a lower CPP target [6].
Our study is based on material gathered over a long
time interval and has not been influenced by one con-
sistent protocol. Our policy has changed a few times
over the period, finishing with a mixed CPP- and ICP-
oriented protocol [8].

In this group of traumatic brain injury (TBI) pa-
tients, females had a significantly greater rate of fatal
outcome than males [1]. This was associated with a
higher incidence of gross intracranial hypertension in
females compared to males. One practical implication
may be that aggressive treatment of intracranial hyper-
tension should be administered more readily in young
females than in males, as refractory intracranial hy-
pertension is more likely to develop and lead to fatal
outcome in females. Indeed, in patients with only mod-
erately elevated global ICP (<25 mmHg), the gender-
related difference in the mortality rate becomes non-
significant and decreases further when this critical
threshold is lowered. If ICP remains normal in TBI pa-
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tients, the likelihood of a good outcome is comparable
for females and males. However, if ICP rises, it ap-
pears to be more difficult to control in young females
than males. In spite of the postulated neuroprotective
role of estrogen in experimental studies, the suscepti-
bility to brain swelling reported in the recently pub-
lished clinical audit [5] is very likely to be an important
factor.

The initial GCS in elderly patients admitted to Ad-
denbrooke’s NCCU indicates that the primary injury
is usually slightly less severe. Also the post-injury
course seems to be more favorable in the elderly from
the point of view of brain protection against secondary
insults: ICP seems to be lower and CPP higher in
elderly patients. What, then, makes outcome worse if
these traditionally outcome-linked factors are more fa-
vorable? It may be that critical thresholds may become
less favorable in elderly patients. However, such an
analysis would be impossible using our material. The
only variables which deteriorated with age in our data
were vascular pressure reactivity and autoregulation
[4]. This association may suggest that worsening of
the indices of blood-flow regulation with age is respon-
sible for the worse outcomes. Indeed, in all our previ-
ous studies, when these indices were considered they
were strong and independent predictors of outcome
after TBI.

Conclusion

In addition to low CPP and high ICP, cerebral PRx
should become a target in post-injury intensive care.
Vasopressors should be used with moderation. Young
women should be treated more aggressively when they
develop intracranial hypertension (possibly including
surgical decompression), as their mortality rate associ-
ated with raised ICP is greater than in males.
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The temporal profile of edema formation differs between male and female rats

following diffuse traumatic brain injury
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Summary

Although female hormones are known to influence edema forma-
tion following traumatic brain injury (TBI), no studies have actually
compared the temporal profile of edema formation in both male and
female rats following diffuse TBI. In this study, male, female, and fe-
male ovariectomized rats were injured using the 2 m impact accel-
eration model of diffuse TBI. The temporal profile of brain water
content was assessed over 1 week post-trauma. Male animals demon-
strated increased (p < 0.05) edema at 5 hours, 24 hours, 3 days, 4
days, and 5 days after TBI with a peak at 5 hours post-injury. This
time point was associated with increased blood-brain barrier (BBB)
permeability. In contrast, intact females showed increased levels of
edema (p < 0.05) at 5 hours, 24 hours, 3 days, and 4 days post-TBI,
with a peak at 24 hours. No BBB opening was present in intact fe-
males at 5 hours. Female animals demonstrated more edema than
male animals at 24 hours, but less at 5 hours, 3 days, and 5 days.
Ovariectomy produced an edema profile that was similar to that ob-
served in males. The temporal profile of edema formation after TBI
seems to depend on endogenous hormone levels, a difference which
may have an influence on clinical management.

Keywords: Edema; gender; progesterone; estrogen; neurotrauma;
brain swelling.

Introduction

Cerebral edema is a serious consequence of trau-
matic brain injury (TBI), resulting in increased intra-
cranial pressure and possibly death [12]. In young vic-
tims of trauma, it has been reported that brain edema
may be associated with up to 50% of all deaths [8].
Currently, there is no effective treatment in clinical
practice, with interventions such as mannitol, cortico-
steroids, hyperthermia, barbiturates, and drainage of
cerebrospinal fluid having either limited success or
being completely ineffective [12].

A number of experimental TBI studies have dem-
onstrated that female gonadal hormones, particu-
larly progesterone, may significantly attenuate post-

traumatic edema formation. For example, normal cy-
cling female rats develop less edema than males 24
hours after TBI [15]. Females at the high estrogen
stage of their cycle (proestrus) demonstrate 50% of
the edema which males developed, whereas females
that are high in progesterone (pseudo-pregnant) show
virtually no evidence of edema.

In contrast to the experimental TBI literature, the
effects of female gonadal hormones on edema and
brain swelling in human head injury are less clear. A
recent report examining this issue has shown that fe-
males under 50 years of age have worse edema and
brain swelling after TBI than males [7], suggesting
that the female gonadal hormones have no beneficial
effect on edema formation.

Although the reasons for these differences are un-
clear, it may be that the experimental models used to
date have generally been focal in nature, while clinical
injury tends to be more often diffuse. Alternatively,
differences may be related to the time points chosen to
measure edema, particularly in temporal edema pro-
files between the genders. Accordingly, the current
study compares the temporal profile of edema forma-
tion in male, female, and female ovariectomized rats
in a diffuse model of TBI.

Materials and methods

Induction of injury

Male (n = 35; 5/group; 380-450 g), intact female (n = 35; 5/
group; 310-400 g), and ovariectomized female (n = 20; 5/group;
310-400 g) Sprague-Dawley, out-bred rats were injured using the
impact acceleration model of diffuse TBI [13] as previously described
[14]. Briefly, under halothane anesthesia, the skull was exposed by a
midline incision and a stainless steel disc (10 mm in diameter and
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3 mm in depth) was fixed rigidly with polyacrylamide adhesive to the
animal’s skull centrally between lambda and bregma. The rats were
subsequently placed on a 10 cm foam bed and subjected to brain in-
jury induced by dropping a 450 g brass weight a distance of 2 m onto
the stainless steel disc. During all surgical procedures and in the im-
mediate recovery period, rectal temperature was maintained at 37°C
by use of a thermostatically controlled heating pad. Subsequent to
injury, all wounds were sutured, anesthesia was terminated and,
when stable, animals were returned to their cages.

Ovariectomy

A subgroup of female rats (n = 30) was surgically ovariectomized
at 7 weeks of age. Briefly, anesthesia was induced using halothane
(3% induction followed by 1% maintenance) and a bilateral ovariec-
tomy performed by ligation and dissection of the ovaries. Rectal
temperature in all animals was maintained at 37°C with a thermo-
statically controlled heating pad. Animals were allowed to recover
for approximately 9 weeks, after which TBI was induced. In female
animals that were not ovariectomized, the stage of estrus was deter-
mined using vaginal smears [11]. At the time of trauma, 66% of the
intact females were in diestrus, 17% in estrus, and 17% in metestrus.

Determination of edema

At pre-selected time points (5 hours to 5 days), animals were re-
anesthetized with halothane and decapitated. All sham animals
(n = 5/group) were decapitated 30 minutes after surgery. Brains
were rapidly removed from the skull, the olfactory bulbs and cerebel-
lum discarded, and the cortex and subcortex separated. The cortex
and subcortex of each rat was placed separately into pre-weighed
and labeled glass vials with quick-fit lids to prevent evaporation. Af-
ter weighing for wet water content, the vials (glass lids removed)
were then placed in an oven for 72 hours at 100 °C. Vials and brain
segments were then re-weighed to obtain dry weight content. Edema
in each brain sample was calculated using the wet/dry method for-
mula [6], where Ywater = [(wet wt — dry wt)/wet weight] x 100.

Determination of blood-brain barrier permeability

Evans blue (EB) is a serum albumin tracer. Extravasation of EB
at 5 hours after TBI (n = 5/group) was used for determination of
blood-brain barrier (BBB) permeability. Briefly, at 4 hours after
injury, 2% EB was injected intravenously at a dose of 2 ml/kg.
Animals were then re-anesthetized at 5 hours with halothane and
perfused using saline to remove intravascular EB dye. Animals were
then decapitated, the brains removed and homogenized in phosphate
buffered saline. Trichloroacetic acid was then added to precipitate
protein, and the samples were cooled and centrifuged. The resulting
supernatant was measured for absorbance of EB using a spectropho-
tometer.

Data analysis

Data are shown as mean + SEM. Statistical significance was de-
termined by analysis of variance, followed by a Tukey HSD test to
determine specific differences between groups. A p value of 0.05 was
considered significant.

Results

The temporal profile for edema development in the
cortex of male, female, and ovariectomized female an-
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Fig. 1. Temporal changes in brain water content in male, female,

and female ovariectomized (Ovx) rats following severe diffuse trau-
matic brain injury (* = p < 0.05 versus sham value)

imals is shown in Fig. 1. The results in the cortex were
similar to results obtained in the subcortices (results
not shown). Prior to injury, brain water content was
similar amongst all 3 groups. After injury, male ani-
mals had significant edema development at 5 hours,
24 hours, 3 days, 4 days, and 5 days when compared
to sham values. The water content was not different
from sham values at 2 days post-trauma. These results
were consistent with the biphasic edema profile previ-
ously demonstrated after TBI using diffusion weighted
magnetic resonance imaging [2, 4]. The maximum level
of edema was recorded 5 hours post-injury.

In intact females, increases in brain water content
after trauma were noted at 5 hours, 24 hours, 3 days,
and 4 days. However, in contrast to males, the largest
increase occurred at the 24-hour time point. There was
also a more rapid decline in edema over time to the
extent that by 5 days after injury, brain water con-
tent had returned to normal. A significant gender by
time interaction was observed (F(6,56) = 15.434;
p < 0.01) in the cortex of both groups, confirming
that the temporal profile for edema formation was dif-
ferent between the groups. Tukey post hoc compari-
sons illustrated that females had less edema after injury
than male animals at 5 hours, 3 days, and 5 days. In
contrast, female animals demonstrated more edema
than male animals at the 24-hour time point. There
were no differences observed at the 48-hour point.

Ovariectomized female animals also demonstrated
increases in cortical water content after injury (Fig.
1). Tukey post hoc comparisons demonstrated that
the differences occurred at 5 hours and 3 days with no
edema present at 24 hours. This edema profile in the
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penetration at 5 hours following traumatic brain injury in male, fe-
male, and female ovariectomized (Ovx) rats (* = p < 0.05 versus
sham value)

ovariectomized female animals was, in fact, very simi-
lar to that observed in male animals.

BBB permeability at 5 hours after TBI is shown in
Fig. 2. Male rats demonstrated a marked increase
in BBB permeability after TBI, consistent with previ-
ously published reports [1, 3, 18]. In contrast, intact
female animals demonstrated no increase in BBB
permeability, whereas ovariectomized female rats did
show an increase in BBB permeability, although the
degree of EB extravasation was quantitatively far less
than that observed in the males.

Discussion

A number of studies have now reported effects of
female gonadal hormones in central nervous system in-
jury, including ischemic injury [5, 10], controlled corti-
cal impact injury [9, 15, 16], and bilateral medial fron-
tal cortex injury [17, 19]. These models are generally
focal in nature, with a number of them also involving
a profound ischemic component. The degree of edema
in these forms of injury is high, with increases in water
content from 6—10% in male animals having been re-
corded [16, 19]. Clinical trauma involves a significant
degree of diffuse axonal injury, and rodent models of
diffuse TBI have shown small increases in brain water
content of less than 3% [18]. Accordingly, it was of in-
terest to determine if gender differences in edema exist
in diffuse models of TBI.

Our results indicate that the profile for edema for-
mation in females after diffuse TBI is considerably dif-

ferent from that noted in males. Female animals dis-
played an increase in edema at 5 hours, but this was
much less than that observed in the males. Unlike the
males, the early edema in females was not followed by
a decline in water content, but by an increase at 24
hours that was greater than that observed in the males.
Thereafter, female brain water levels were less than
that observed in males at every time point, falling to
non-significant levels by day 5. Most intriguing is our
finding that ovariectomy conferred a male edema pro-
file on ovariectomized animals, with a maximum at 5
hours and significant edema at later time points. The
presence of endogenous levels of hormones not only
attenuated the edema development after trauma, but
also altered the temporal profile of edema formation.

A significant increase in EB extravasation occurred
in males 5 hours after trauma but not in intact females.
The fact that males have greater edema formation at
this time point is therefore consistent with a larger
potential contribution of vasogenic edema in male
animals in the period immediately after TBI. Ovariec-
tomy in female animals resulted in more EB extra-
vasation than that observed in intact female animals,
although this increased BBB permeability was less in
quantitative terms than that observed in males. More-
over, the higher degree of BBB permeability was asso-
ciated with increased edema formation in ovariec-
tomized females at this time point, suggesting greater
involvement of vasogenic processes in edema forma-
tion. However, when compared to males, the degree
of early edema was almost identical in both groups,
suggesting that more processes are involved in the
early phase of edema after TBI than simply increased
BBB permeability.

In conclusion, we have demonstrated that male and
female animals have different temporal profiles of
edema formation and variable degrees of BBB perme-
ability after diffuse TBI. These differences may, in
part, be accounted for by the effects of female gonadal
hormones, although it has yet to be determined which
hormones are involved.
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Summary

Albino rabbits that had undergone a cryogenic insult over the left
parieto-occipital cortex were analyzed for serum osmolality, serum
electrolytes, brain water content, and intracranial pressure (ICP)
following either a baseline infusion of intravenous (IV) fluid
(45 mL total) for 3 hours or above-maintenance isotonic saline
(73.5 + 12 mL or 90.5 + 1.5 mL) and mannitol therapy. The sub-
groups were compared amongst themselves and to sham-operated
controls. Serum osmolality was elevated in the higher-dose mannitol
subgroup compared with maintenance IV fluids subgroup (1 g/kg/h
vs 1 g/kg/3 h; p < 0.05), accompanied by an insignificant reduction
of serum sodium. A significant reduction in brain water in the
injured left hemisphere was seen following high-dose mannitol in
the subgroup that received less IV (maintenance) fluids than the
group that received above-maintenance IV fluids (p < 0.025). No re-
duction in brain water was seen in the subgroup that received above-
maintenance IV fluids (non-treated groups). Reduction of ICP was
not found in the lower mannitol dose group. We conclude that the
ability of mannitol to reduce cerebral edema is related to the total
amount of IV fluid replacement. This implies that the amount of IV
crystalloid fluid that is administered to patients with cerebral edema
and raised ICP requiring mannitol for control needs to be carefully
monitored.

Keywords: Edema; mannitol; osmolality; intracranial pressure.

Introduction

The use of hypertonic agents in clinical practice for
the control of intracranial pressure (ICP) and brain
edema has been extensively documented [9-11, 15,
18, 23]. Concerns relating to the clinical use of hyper-
tonic agents are: hypertonic dehydration [1, 5, 8, 19,
25], rebound elevation of ICP [13, 26, 27], acute
changes in serum osmolality and sodium, and loss of
ICP-reducing effects following repeated administra-
tions of the agents [11, 21, 22]. The influence of the vol-
ume and type of intravenous (IV) fluid administration

on serum, cerebrospinal fluid, and brain interstitial
fluid osmolality, and the response of ICP to hypertonic
therapy has been debated [6, 14, 16, 17, 20].

The purpose of our study was to determine the ef-
fects of hypertonic mannitol administration in normal
rabbits and in rabbits with brain edema secondary to a
cryogenic insult in the presence of isotonic fluid admin-
istration in varying amounts over a fixed time period.

Materials and methods

Albino rabbits weighing 2.5 to 3.0 kg were anesthetized with hal-
othane (2%), placed in a stereotactic head-holding device, and their
scalp incised under local anesthesia (bupivacaine 1%). The calva-
rium was exposed and, with a 12.5 mm diameter circular trephine,
an opening was created in the skull at the left parieto-occipital re-
gion. A stainless steel probe then was immersed and equilibrated in
liquid nitrogen and applied to the intact dura for 90 seconds to create
a cold injury [3]. The bone remnant was sutured to the skull, the scalp
incision closed, and topical antibiotic ointment (bacitracin) applied
to the suture line. All animals received 1 mL Evans blue solution
intravenously to document the extent of blood-brain barrier break-
down. The rabbits then received 50 mg/kg of ampicillin intraperito-
neally. Another group of animals received a similar operation but
without a cryogenic insult, constituting the sham-operated (control)
group.

Twenty-four hours following the operation at the time of maximal
brain edema [7, 10], the surviving animals underwent the experimen-
tal trials. They were re-anesthetized with halothane (2%), intubated
with an endotracheal tube and continuously ventilated with a mix-
ture of oxygen (50% O,, nitrous oxide 50%) and halothane (0.5%).
Arterial and central venous (femoral) lines were placed with local an-
esthesia (bupivacaine 1%). Blood gases were frequently determined
in order to maintain a PaCO, in the 37 to 43 torr range (Harvard
Apparatus, Harvard Instruments, Framingham, MA). The animals
were then placed in the stereotactic head-holding device and an 18-
gauge needle was inserted into the cisterna magna. The scalp incision
was opened and the calvarium exposed. Two platinum electrodes
were placed in the skull on each side of the midline for continuous
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Table 1. Experimental subgroups
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Group 1 Group 2 Group 3
Mannitol Mannitol
(1 g/kg/3 h = 0.33 g/kg/h) (1 g/kg/h)

Sham-operated ( controls)
a) Maintenance fluids
b) High-volume fluids

Cryogenic insult (edema)
a) Maintenance fluids
b) High-volume fluids

sham-operated ( controls)
a) maintenance fluids
b) high-volume fluids

cryogenic insult (edema)
a) maintenance fluids
b) high-volume fluids

sham-operated ( controls)
a) maintenance fluids
b) high-volume fluids

cryogenic insult (edema)
a) maintenance fluids
b) high-volume fluids

p<0.05
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Fig. 1. Amount of IV fluids administered to the various groups. Note: Group 2 (A) received mannitol at 0.33 g/kg/h, while Group 3 (B)
received mannitol at 1.0 g/kg/h. CO Controls; CL cold lesion; Maintenance maintenance fluid groups; High above-maintenance fluid groups

EEG recording. The cisterna magna needle, and the arterial and ve-
nous lines were connected to transducers for continuous display of
ICP, systolic arterial pressure, and central venous pressure on a
multi-channel polygraph (Hewlett-Packard, Model 7758B System,
Palo Alto, CA).

The animals were divided into 3 groups. Group 1 consisted of the
animals without mannitol therapy. Group 2 received 0.33 g/kg/h of
20% mannitol IV infusion over 3 hours. Group 3 received an IV in-
fusion of 20% mannitol at 1 g/kg/h for 3 hours (high-dose mannitol).
Each group was in turn subdivided into the following subgroups:
sham-operated (controls), cryogenic insult, maintenance 1V fluids,
and above-maintenance IV fluids (vide infra). The various groups
and subgroups are shown in Table 1.

IV infusions were initiated following stabilization of the PaCO,.
One subgroup received 4 to 8 mL/h and the second subgroup
received 15 mL/h of isotonic saline solution. The amounts of fluids
have been summated for all subgroups (Fig. 1). Group 1 had
15 mL/h baseline isotonic saline and had no mannitol. Group 2 had

62.5 + 2.4 mL/h isotonic saline infusion for the maintenance sub-
group, and 90.5 + 1.5 mL/h for the above-maintenance subgroup.
For Group 3, the maintenance subgroup had 47.7 + 7.7 mL/h
and the above-maintenance subgroup had 73.5 + 12.0 mL/h. Both
Groups 2 and 3 had mannitol therapy. Blood samples for serum
osmolality, sodium, and potassium were taken prior to mannitol in-
fusion at 60, 120, and 180 minutes after mannitol infusion was initi-
ated. Upon completion of 3 hours of mannitol therapy, the animals
were killed by IV air embolization. Rapid craniectomy permitted
prompt removal of the brain, which was placed in cold kerosene for
gravimetry studies. Samples were taken in front and behind the areas
of hemorrhage and necrosis resulting from the cold lesion, where
Evans blue extravasation indicated a disturbance of the blood-brain
barrier. An equivalent area from the opposite hemisphere was
sampled. In sham-operated animals, homologous samples were
taken from the parieto-occipital regions of each hemisphere [12].
Authorization for this investigation was obtained from the Animal
Investigation Committee of the University of California San Diego.
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Fig. 2. Specific gravimetry values of the left hemisphere white matter samples (mean and SD) of the various groups. Note: Group 2 (A) received
mannitol at 0.33 g/kg/h, while Group 3 (B) received mannitol at 1.0 g/kg/h. CO Controls; CL cold lesion; Maintenance maintenance fluids;

High above-maintenance fluids

Results

Systolic arterial pressure ranged from 85 to 120 torr
in all groups. Central venous pressure failed to change
in all groups. There was no statistical difference in se-
rum osmolality in any of the subgroups except that
receiving maintenance IV fluids (p < 0.05). Serum os-
molality rose 120 minutes into treatment in all sub-
groups that progressed through the 3 hours of the ex-
perimental trial.

The pre-treatment serum sodium for Group 2 with
mannitol was 133.8 + 7.4 mEq/L, and at 180 minutes
it was 134.3 + 3.8 mEq/L in the control subgroup
with maintenance fluids. A similar change during the
mannitol infusion was seen for the cold lesion sub-
groups.

In Group 1, the sodium had a decreasing trend dur-
ing the infusion, but this was not significant. Serum
potassium was not altered significantly in any of the
groups studied.

There was no significant difference in brain water
data between subgroups. A similar lack of significance
was seen between Group 3 subgroups following man-
nitol therapy. There was no statistical difference be-
tween the sham-operated subgroups of low-dose man-
nitol and high-dose mannitol (Fig. 2). Likewise, there
was no difference between equivalent subgroups that
received maintenance or above-maintenance I'V fluids.

Comparison of ICP showed no difference between any
of the study groups.

Discussion

Our previous work determined that large volumes
of isotonic IV fluids given in a short time do not lead
to an increase in brain water content or ICP in the
mechanically ventilated animal [12]. However, the ef-
fectiveness of mannitol in the same setting may be dif-
ferent.

In previous studies of albino rabbits with cytotoxic
brain edema, the administration of a bolus of manni-
tol produced a prompt reduction of ICP. When ICP
reached its nadir, analysis of gray matter water content
demonstrated a significant reduction compared to un-
treated controls [10]. In a subsequent study, similar bo-
lus administrations produced a prompt reduction in
ICP; however, with this form of cryogenic edema there
was no significant reduction of brain water [10]. In
both studies, animals received no IV fluid replacement
other than the amount necessary to maintain patent
monitoring systems. The simultaneous administration
of mannitol and furosemide in those experiments did
not further reduce ICP or brain water content [10, 19].

In our current study, animals were given isotonic
IV fluid loads that were in excess of their resting re-
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quirements. In the subgroups that received the lower
mannitol dose (1 g/kg over 3 hours), serum osmolality
trended upward in some animals, however, with the
higher dose (1 g/kg/h for 3 hours), osmolality rose sig-
nificantly as previously reported [2, 9, 11, 24, 28]. A re-
duction in serum sodium was noted in the higher man-
nitol dose group, but the change was not significant.

Earlier, we found no cause and effect between ad-
ministered fluid volume and resultant brain edema
[12] with or without a cold lesion (Figs. 2 and 3). How-
ever, brain water fell significantly in the white matter
of the left hemisphere (the lesion side) in animals that
had maintenance IV fluid. The high-dose mannitol
subgroup also had less edema than the low-dose sub-
group on the lesion side (Fig. 2). This was not the
case in the subgroup that had high-volume IV fluids
(Fig. 2).

These findings demonstrate that isotonic fluid given
rapidly in large volumes may not increase brain
edema, but it may alter intracranial dynamics caused
by changes in the movement of sodium and water,
which may then lead to impaired effectiveness of man-
nitol in extracting brain water and reducing ICP. Al-
teration of cerebral circulation and changes in brain
blood volume may also account for the lack of reduc-
tion in ICP [4]. Further investigations into the effects
of hypertonic agents and IV replacement fluids are
needed.
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Matrix metalloproteinase-9 is associated with blood-brain barrier opening and
brain edema formation after cortical contusion in rats
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Summary

Matrix metalloproteinases (MMPs) are associated with blood-
brain opening and may be involved in the pathophysiology of acute
brain injury. Previous research demonstrated that knockout mice de-
ficient in MMP-9 subjected to transient focal cerebral ischemia had
reduced blood-brain barrier (BBB) disruption and attenuated cere-
bral infarction.

In this study, we examined MMP-9 up-regulation, BBB disrup-
tion, and brain edema formation after cortical impact injury in rats.
Cortical contusion was induced by controlled cortical impact. Ani-
mals were sacrificed at intervals after injury. MMP up-regulation
was assessed by gelatin zymography, and BBB integrity was eval-
uated using Evans blue dye with a spectrophotometric assay. Brain
water content was measured by comparing wet and dry weights of
each hemisphere as an indicator of brain edema.

Zymograms showed elevated MMP-9 as early as at 3 hours after
injury, reaching a maximum at 18 hours. Peak levels of BBB dis-
ruption occurred 6 hours after injury. Brain edema became pro-
gressively more severe, peaking 24 hours after injury. Compared
to control group, treatment with MMP-inhibitor GM6001 signifi-
cantly reduced BBB disruption 6 hours and brain water content
(85.9 4+ 0.5% vs. 82.6 + 0.3%; p < 0.05) 24 hours after injury. These
findings suggest that MMP-9 may contribute to BBB disturbance
and subsequent brain edema after traumatic brain injury.

Keywords: Matrix metalloproteinase; traumatic brain injury;
blood-brain barrier.

Introduction

Recent studies have suggested that matrix metallo-
proteinases (MMPs) increase after brain injury such
as in ischemia, trauma, and neurodegenerative disor-
ders. These proteins might play a critical role in degra-
dation of the extracellular matrix, disruption of the
blood-brain barrier (BBB), facilitation of leukocyte in-
filtration, and inflammatory responses following brain
injury. The MMP family comprises endopeptidases
with zinc-binding catalytic regions [11]. Asahi et al.
have demonstrated that knockout mice deficient in

MMP-9 subjected to transient focal cerebral ischemia
had reduced BBB disruption, and attenuated edema
and infarction [2].

In the present study, we examined the time course
of MMP-9 up-regulation, BBB disruption, and brain
edema formation after cortical impact injury in rats.

Materials and methods

Animal model

Male Wistar rats (200-250 g) were anesthetized with a gas mix-
ture of 66% nitrous oxide, 33% oxygen, and 1% halothane. The
head of each animal was secured in a stereotaxic apparatus, and the
rectal temperature maintained at 37.0-38.0 °C using a heat pad and
lamp. An 8 mm diameter craniotomy, centered 3 mm caudal to
the bregma and 3 mm lateral to the midline, was performed on the
left side of the parietal cranium. Cortical contusion was induced
with a controlled cortical impact device, as described in detail else-
where [8]. A 5 mm diameter injury tip, 6 m/sec impact velocity, and
3 mm penetration depth were employed for the injury induction.
These parameters were chosen to provide a moderate level of cortical
contusion.

Gelatin zymography

Gelatin zymography was used to assess the MMP-9 levels, as de-
scribed previously [10]. At 1 hour, 3 hours, 6 hours, 18 hours, and 24
hours after trauma, animals were killed with an overdose of pento-
barbital sodium (100 mg/kg, i.p.) and perfused transcardially with
chilled (4°C) phosphate-buffered saline (PBS), pH 7.4. The brains
were rapidly removed, and damaged brain tissue within the trauma-
tized hemisphere was homogenized in lysis buffer, which contained
protease inhibitors on ice. Following centrifugation, the supernatant
was collected, and the total protein concentrations were determined
using the Bradford assay (Bio-Rad Laboratories, Hercules, CA).
Equal amounts (50 pg) of total protein extracts were prepared. Pro-
tein samples were loaded and separated on 10% Tris-Glycine gel with
0.1% gelatin as substrate. After the separation by electrophoresis, the
gel was re-natured and then incubated with developing buffer at
37°C for 24 hours. Following development, the gel was stained
with 0.5% Coomassie Blue R-250 for 30 minutes and then de-stained
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Fig. I. Representative gelatin zymogram showing elevation of MMP-9 as early as 3 hours after injury, reaching a maximum at 18 hours after

injury. The control lane was loaded with murine MMP-9 standards

appropriately. Purified proteins of murine MMP-9 were purchased
from Chemicon International, Inc. (Temecula, CA). The zymogram
gels were quantified by standard densitometry techniques.

Assessment of BBB permeability

The degree of BBB disruption was evaluated quantitatively by flu-
orescent detection of extravasated Evans blue dye [9, 14]. After trau-
ma, 2% Evans blue in PBS was injected intravenously (4 ml/kg) and
allowed to circulate for at least 1 hour. The animals were anesthe-
tized deeply, and perfused transcardially with PBS through the left
ventricle until a colorless perfusion fluid was obtained from the right
atrium. The brains were removed and separated into hemispheres.
The materials were stored at —70 °C until use. The sample weight of
each hemisphere was measured. Following homogenization of the
materials with 1.2 ml of 50% trichloroacetic acid in distilled water
for 40 seconds, centrifugation was carried out for 20 minutes at
10,000 rpm. The supernatant was extracted and diluted 1:4 in
100% ethanol. A fluorescent plate reader (KC4) was used at an
excitation wavelength of 620 nm and an emission wavelength of
680 nm.

Assessment of brain edema

Brain edema was evaluated on the basis of brain water content.
The brain water content was quantitated by the wet-dry weight
method, as described previously [8]. Briefly, animals were killed by
decapitation under deep pentobarbital anesthesia, the brain was
removed, and each hemisphere was gently blotted with tissue paper
to remove the small quantities of adsorbent cerebrospinal fluid. The
tissue samples were rapidly weighed with a basic precision scale, and
then dried to constant weight in a vacuum oven at 105°C for 24
hours to obtain the dry weight. The percent water content of each tis-
sue sample was calculated according to the following equation:
%H,0 = [(Wet Weight — Dry Weight)/Wet Weight] x 100.

Statistical analysis

Data are expressed as the mean + SEM. The data were analyzed
statistically among the groups, employing the unpaired Student #-test
or repeated measures analysis of variance. P values of less than 0.05
were considered significant.

Results

MMP up-regulation

Traumatic brain injury (TBI) induced via controlled
cortical impact resulted in a significant elevation of
MMP-9 protein levels (Fig. 1). MMP-9 was primarily
expressed as the higher molecular weight zymogen
(105 kDa). No clear evidence of the lower molecular
weight cleaved (activated) form of MMP-9 was noted.
MMP-9 was not detected in sham-operated control
brains subjected to craniotomy alone. At 3 hours after
injury, the MMP-9 level was elevated and reached a
maximum at 18 hours after injury. Elevated MMP-9
levels persisted until 24 hours after trauma. The con-
trol lane was loaded with murine MMP-9 standards.

BBB permeability

Extravasated Evans blue dye was observed in the
injured cortex and ipsilateral hippocampus. Fluores-
cence measurements confirmed that BBB disruption
increased within 3 hours after injury induction. The
peak level of BBB disruption was observed in the trau-
matized hemisphere 6 hours after injury and then grad-
ually decreased (Fig. 2).

Brain edema

Increased brain edema corresponds to increased
brain water content. Brain edema was first noted at 6
hours after injury, became progressively more severe
over time, and peaked 24 hours after injury (Fig. 3).



132

BBB permeability
200

150

1gl/g tissue

Sham 3 6 12 18 24
Time after injury induction (hr)

Fig. 2. Time course of BBB disruption after cortical contusion ex-
amined on the basis of Evans blue extravasation. Peak level of BBB
disruption was observed 6 hours after injury. (BBB blood-brain
barrier)
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Fig. 3. Time course of brain edema after cortical contusion eval-
uated from measurements of water content by the wet-dry weight
method. Brain edema became progressively more severe over time
and peaked 24 hours after injury

The contralateral hemisphere did not exhibit signifi-
cant changes in brain water content (data not shown).

M MP inhibitor reduced BBB disruption and edema
after TBI

Compared to the untreated control group, treatment
with GM6001, an MMP inhibitor, significantly re-

Y. Shigemori et al.

duced the BBB disruption at 6 hours and the brain wa-
ter content at 24 hours after injury (85.9 + 0.5% vs.
82.6 + 0.3%; p < 0.05) (Fig. 4). GM6001 (100 mg/
kg) was injected intraperitoneally immediately after in-
jury, as described previously [7].

Discussion

The progression of secondary brain damage follow-
ing trauma involves a multifactorial cascade of patho-
physiology including excitotoxicity [5], oxidative stress
[6], inflammation [1], and abnormal apoptosis [3]. Re-
cent studies have suggested that MMPs increase after
cerebral ischemia [2], TBI [16], and neurodegenerative
disorders [4]. These proteins might play a critical role
in degradation of the extracellular matrix, disruption
of the BBB [13], and a facilitation of leukocyte infiltra-
tion [12]. MMPs are also induced by cytokines which
are produced in association with inflammation [15].
In cerebral ischemia, emphasis has been placed on the
fact that MMP-9 can digest matrix proteins present in
the vascular basal lamina including collagen, fibronec-
tin, and laminin. Damage to the vascular integrity
would then lead to a disrupted BBB function and in-
creased vasogenic edema [13]. Since edema can play a
critical role in TBI, this specific pathway may be in-
volved as well. Inhibition of such cascades could thus
exert a therapeutic effect on TBI.

In the present study, we focused on MMP-9 up-
regulation in cerebral contusion, which leads to BBB
disruption and subsequent edema formation. The level
of MMP-9 increased and BBB disruption and subse-
quent edema formation after TBI became progres-
sively more severe over time. GM6001, an MMP in-
hibitor, significantly reduced BBB disruption at 6
hours and the brain water content at 24 hours after
injury. The results of our study imply a mechanistic
connection between increased levels of MMP-9 protein
and brain tissue damage. We acknowledge that the
time lag for each individual result reflects regulatory
mechanisms. Our findings indicate that MMP-9 con-
tributes to BBB disturbance and subsequent brain
edema after TBI, although the precise mechanisms in-
volved remain to be elucidated.

In conclusion, the present study demonstrates that
MMP-9 contributes to BBB disturbance and subse-
quent brain edema after TBI. Further investigations
into the deleterious activities of MMP-9 could reveal
new therapeutic targets in TBI.



Matrix metalloproteinase-9 is associated with blood-brain barrier opening

unglg tissue

200 90
150F =
285
@]
100F Q
[0]
gso -
50' O\o
0 75

BBB permeability (6 hr)

133

Brain edema (24 hr)

Vehicle
(n=7)

GM6001
(n=7)

Vehicle
(n=7)

P<0.05

GM6001
(n=7)

Fig. 4. Effects of treatment with GM6001, an MMP inhibitor. Compared to untreated control group, treatment with GM6001 significantly
reduced BBB disruption at 6 hours and the brain water content at 24 hours after injury. GM6001 (100 mg/kg) was injected intraperitoneally
immediately after injury
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Summary

The purpose of this study was to examine the possibility of neuro-
nal remodeling and repair after cold injury-induced brain edema
using immunoassays of nestin, 3CB2, and TUC-4. Male ddN strain
mice were subjected to cold-induced cortical injury. Animals were
divided into the following 6 groups: 1) 1-day after injury, 2) 1-week
after injury, 3) 2-weeks after injury, 4) I-month after injury, 5) sham,
and 6) normal controls. Brain water content measurement, Western
blot analysis, histological examination, and neurobehavioral exami-
nation were performed.

Brain water content was significantly increased in the ipsilateral
cortex at 1-day after injury. At 1-day and 1-week after injury, immu-
noreactivity of nestin, 3CB2, and TUC-4 were absent. Nestin was ex-
pressed in 3CB2-positive astrocytes at 1-month after injury, and nes-
tin expression with TUC-4 was present in the hippocampal cell layer.
Neurobehavioral function of the 1-month after injury group was
significantly improved compared with function 1-day after injury.
These results suggest that delayed precursor cell marker expression
in glia and neuron-like cells might be part of adaptation to the injury.
Although brain injury causes brain edema and neuronal death, there
is the possibility of remodeling.

Keywords: Nestin; 3CB2; TUC-4; remodeling; behavior; cold-
induced brain injury; mice.

Introduction

Pathological events in traumatic brain injury may be
divided into primary and secondary brain injury [10].
Primary brain injury occurs at the time of the insult,
whereas secondary injury follows during the recovery
period. Furthermore, reparative processes may occur
following damage to the tissue. Eventually, the reac-
tion results in the formation of gliotic scar [§8]. How-
ever, there are few data on long-term reparative pro-
cesses after traumatic brain injury.

In the present study, we investigated evidence of nes-
tin, 3CB2, and TUC-4 immunoreactivity, as potential

precursor cell markers, in a cold-induced brain injury
model. In addition, we examined whether the appear-
ance of cells positive for these markers might coincide
temporally with a recovery in behavioral deficit.

Materials and methods

Animals and cold-induced cortical injury

ddN strain mice (25-30 g body weight), inbred in our laboratory
(Nakamura et al., 1999), were used for this study. Animal protocols
were approved by the Kagawa University Animal Committee. Mice
were given free access to food and water prior to experiment. Ani-
mals were anesthetized with sodium pentobarbital (30 mg/kg i.p.),
with supplemental doses given as necessary, and then placed in a
stereotactic frame (Narishige Instruments, Tokyo, Japan). Rectal
temperature was maintained at 37°C using a feedback-controlled
heating pad (CMA, Stockholm, Sweden) during the operation. The
scalp was incised at the midline and the skull exposed. A cold-
induced brain injury was generated by application of a metal probe
(3 mm in diameter) cooled with liquid nitrogen to the exposed right
parietal bone for 20 seconds. The animals were then divided into 6
experimental groups: 1) 1-day after injury, 2) 1-week after injury, 3)
2-week after injury, 4) 1-month after injury, 5) sham control, and 6)
normal control.

Water content

Animals were re-anesthetized with sodium pentobarbital (50 mg/
kg i.p.) and decapitated. Brains were removed, and a coronal brain
slice (approximately 2 mm thick at the level of injury) was cut with
a blade. The brain slice was divided into 2 hemispheres along the
midline, and each hemisphere was dissected into the cortex and the
basal ganglia. A total of 3 samples from each brain were obtained:
the ipsilateral and contralateral cortex and the cerebellum, which
served as a control. Brain samples were immediately weighed on an
electric analytical balance to obtain the wet weight. Brain samples
were then dried at 100 °C for 24 hours to obtain the dry weight. Brain
water content was determined as: (Wet Weight — Dry Weight)/Wet
Weight.
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Western blot analysis

Animals were anesthetized with sodium pentobarbital (50 mg/kg
i.p.) before undergoing intracardiac perfusion with 0.1 mol
phosphate-buffered saline (PBS; pH 7.4). The brains were removed
and the ipsilateral and contralateral hippocampi separated. Western
blot analysis was performed. Briefly, 25 ug of protein from each
sample was separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to a Hybond-C pure nitrocellulose
membrane (Amersham, Piscataway, NJ). The membranes were
blocked in Carnation nonfat milk. Membranes were probed with a
1:1000 dilution of the primary antibodies, monoclonal mouse anti-
nestin or anti-3CB2 (Developmental Studies Hybridoma Bank, Uni-
versity of Iowa, Iowa City, IA) followed by a 1:1500 dilution of the
secondary antibody (peroxidase-conjugated goat anti-mouse; Bio-
Rad Laboratories, Hercules, CA). The antigen-antibody complexes
were visualized with a chemiluminescence system (Amersham) and
exposed to film. The relative densities of bands were analyzed with
NIH Image (National Institutes of Health, Washington, DC).

Histological examination

For histological examination, animals were sacrificed under deep
anesthesia using sodium pentobarbital (50 mg/kg i.p.). The brains
were transcardially perfused with 4% phosphate-buffered parafor-
maldehyde after flushing with 0.1 mol PBS. The brains were re-
moved and placed in fixative overnight. Adjacent coronal paraffin
sections (10 um thick) were taken. Sections of the CAl area (in-
cluding the dorsal hippocampal area) around 2.0 mm posterior to
bregma were obtained.

For evaluation of neuro-degeneration following cold-induced
brain injury, the terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labeling technique was performed on adjacent brain
sections to detect DNA double-strand breaks. ApopTag Peroxidase
Kits (Serologicals Corp., Temecula, CA) were used in this study. In
this method, 0.05 mol PBS was used as solution for dilution and
washing. The sections were made permeable with 1% Triton X-100
for 30 minutes and endogenous peroxidases quenched with 2%
H,0; for 20 minutes. After washing with PBS, the sections were
incubated in a moist chamber at 37 °C for 60 minutes with TdT en-
zyme. After anti-digoxigenin peroxidase had been applied to the sec-
tions for 30 minutes at room temperature, peroxidase was detected
with DAB. The labeling target of this method was the new 3'-OH
DNA ends generated by DNA fragmentation. The omission of the
terminal deoxynucleotidyl transferase was used as the negative con-
trol. Sections were counterstained with hematoxylin.

Double labeling was performed. Briefly, sections were incubated
overnight at 4 °C with monoclonal mouse anti-nestin antibody and
polyclonal rabbit anti-glial fibrillary acidic protein (GFAP) antibody
diluted, respectively, to 1:100 and 1:200 in 1% skim milk solution in
0.01 mol PBS. After washing with 0.01 mol PBS, the reactions for
nestin and GFAP were visualized after incubation for 2 hours at
room temperature with anti-mouse immunoglobulin (IgG) conju-
gated with fluorescein isothiocyanate (Vector Laboratories, Burlin-
game, CA) and anti-rabbit IgG conjugated with Texas red avidin D
(Vector). The secondary antibodies were both diluted 1:40 in 1%
skim milk solution in 0.01 mol PBS. Finally, the sections were rinsed
in 0.01 mol PBS and visualized using a confocal laser-scanning mi-
croscope (LSM-GB200; Olympus, Tokyo, Japan). Other sections
were used for double-labeling of nestin and 3CB2. Monoclonal
mouse anti-3CB2 antibody was diluted to 1:100 and anti-mouse
immunoglobulin M conjugated with Texas red avidin D (1:40)
(Vector) was used as the second antibody. Additionally, some sec-
tions were used for double-labeling of nestin and immature neuronal
marker TUC-4. Polyoclonal rabbit anti-TUC-4 antibody was di-

luted to 1:100 and anti-rabbit IgG conjugated with Texas red avidin
D (1:40) (Vector) was used as the second antibody.

Behavioral test

The radial maze and test procedure used in the present study was
similar to that previously reported by Nakamura et al. [11]. The cen-
tral part of the maze was 22 cm in diameter. The arms (25 cm long,
6 cm high, 6 cm wide) were made of transparent Plexiglas for the
spatial memory task. Arms were baited with small food pellets. The
maze was always oriented in the same direction in space. Twelve
hours prior to training, the body weight was verified to be at 80%
of the pre-test body weight. Animals (n = 10) were trained on 4 con-
secutive days, with 1 trial per day. An error was noted if the animal
entered an arm previously visited. The number of errors was re-
corded. The neurological test was scored by an investigator blind to
the treatment group.

Statistical analysis

All data are presented as mean + SD. Data from water content
and Western blot analysis was analyzed using Student 7-test. Neuro-
behavioral data were used by 2-way analysis of variance, followed by
Scheffe’s post hoc test.

Results

Water content

The brain water content was significantly increased
in the ipsilateral cortex in ddN mice 1-day after injury
compared with the sham controls (80.9 + 0.9% vs
77.9 £+ 0.4%; p < 0.01).

TUNEL staining

We observed staining of some clustered cells in the
core area of the cold-induced lesion at 1-day after
injury. There was expansion of lesions stained by
TUNEL-positive cells to include positive CAl pyra-
midal cells in the ipsilateral hippocampus at 1-week
after injury. The TUNEL-positive cells were already
resolved at 1-month after injury. Migration changes
were seen in the ipsilateral hippocampal stratum radi-
atum area at 1-month after injury by counter staining.

Western blot analysis

By Western blot analysis, there was no increase in
nestin, 3CB2, and TUC-4 protein levels in the ipsilat-
eral hippocampus from 1-day to 2-weeks after injury.
However, there was strong nestin (791 + 144% of
contralateral; p < 0.01), 3CB2 (524 + 215% of con-
tralateral; p < 0.05), and TUC-4 (356 + 127% of con-
tralateral; p < 0.05) expression at 1-month after injury

(Fig. 1).
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Fig. 1. Western blot analysis of the time course of nestin, 3CB2, and
TUC-4 expression in the contralateral and ipsilateral hippocampus
1-day, 1-week, 2-weeks, and 1-month after injury (n =3 in each
group). Values are mean + SD; *p < 0.05 and **p < 0.01 compared
with the contralateral hippocampus

Immunohistochemistry

Nestin, 3CB2, and TUC-4 were absent from astro-
cytes and neurons in sham and normal control groups.
After induction of brain injury, nestin, 3CB2, and
TUC-4 immunoreactivity was also absent at 1-day, 1-
and 2-weeks after injury, similar to the Western blot
findings. Nestin expression was observed in the ipsilat-
eral hippocampal stratum pyramidale and radiatum
area at 1-month after injury. 3CB2 was expressed in
astrocytes and TUC-4 was expressed in neuron-like
cells in the ipsilateral hippocampus at 1-month.

Interestingly, nestin-positive neuron-like cells were
observed in the ipsilateral hippocampal CA1 cell layer
at 1-month after injury. However, there was no immu-
noreactivity for 3CB2 in the ipsilateral CA1 cell band.
The number of nestin-positive cells in the CA1 band
was significantly increased at I-month after injury
(18.7 + 12.7 cells/mm; p < 0.05) compared with nor-
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Fig. 2. Number of performance errors for 4 experimental groups in
4 days of trials using the 8-arm radial maze. Neurobehavioral perfor-
mance deteriorated immediately after injury, (1-day injury group vs
control), but then there was a significant improvement over 1-month.
Values are mean + SD, n = 10. (See text for a description of statis-
tics)

mal controls, and 1-day and 1-week injury groups.
Nestin-positive neuron-like cells could be observed in
each animal 1-month after injury.

Nestin appeared to be localized to both glial cells
and neurons in the ipsilateral hippocampus at 1-month
after injury, as assessed using double-labeling for nes-
tin and GFAP, nestin and 3CB2, or nestin and TUC-4.
Immunoreactivity for both nestin and GFAP was pres-
ent in the ipsilateral hippocampus CA1 pyramidal cell
layer and in the hippocampal striatum radiatum. Inter-
estingly, nestin-positive neuron-like cells that were not
GFAP immunoreactive were observed in the ipsilat-
eral hippocampus CA1 cell layer. The nestin-positive
neuron-like cells co-expressed TUC-4.

Behavioral test

Figure 2 shows the number of errors made in the
8-arm radial maze. The analysis revealed significant
major effects of the groups (Fa 105 = 18.0; p < 0.01)
and trials (F3 103 = 23.4; p < 0.01). No interaction be-
tween the groups and trials was observed (Fi3 108 =
0.5; p > 0.05). The number of errors in the 1-day, 1-
week, and 1-month after injury groups was signifi-
cantly increased in comparison with those in the sham
control group (p < 0.01). The number of errors de-
creased in the 1-month after injury group, a significant
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difference when compared with the 1-day after in-
jury group (p < 0.05). These results indicate that there
were marked neurological deficits after injury, with
progressive recovery of function over 1-month.

Discussion

Degeneration and remodeling following brain injury

Neuronal cell death after traumatic brain injury can
be divided into 2 categories; acute cell death due to pri-
mary injury, and delayed cell death as a result of sec-
ondary injury. In the present study, there was expan-
sion of lesions stained by TUNEL-positive cells to
include positive CA1 pyramidal cells in the hippocam-
pus at 1-week after injury. Thus, delayed cell death
appeared to continue for at least 1-week after cold-
induced brain injury.

The possibility of neurogenesis exists following
acute and delayed cell death in traumatic brain in-
jury. Several studies have indicated some remodeling
changes following brain injury [4, 16, 18]. Suzuki and
Choi [16] demonstrated repair and reconstruction of
the cortical plate following brain injury to the neonatal
rat. Dash et al. [4] showed that brain injury increased
the production of new granule neurons in dentate gy-
rus. Yang et al. [18] demonstrated that an increase in
reactive astrocytes at the immediate site of cerebral
cortical injury in rat was related to tissue remodeling.
However, the precise mechanisms involved in remod-
eling following brain injury are not fully understood.
In the present study, dynamic histological changes
were seen by immunohistochemical examination.

Precursor cell marker expression in hippocampus
Jfollowing cortical injury

Adult brain tissue consists of neurons and glia that
are generated by precursor cells from the embryonic
ventricular zone. During postnatal development of
the central nervous system, intermediate filament pro-
teins are subjected to a remodeling process [17]. Nestin
is a distinct neurofilament protein expressed transi-
ently in immediate precursors to neurons and glia [1]
and nestin expression is regarded as correlating with
progenitor cells in the central nervous system [3].

In general, glial cells are generated after neurons
during development. Radial glia are an exception to
this rule, however, being generated before neurogene-

sis and neuronal migration [14]. Radial glia are mitoti-
cally active throughout neurogenesis [9]. Noctor et al.
[13] showed that neurons migrate along clonally-
related radial glia, and that proliferative radial glia
generate neurons. In the present study, the appearance
of 3CB2-positive radial glial cells had a similar time
course to that of nestin-positive cells. This is the first
report of 3CB2 expression following brain injury in
an in vivo model. Moreover, nestin immunoreactive
cells in the hippocampal CALl cell layer were GFAP-
negative at l-month after injury and they were
neuron-like in appearance. These cells co-expressed
the immature neuron marker TUC-4. Whether these
cells will develop into mature neurons requires further
study. The present and other studies suggest that nestin
might play an important role in neuronal remodeling.

Behavioral function after brain injury

Traumatic brain injury can cause neurobehavioral
impairment clinically [7] and experimentally [2]. The
radial maze has been used to study hippocampal func-
tion in ischemic models [6, 12]. In the present study,
hippocampal damage could be detected histologically
1-week after injury. Memory function in all of the
brain injury groups (1-day, 1-week, and 1-month after
injury groups) was significantly decreased compared to
sham controls. However, the number of errors was sig-
nificantly decreased in the 1-month after injury group
compared to the 1-day after injury group. This result
suggests improvement of memory function long-term
after experimental brain injury. The improvement in
neurobehavioral function after brain injury may reflect
the remodeling changes in the damaged hippocampus.

Conclusions

The present study suggests that delayed nestin ex-
pression in glia and neuron-like cells might be a part
of adaptation to the injury and recovery of function.
Progress in the regenerative treatment using neuro-
trophic factors [5] and neural stem cells [15] has been
remarkable.

Treatment strategies for traumatic brain injury have
been directed at attenuating secondary or delayed in-
jury. Our data shows that although experimental brain
injury causes neuronal death, there is the possibility of
remodeling. As damaged brain tissue has the potential
for neurogenesis, it is important to utilize this potential
in treatment of traumatic brain injury.
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Summary

Introduction. Granulocyte colony-stimulating factor (G-CSF) is
an established treatment in the neutropenic host. Usage in head-
injured patients at risk for infection may aggravate brain damage.
In contrast, evidence of G-CSF neuroprotective effects has been re-
ported in rodent models of focal cerebral ischemia. We investigated
effects of G-CSF in acute focal traumatic brain injury (TBI) in rats.

Methods. Thirty-six male Sprague-Dawley rats were anesthetized
with 1.2% to 2.0% isoflurane and subjected to controlled cortical im-
pact injury (CCII). Thirty minutes following CCII, either vehicle or
G-CSF was administered intravenously. Animals were sacrificed 24
hours following CCII. Glutamate concentrations were determined in
cisternal cerebrospinal fluid (CSF). Brain edema was assessed gravi-
metrically. Contusion size was estimated by 2,3,5-triphenyltetrazo-
lium chloride staining and volumetric analysis.

Results. Dose-dependent leukocytosis was induced by infusion of
G-CSF. Physiological variables were unaffected. Water content of
the traumatized hemisphere and CSF glutamate concentrations were
unchanged by treatment. Contusion volume was similar in all groups.

Conclusions. A single injection of G-CSF did not influence cortical
contusion volume, brain edema, or glutamate concentrations in CSF
determined 24 hours following CCII in rats. G-CSF, administered 30
minutes following experimental TBI, failed to exert neuroprotective
effects.

Keywords.: Cranio-cervical trauma; glutamate; growth factor; neu-
roprotection; traumatic brain injury.

Introduction

Multifold neuroprotective treatment strategies have
been explored to counter the dreaded sequelae of trau-
matic brain injury (TBI). While it is generally accepted
that the main target is to avoid or ameliorate second-
ary injuries, the primary injuries are often not amena-
ble to treatment. Yet, less severely injured neural tissue
could potentially be resuscitated by the same pathways

that stimulate cell division, growth, and survival. As
such, cytokine growth factors have increasingly gained
attention in recent years [1, 11, 18].

Cytokine granulocyte colony-stimulating factor (G-
CSF)isa 19.6 kD 175 amino acid polypeptide secreted
by monocytes, macrophages, and neutrophils after cell
activation. Its role in hematopoiesis is stimulation of
the neutrophil/granulocyte cell lineage [8].

Recent experimental studies suggest that G-CSF, as
a growth factor, could be neuroprotective in models of
glutamate toxicity, focal ischemia, and intracerebral
hemorrhage, and improve neurological outcome [6,
13-16]. Inducible expression of G-CSF and its respec-
tive receptor has been demonstrated in neural tissues
[10, 11, 14, 18]. The underlying mechanisms of neuro-
protection are not fully understood, but anti-apoptotic
signaling [14], hematopoietic stem-cell liberation [5,
16, 20], and neoangiogenesis [4, 16] may play a role.

The current study tested whether or not G-CSF ad-
ministered soon after controlled cortical impact injury
(CCII) reduces brain edema formation and contusion
volumes 24 hours after injury.

Methods

Animals

For the present study, a total of 36 male Sprague-Dawley rats
(347 + 52 g) (Charles River, Germany) were used. Animals were
accustomed to the laboratory for approximately 24 hours before the
study was performed. The experimental protocol was approved by
the committee for animal research in Karlsruhe, Germany (35-
9185.81/G165/03).
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Table 1. Physiological variables determined before trauma, before and after infusion, and at 24 hours following trauma (N = 6 per treatment

group)*

Granulocyte Colony-Stimulating Factor

Vehicle 10 pg/kg 100 pg/kg p

Mean arterial pressure (mmHg)

Before CCll/infusion 7245 73+ 3 73+ 6 NS

After CCII/infusion 78+ 5 79 +8 79 £8 NS
Heart rate (bpm)

Before CCIl/infusion 348 + 37 356 +43 343 + 18 NS

After CCIl/infusion 362 +42 379 + 39 369 +43 NS
Core temperature (°C)

Before CCll/infusion 36.6 +1.4 36.6 + 0.9 36.8 + 0.5 NS

After CCII/infusion 36.4 4+ 0.3 36.4 4+ 0.3 36.34+0.3 NS
pH

Before CClIl/infusion 7.38 +0.05 7.4 +0.03 7.41 +0.05 NS

After CCIl/infusion 7.37 £ 0.02 7.36 + 0.04 7.38 + 0.04 NS

24 h after CCII 7.46 + 0.04 7.45 + 0.04 7.47 + 0.04 NS
pCO; (mmHg)

Before CCllI/infusion 42.8 + 84 43.0 + 2.5 414 +53 NS

After CCIl/infusion 43.0 +43 43.7+29 399+ 6.5 NS

24 h after CCII 36.2+5.7 369 +4.5 348+ 6.2 NS
PO, (mmHg)

Before CCII/infusion 145.5 +12.9 150.5 + 13.9 146.8 + 7.1 NS

After CCII/infusion 1559 +44 1499 + 11.9 151.5 +21.2 NS

24 h after CCII 150.4 4+ 28.8 124.9 4+ 24.7 142.7 + 248 NS
Glucose (g|dL)

After CClII/infusion 225 + 40 207 + 35 223 + 51 NS

24 h after CCII 197 +23 183 + 26 175 4+ 20 NS
Hemoglobin (g|dL)

Before CCIl/infusion 147+12 151+1.3 144+13 NS

After CCII/infusion 148+ 14 14.6 +£ 0.6 135+ 1.8 NS

24 h after CCII 123 + 1.1 119+1.5 10.8 +2.0 NS
Leukocytes (nL)

Before CCII/infusion 8.6+2.5 92+22 90+ 1.7 NS

24 h after CCII 83+29 9.2+39 12.3 + 6.0%* <0.05

* Values are mean + SD, ** p < 0.05 compared to vehicle-treated animals. NS Not significant.

Experimental procedures

After induction of anesthesia with isoflurane (5%, 3 minutes),
animals were weighed and positioned. All animals breathed sponta-
neously under inhalational anesthesia (isoflurane: 1.0% to 2.5%;
fraction of inspirational oxygen 30%). The caudal artery was cathe-
terized to allow continuous recording of mean arterial blood pres-
sure and serial blood sampling to determine arterial blood gases.
The right femoral vein was cannulated with care not to injure the
femoral nerve. Lines were locked with normal saline, or perfused at
a rate of 0.5 mL/h, respectively. Samples for differential blood cell
counts were obtained at the beginning and at the end of all experi-
ments. Rectal temperature was measured during anesthesia and
maintained between 37° and 38°C using a homeothermic heating
pad.

Brain trauma was induced with the CCII device using a 5 mm bolt
which was pneumatically driven at a velocity of 7 m/sec™! (100
p.s.i.), a penetration depth of 1 mm, and a contact time of 0.15 sec-
ond, as described previously [17].

At 30 minutes after CCII, either G-CSF at standard (10 pg/kg) or
high dose (100 pg/kg) was infused intravenously over 30 minutes in a

randomized and blinded fashion. Control animals received iso-
volume amounts of vehicle only.

Following infusion, catheters were removed and the animals re-
turned to their cages with free access to food and water for 24 hours.

QOutcome variables

At 24 hours following CCII, animals were deeply anaesthetized,
exsanguinated, and cerebrospinal fluid (CSF) was carefully aspirated
from the cerebromedullary cistern by puncture with a 27-gauge nee-
dle. Paired samples of CSF and heparinized arterial plasma were
deproteinized using centrifugal filtration through 10.000 kD cut-off
polyethersulfone membranes ( Vivaspin 500, Vivascience, Hannover,
Germany). Glucose, lactate, and glutamate were determined in
protein-free samples using the CMA600 enzyme-kinetic analyzer
(CMA, Solna, Sweden). Brains were removed quickly, either for
gravimetric analysis of hemispheric water content (n = 18) or stain-
ing of 6 2-mm sections in a 2% solution of 2,3,5-triphenyltetrazolium
chloride (n = 18). Stained slices were immersed in 4% paraformalde-
hyde and scanned for determination of contusion volumes using
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ImagelJ 1.6 software (National Institutes of Health, Bethesda, MD,
USA).

Statistical analysis

Statistical analysis was performed using SPSS 13.0 software (SPSS
Inc., Chicago, IL, USA). Data averaged among groups are reported
as mean + SD. For testing of averages and differences between
groups, analysis of variance (ANOVA) was employed. Post-hoc ¢
tests for paired comparisons were adjusted according to the Bonfer-
roni method. A p-value of less than 0.05 was considered significant.

Results

Physiological variables, i.e., blood pressure, heart
rate, rectal temperature, arterial blood gases, hemo-
globin, or serum glucose concentrations, remained in
the physiological range at all times. No significant dif-
ferences were seen among groups. High-dose G-CSF
treatment resulted in moderate leukocytosis (12 +
6 nL. vs. 8 + 3) in vehicle controls (Table 1).

Metabolic parameters were determined in CSF ob-
tained from the cerebromedullary cistern postmortem.
Lactate/glucose ratios were calculated as an index of
anaerobic neurometabolism. No significant differences
in CSF glucose, lactate, or glutamate were found in
comparison to vehicle-treated animals (Table 2).

Hemispheric water content was increased in the
left (traumatized) hemisphere, but unaffected by either
dose of G-CSF (Fig. 1). Contusion volumes varied
within treatment groups, but distributions were not
altered when compared to control animals (29 + 21,
24 + 23, and 33 + 31 mm?, respectively) (Fig. 2).

Discussion

Lack of efficacy in our study is in contradiction with
multiple experimental studies of ischemia models [6,
14, 16]. Only in one other experimental TBI study was

Table 2. Concentrations of metabolites glucose, lactate, and gluta-
mate determined in cisternal cerebrospinal fluid at 24 hours following
trauma (N = 6 per treatment group)*

Granulocyte
Colony-Stimulating Factor

Vehicle 10 pg/kg 100 pg/kg p
Glucose (mmol) 3.1+0.1 32403 35406 NS
Lactate (mmol) 6.5+0.8 6.74+09 64+1.0 NS
Glucose/lactate ratio 214+03 20+0.2 1.8 +0.5 NS
Glutamate (umol) 1374+ 123 124458 127469 NS

* Values are mean + SD. Lactate/glucose ratios calculated individ-
ually. NS Not significant.
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Fig. 1. Hemispheric water content derived from wet/dry weights
and according to treatment 24 hours following focal contusion of
the left parietal cortex. Error-bars indicate mean + SD. N = 6 per
treatment group
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Fig. 2. Contusion volumes determined by computerized volumetric
analysis of 2,3,5-triphenyltetrazolium chloride-stained brain slices 24
hours following injury. Error-bars indicate mean + SD. N = 6 per
treatment group

G-CSF tested with similar results, despite continued
treatment for 7 days following trauma [15].

Ischemia and TBI have many pathophysiological
features in common. Still they are different disease en-
tities, and mechanisms involved in ischemia can have a
lesser importance in TBI [2]. One can only speculate
that transient vessel occlusion and reperfusion per se
provides a better ground for cytokine growth factor
treatment. Likewise, the primary injury caused by
mechanical disruption of the cortex in our model
might have been too advanced for salvage by G-CSF
treatment.

At present, neither dose-response curves, nor opti-
mal dosing regimens have been established for neuro-
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protective G-CSF treatment. Recombinant G-CSF is
FDA-approved for treatment of the neutropenic host.
The standard dose is 10 pg/kg/day. In mice, rats, ham-
sters, dogs, and monkeys, doses of >1 pg/kg/day of G-
CSF stimulate neutrophil production in bone marrow.
Untoward effects are rare, with the only irreversible
effects seen in monkeys at doses exceeding 1 mg/kg/
day when hyperleukocytosis and cerebral leukostasis
caused intracerebral hemorrhage and infarction [9].
Clinical studies in patients with TBI have indicated its
safety, though no clear benefit in prevention of nosoco-
mial infections were demonstrated [7].

The dosages used in our study can be regarded as
safe. The neuroprotective effects found by others were
observed with intravenous or subcutaneous applica-
tion of similar doses. Single doses as well as repeated
injections have been shown to convey neuroprotection
[13, 14, 16].

Although intrathecal synthesis of G-CSF and its re-
ceptor is known to occur, blood-brain barrier (BBB)
penetration of extracerebral G-CSF has not been
proven. However, cytokine growth factors with similar
protein characteristics (e.g., granulocyte-macrophage
colony-stimulating factor, erythropoietin), do pene-
trate [3, 12]. In a pretreatment study of experimen-
tal brain injury in rats, G-CSF increased BBB damage,
but development of cerebral edema and leukocyte-
infiltration remained unchanged. Treatment-related
BBB disruption is less likely to occur as a direct effect
of G-CSF compared to the secondary effects of sys-
temic leukocytosis [19]. With a single application of
G-CSF leukocytosis is mild, however, as shown in
this study.

In summary, a potential neuroprotective effect of
G-CSF in TBI cannot be ruled out. Further studies
are needed, where optimal physiological, histopa-
thological, and functional outcome parameters are
followed for times exceeding our time-window of ob-
servation. Additionally, details of drug delivery and
dose-response curves need to be established.

Conclusion

In a rodent model of focal cortical contusion, a sin-
gle injection of G-CSF at 10 pug/kg or 100 ug/kg did
not influence cortical contusion volume, brain edema,
or glutamate concentrations in CSF determined 24
hours following CCII. Overall, G-CSF administered
30 minutes following experimental TBI failed to exert
neuroprotective effects.

O. W. Sakowitz et al.
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Summary

The purpose of this study was to investigate cognitive/memory
dysfunctions and the pathological process contributing to such dys-
function following moderate lateral fluid percussion injury (LFPI) in
Mongolian gerbils.

Mongolian gerbils were subjected to moderate LFPI (1.3-
1.6 atm). During 7 days post-trauma, spatial cognitive and memory
dysfunctions were evaluated by T-maze test (TMT). At 6 hours, 24
hours, and 7 days post-injury, animals were sacrificed and the brains
were prepared for Kluver-Barrera staining and immunostaining of
B-amyloid precursor protein (APP).

In LFPI animals, the spontaneous alternation rate in the TMT re-
mained below the random alternation rate (<50%) on all post-injury
test days. These animals also showed a transient tendency to choose
only the right arm (ipsilateral to the injury) in the TMT at 6 hours
and 24 hours after injury. Significant accumulation of APP was
found widespread in the ipsilateral hemisphere including directly in-
jured cortex, subcortical white matter, and hippocampal formation
at 6 hours and 24 hours post-injury, while on day 7, the increased im-
munoreactivity of APP subsided.

These results suggest that the widespread axonal degeneration of
the white matter might contribute to the unilateral spatial neglect
and memory deficit in the acute stage after LFPI.

Keywords.: Diffuse axonal injury; fluid percussion injury; gerbil;
spatial neglect.

Introduction

Cognitive dysfunctions including memory impair-
ment are common neurological sequelae of traumatic
brain injury (TBI), and their underlying mechanisms
are poorly understood [9]. Smith et al [11] concluded
that posttraumatic spatial learning and memory dys-
functions primarily result from the selective vulnera-
bility of the hippocampus. However, it is becoming

evident that hippocampal neuronal death may not ac-
count for the entire spectrum of cognitive deficiency [4,
10]. Evidence has shown that white matter injury may
also be a major determinant of clinical outcome. The
studies of TBI in both human and in a non-human pri-
mate model of experimental injury suggest a direct link
between the extent of diffuse axonal injury and the en-
suing patient morbidity [1, 2].

Lateral fluid percussion injury (LFPI) replicates
several clinically relevant features of human TBI and
has been widely used in investigations of the biome-
chanical responses, neurological syndromes, and pa-
thology observed in human closed-head injury [7].
In the present study, we induced LFPI in Mongolian
gerbils, an excellent animal model for assessing behav-
ior after experimental cerebral ischemia. During 7 days
post-trauma, cognitive/working memory deficit was
evaluated by T-maze test (TMT). Immunohistochem-
istry of B-amyloid precursor protein (APP) was per-
formed to detect axonal injury, and the correlation
between behavioral dysfunction and the abnormal ac-
cumulation of APP was examined.

Materials and methods

The animal experiments were approved by the Animal Care and
Use Committee of Tokyo Medical and Dental University. Thirty
male Mongolian gerbils ranging in age from 6 to 8 months and in
weight from 65 to 80 g were used for this experiment. The animals
were housed in groups of 3 and maintained on a 12-hour light/dark
cycle with unlimited access to food and water.
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Surgery and fluid percussion injury

Thirty animals were randomly divided into 2 groups of 15: a sham-
operated group (SHAM) and an LFPI group (LFPI). LFPI was in-
duced as previously described [8]. Briefly, each animal was anesthe-
tized with ketamine hydrochloride (50 mg/kg, i.m.), supplemented
as necessary. All wounds were infiltrated with 2.0% lidocaine hydro-
chloride during surgical preparation and throughout the experiment.
The animals were allowed to breathe spontaneously throughout all
surgical procedures. Each animal was placed in a stereotaxic frame
and a round craniotomy (3.5 mm in diameter) was made on the right
parietal cortex with center coordinates midway between the bregma
and lambda and 2.5 mm lateral to the midline. LFPI of moderate se-
verity (1.3-1.6 atm) was induced. SHAM animals received anesthe-
sia and underwent all of the surgical procedures except delivery of
the LFPIL.

T-maze test

Animals performed the TMT at pre-injury, 6 hours, 24 hours, and
3, 5, and 7 days post-injury, respectively. Each animal was allowed
to alternate between the left and right goal arms of a T-shaped maze
(60 (stem) x 25 (arm) x 10 (width) cm) throughout a 15-trial contin-
uous alternation session. The animal’s behavior was traced with a
video-tracking system (Bio Research Center, Nagoya, Japan). The
spontaneous alternation rate (SAR) was calculated as the ratio of al-
ternating choices to total number of choices (50%, random choice;
100%, alternation at every trial; 0%, no alternation). We also calcu-
lated the percentage of choices of the goal arm ipsilateral to the in-
jured hemisphere (right-biased rate).
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Histology and AP P immunohistochemistry

Animals were anesthetized and perfused with 4% paraformalde-
hyde at 6 hours (LFPI-6 h, n = 3; SHAM-6 h, n = 3), 24 hours
(LFPI-24 h, n = 3; SHAM-24 h, n = 3), and 7 days (LFPI-7 days,
n = 9; SHAM-7 days, n = 9). The brain was cut into 6 serial coronal
sections every 2.0 mm from the level of the anterior pole of the cau-
date nucleus to the posterior pole. The sections were embedded
in paraffin. Each coronal section was sliced to a thickness of 4 um.
Kluver-Barrera staining and immunostaining of APP were per-
formed. For APP immunostaining, primary antibody (clone 22C11;
dilution 1:500; Boehringer Mannheim, Mannheim, Germany) was
applied and slides were placed in the refrigerator overnight. Further
rinsing was done with phosphate-buffered saline and secondary
antibody applied. Avidin-Biotin (Vector Laboratories, Burlingame,
CA) complex was used for antibody detection along with 3,3'-
diaminobenzidine tetrahydrochloride to increase staining intensity.
Counterstaining was done with hematoxylin and tissue was then de-
hydrated and cover-slipped.

Results

The animals tended to choose the left and right arms
with equal frequency in the TMT before LFPI. In the
LFPI group, the SAR remained below the random
alternation rate (<50%) on all post-injury test days
(Fig. 1B).
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Fig. 1. TMT was employed to detect spatial cognitive dysfunction (arrows) and memory deficit after LFPI (A). In the LFPI group, the SAR
remained below the random alternation rate (<50%) on all post-injury test days (B). A transient tendency to choose only the right arm (ipsi-
lateral to the injury) was also found in TMT at 6 hours and 24 hours after the injury (C). Data are presented as mean + SD, n = 18. *p < 0.05
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Fig. 2. Abnormal APP accumulation (arrows) was significantly increased at 6 hours after injury in the ipsilateral subcortical white matter,
cortex, and hippocampus (A-C). At day 7, the APP accumulation in these regions subsided but could still be found (D-F) when compared
with the sham group (G-I).

The LFPI animals also showed a transient tendency
to choose only the right arm (ipsilateral to the injury)
in the TMT after the injury (Fig. 1A, C). From day 3,
no significant biased alternation was found in this
group. Animals in the SHAM group showed no biases
in the TMTs at any point during the testing period.

On day 7 after injury, Kluver-Barrera staining re-
vealed cortical necrosis at the impact site, widespread
subcortical white matter rarefaction, and neuronal
loss in the ipsilateral CA3 region and dentate gyrus.
Significant widespread accumulation of APP was
found in the ipsilateral hemisphere including the di-
rectly injured cortex, subcortical white matter, and
hippocampal formation at 6 hours and 24 hours post-
injury. On day 7, the increased immunoreactivity of

APP subsided but could still be found in these regions
(Fig. 2).

Discussion

In the present study, gerbils were used to evaluate
posttraumatic spatial cognitive and memory deficits
using a T-maze, a reliable and easily-operated tool
for cognitive evaluation after brain injury [3]. The
T-maze spontaneous alternation task has been re-
ported as being effective for testing exploratory behav-
ior and working memory. In animals with disturbed
cognition/memory caused by hippocampal injury, the
SAR is known to decrease to approximately 50%,
the level of random choice [3]. In the present study,
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the SAR was significantly lowered at 6 hours and 24
hours in the LFPI animals (below 25% on average).
On following test days it returned to the level of ap-
proximately the random alternation rate (50%), indic-
ative of a significant and prolonged memory impair-
ment caused by LFPI. However, the very low SAR at
6 hours and 24 hours cannot be explained by posttrau-
matic memory deficit alone, but also involves unilat-
eral spatial neglect. Analysis of right-biased alterna-
tion in the TMT also indicated an acute visual neglect
of the side contralateral to the injury (Fig. 1C). Inter-
estingly, we found the temporal profile of the immu-
noreactivity of APP to be very similar to that of unilat-
eral neglect. APP has been found to be a useful marker
for axonal damage. The interruption of axonal trans-
port due to traumatic or ischemic insults has been
shown to result in the accumulation of APP, indicative
of dysfunction and perhaps eventual discontinuity of
the axon [14].

Taken together, findings from the present study
strongly suggest the involvement of white matter dam-
age in the patho-mechanisms of acute unilateral spa-
tial neglect following LFPI. In clinical cases, unilateral
spatial neglect is usually associated with lesions in the
parieto-occipital lobes of the non-dominant hemi-
sphere, and its mechanism is still unclear [5]. Vallar
[13] suggested that unilateral spatial neglect is a multi-
farious disorder, frequently associated with extensive
subcortical lesions involving the thalamus, the basal
ganglia, and the subcortical white matter. A recent
clinical study of lesion anatomy indicated that patients
with unilateral neglect and a spatial working memory
deficit were most likely to have damage to parietal
white matter [6]. Therefore, we concluded the acute
unilateral spatial neglect found at 6 hours and 24 hours
was associated with the acute axonal injury reflected in
the extensively and significantly increased APP immu-
noreactivity at the same time points.

The abnormal APP accumulation found in our pres-
ent study showed a diffuse pattern in the acute phase
after the LFPI, indicating that LFPI in gerbils is a use-
ful animal model for investigation of diffuse axonal in-
jury. Some studies have indicated that diffuse axonal
injury may mediate significant memory and learning
deficits [12]. Theoretically, the interruption of a suffi-
cient number of axons could disrupt the flow of infor-
mation in the brain and produce neurological deficits.
Further study should be performed to clarify the effect
of axonal damage in different brain regions on func-

tional deficits following TBI of various severities.
A combination of TMT and immunohistochemical
markers should be useful in such a study.
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Summary

Gap junctions are intercellular channels that mediate the cytoplas-
mic exchange of small hydrophilic molecules and are formed by a
family of integral membrane proteins called connexins (Cxs). Cx43
is expressed predominantly in astrocytes, while Cx36 is expressed in
neurons. In this study, we show alteration of Cx43 and Cx36 in the
hippocampus after traumatic brain injury in rats.

Adult male Sprague-Dawley rats were subjected to lateral fluid
percussion injury of moderate severity. Brain coronal sections were
used for immunohistochemistry with Cx43 and Cx36 antibodies.
Cx43 immunoreactivity was increased in reactive astrocytes in the
damaged hippocampus 24 hours after injury, and persisted for 72
hours. On the other hand, Cx36 immunoreactivity increased in CA3
neurons 1 hour after injury, and decreased later. These results indi-
cate that gap junctions might participate in the pathophysiological
process after traumatic brain injury.

Keywords: Connexin; traumatic brain injury; gap junction.

Introduction

Gap junctions are intercellular channels that medi-
ate the direct cytoplasmic exchange of small hydro-
philic molecules and ions [1] and are considered to be
critical for tissue homeostasis [4]. Gap junction pro-
teins, connexins (Cx), are expressed by various cells in
the central nervous system [2]. Cx43 is expressed pre-
dominantly in astrocytes, while Cx36 is expressed in
neurons. Gap junctions may be neuroprotective [9] or
harmful [8] under ischemic conditions. Our study fo-
cuses on the expression and distribution of Cx after
traumatic brain injury (TBI) in vivo.

Experimental studies suggest that selective vulnera-
bility is observed in CA3 pyramidal neurons, den-
tate hilar neurons, and cortical neurons [3, 10] after
fluid percussion brain injury (FPI) in rats. In addition,
TBI causes the early loss of astrocytes [12], and induces

reactive astrocytes [5] in the hippocampus after FPI.
Reactive astrocytes are the most prominent response
forms after injury. A recent study suggested that
the existence of GFAP-positive astrocytes was more
extensive in Cx43+/+ than in Cx43+/— mice and
reactive astrocytes may reduce neuronal apoptosis
under ischemia by regulating extracellular conditions
through their gap junctions [9]. In the present study,
we show the alteration of Cx43 and Cx36 immunor-
eactivity in the rat brain after TBI.

Materials and methods

Animal experimental procedures

Eighty-eight adult male Sprague-Dawley rats weighing 300
to 400 g were used. The rats were anesthetized with sodium pento-
barbital (50 mg/kg i.p.) and fixed in a stereotaxic flame. A 4.8 mm
craniectomy was made over the right parietal bone (centered at
4.0 mm posterior and 3.0 mm lateral to the bregma). A plastic
Luer-loc was fixed over the craniectomy site with dental cement.
The next day the rats were anesthetized with isoflurane ina 2: 1 mix-
ture of nitrous oxide and oxygen, and intubated. The rats were then
subjected to moderate severity FPI (2.6-2.8 atm, 12 ms) using a
Dragonfly device (Dragonfly Research and Development, Inc.,
Ridgeley, WV). Rectal temperatures and blood pressures were moni-
tored continuously. Arterial blood samples were analyzed inter-
mittently. Sham control animals were subjected to the same proce-
dures except for percussion injury. The Animal Care and Use
Committee of the National Defense Medical College approved all
animal procedures.

Tissue preparation

For immunohistochemical analysis, rats were sacrificed at 5, 30,
60 minutes and 6, 24, 72 hours after FPI (n = 5 per each time point).
They were perfused transcardially with 4% buffered paraformalde-
hyde. The brains were removed and embedded in paraffin, and then
serial coronal sections (5 pum thick) were prepared.
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Fig. 1. Time course of Cx43 immunoreactivity in the ipsilateral hippocampal CA3 subfield (A, B, C) and cortex (D, E, F) (A and D, sham; B
and E, 24 hours after injury; C and F, 72 hours after injury). The immunoreactivity for Cx43 was enhanced in astrocytes 72 hours after injury.
In cortex, Cx43 immunoreactivity was also induced 72 hours after injury. SO, stratum oriens; SR, stratum radiatum. Scale bars, 100 pm
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Fig. 2. Time course of immunoreactivity for Cx36 in the ipsilateral CA3 region (A, sham; B, 1 hour after injury; C, 72 hours after injury). Cx36
immunoreactivity increased in pyramidal neurons at 1 hour after injury (B), then gradually decreased to control levels (C). Scale bars, 50 pm

Immunohistochemistry

To examine the distribution of the immunoreactive cells, we
performed immunohistochemistry using anti-Cx43 and -Cx36 anti-
bodies. Histofine MAX-PO (MULTI) (Nichirei Biosciences Inc.,
Tokyo, Japan) was used for immunostaining by monoclonal anti-
Cx43 antibody (C8093; Sigma-Aldrich Co., St. Louis, MO) and
polyclonal anti-Cx36 antibody (H-130; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA). For evaluation of morphologic change, adja-
cent sections were counterstained with hematoxylin and eosin.

Results

The alterations of Cx43 immunoreactivity in the
ipsilateral CA3 subfield are shown in Fig. 1. Immu-

noreactivity for Cx43 was reduced in astrocytes up to
6 hours after injury, recovered by 24 hours, and in-
creased at 72 hours. The immunoreactivity for Cx43
in the contralateral region was similar to sham con-
trols (data not shown). Cx43 immunoreactivity in the
ipsilateral cortex was induced 72 hours after injury
compared to sham controls.

Immunoreactivity for Cx36 in the ipsilateral CA3
region was observed in pyramidal neuronal layers
(Fig. 2). Cx36 immunoreactivity was induced in neu-
rons 1 hour after injury, then gradually decreased to
control levels. Immunoreactivity for Cx36 in the CA1
subfield was not detected after injury.
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Discussion

Selective vulnerability of neurons was recognized af-
ter TBI in the hippocampal CA3 subfield and dentate
hilus [9]. The mechanisms of posttraumatic selective
vulnerability are not fully understood. On the other
hand, astrocytes have a particularly important role in
the uptake of glutamate by the injured brain demon-
strated by large influxes of extracellular glutamate [7].
In addition, reactive astrocytes induce the expression
of neurotrophins and nerve growth factors. We specu-
late that the reactive astrocytes play an important role
in the development of astrogliosis after injury.

Astrocytic gap junctions propagate intercellular sig-
nal transduction, which exacerbates cell injury induced
by calcium overload, oxidative stress, metabolic inhi-
bition [8]. In contrast, gap junctions could also be rea-
soned to be neuroprotective because astroglial cells
remove potassium or glutamate efficiently. As a result,
neurons are not subjected to large depolarizations with
the consequent excitotoxicity [6]. Conversely, global
ischemia induces selective up-regulation of Cx32 and
Cx36 in the vulnerable CA1 before the onset of neuro-
nal death [11].

The mechanisms of posttraumatic selective vulner-
ability are also not fully understood. The role of gap
junction communication after injury in vivo has not
been investigated. The present study shows that immu-
noreactivity for Cx43 was reduced up to 6 hours after
injury; however, immunoreactivity for Cx43 was in-
duced in astrocytes 72 hours after injury. The induc-
tion of Cx36 immunoreactivity was also observed in
CA3 pyramidal neurons early after injury, whereas
the alteration of Cx36 immunoreactivity was not rec-
ognized in the hippocampal CA1 subfield. These find-
ings suggest that astrocytic injury occurred early after
TBI, then reactive astrocytes appeared later. The neu-
ronal gap junctions were activated before neuronal
damage developed.

In conclusion, Cx43 might contribute to neuronal
regeneration at a late stage after TBI, and Cx36 might
play a role in the pathophysiological process early
after injury. Therefore, gap junction communication

may be important molecular targets for clarifying the
mechanisms of cell injury in the central nervous system
after TBI.
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Summary

The role of heme oxygenase (HO) in closed head injury (CHI) was
examined using a potent HO and guanylyl cyclase inhibitor, zinc
protoporphyrin (Zn-PP) in the rat. Blood-brain barrier (BBB) per-
meability to Evans blue and radioiodine, edema formation, and
plasma and brain levels of serotonin were measured in control,
CHI, and Zn-PP-treated CHI rats. CHI was produced by an impact
of 0.224 N on the right parietal bone by dropping 114.6 g weight
from a height of 20 cm in anesthetized rats. This concussive injury
resulted in edema formation and brain swelling 5 hours after insult
that was most pronounced in the contralateral hemisphere. The
whole brain was edematous and remained in a semi-fluid state. Mi-
crovascular permeability disturbances to protein tracers were prom-
inent in both cerebral hemispheres and the underlying cerebral struc-
tures. Plasma and brain serotonin showed pronounced increases and
correlated with edema formation. Pretreatment with Zn-PP (10 mg/
kg, i.p) 30 minutes before or after CHI attenuated edema formation,
brain swelling, plasma and brain serotonin levels, and microvascular
permeability at 5 hours. Brain edema, BBB permeability, and seroto-
nin levels were not attenuated when the compound was administered
60 minutes post-CHI suggesting that HO is involved in cellular and
molecular mechanisms of edema formation and BBB breakdown
early after CHI.

Keywords. Closed head injury; edema; heme oxygenase; zinc pro-
toporphyrin; blood-brain barrier; serotonin.

Introduction

Closed head injury (CHI) results in instant death in
many victims [6, 15, 16, 19]. In the United States, CHI
accounts for at least 2000 admissions to hospital per
million population [2, 15, 16]. About 400,000 new
cases are added each year, and many patients have
long-term disabilities [6, 15]. Swelling of the brain in a
closed cranial compartment is largely responsible for
instant deaths [10]. Clinical cases may show diffuse in-

jury with brain shift, mass lesions, or brain stem injury
that are responsible for high mortality rates [18, 19].
Diffuse injuries with brain swelling may leave patients
in a persistent vegetative state [2, 7, 9]. Unfortunately,
there are few proven therapies available now. Efforts
are needed to understand the molecular mechanisms
of early pathophysiological events and to explore the
therapeutic potentials of neuroprotective agents in
order to minimize edema formation and cell death.

It is likely that CHI-induced micro-hemorrhage,
oxidative stress, and generation of free radicals con-
tribute to blood-brain barrier (BBB) breakdown and
vasogenic brain edema formation [4, 5, 40]. Extravasa-
tion of blood and blood degradation products in the
brain parenchyma are potential sources of free radical
generation and may have key roles in the induction of
brain swelling [36]. Hemoglobin is metabolized by the
enzyme heme oxygenase (HO) after lysis of red blood
cells, releasing iron, carbon monoxide (CO), and bili-
verdin [14]. CO is a free radical gas, similar to nitric
oxide (NO), which can induce profound cell and tissue
injury [37]. Since CO, like NO, is a molecule with very
short half-life (<5 seconds) [12, 37, 38], its involvement
in cell and tissue injury is largely based on studies using
its synthesizing enzyme, HO.

The role of HO in CHI is not well understood. We
examined HO using zinc protoporphyrin IX (Zn-PP),
a potent HO and guanylyl cyclase inhibitor compound
[3, 17, 20, 39] in a rat model [5]. Since blockade of se-
rotonin synthesis appears to be neuroprotective in this
CHI model [5], plasma and brain levels of the amine
were also measured in animals treated with Zn-PP.
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Materials and methods

Animals

Experiments were carried out on 48 young male rats (250-300 g)
housed at 21 + 1°C room temperature, on a 12-hour light, 12-hour
dark schedule. Food and tap water were supplied ad libitum before
the experiments.

Anesthesia

All experiments were carried out under urethane anesthesia (1.5 g/
kg, i.p.). This dose was sufficient to induce a grade IV anesthesia for
more than 12 hours [5]. Urethane is a long-lasting irreversible anes-
thetic that acts mainly at the cerebral cortical level [24]. Thus, arte-
rial blood pressure, heart rate, and respiration were stable through-
out the experimental period [22].

A new model of CHI

We developed a new animal model of CHI that is easily repro-
duced and induces severe brain edema in the rat [5]. The model in-
volves an impact of 0.224 N on the right parietal skull bone during
anesthesia (Fig. 1), achieved by dropping a 114.6 g weight from a
height of 20 cm through a guide-tube [5]. The animals were allowed
to survive 1 hour, 2 hours, and 5 hours after injury. The biomechan-
ical forces generated by this impact diffusely penetrate to the under-
lying brain tissues to induce a powerful concussive brain injury. A
few animals (<5%) had minor skull fracture and were not included
in this study. Untraumatized urethane-anesthetized rats were used
as controls. These experiments were approved by the Ethics Com-
mittee of Uppsala University, and Banaras Hindu University.

Treatment with HO inhibitor, Zn-PP

Zn-PP (Tocris Bioscience, Avonmouth, UK) was administered
(10 mg/kg, i.p) in a group of rats 30 minutes before CHI [11, 17, 21,
26, 28, 39]. In other groups of animals, Zn-PP was given either 30 or

20cmh

Right

O
Total impact
0.224 N

1146 g

Closed Head Injury

Fig. 1. Closed head injury model in rat. Under anesthesia, a 114.6 g
weight (non-piercing) was dropped from a height of 20 cm through a
guide-tube on a predetermined location on the right parietal bone.
The skull was firmly held to avoid displacement during impact. This
procedure generated an impact of 0.224 N on the surface of skull. A
few animals (<5%) showed minor skull fracture and were not in-
cluded in this study [5]
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60 min after brain trauma. The animals were allowed to survive 5
hours after CHI [5].

BBB permeability

BBB permeability in the cerebral cortex of both hemispheres
was measured using Evans blue albumin (2%, 3 mL/kg, i.v.) and
[3UTodine [1, 25, 33, 34]. These tracers were allowed to circulate for
S minutes, and the intravascular tracer was washed out by transcar-
diac perfusion with 0.9% saline [22]. About 1 mL of arterial blood
was withdrawn via heart puncture for whole blood radioactivity be-
fore perfusion [26, 35]. BBB permeability was expressed by percent-
age increase in the radioactivity in brain over the whole blood con-
centration [29, 31].

Brain water content

Brain water content in the right and left cerebral cortices was de-
termined using the difference in sample wet and dry weights [30, 32].
The right cerebral cortex and the left cerebral cortex were dissected
out, weighed immediately, and placed in an oven maintained at
90 °C for 72 hours or until the dry weight of the samples became con-
stant [33]. The percentage of volume swelling was calculated from
changes in the brain water content [24, 33].

Measurement of serotonin in plasma and brain

Plasma and brain serotonin were measured using a fluorometric
assay [5, 22, 25]. About 1 mL of whole blood was collected after
cardiac puncture. Plasma was obtained by centrifugation. Plasma
(0.5 mL) and brain samples were diluted to 4 mL in 0.4 N ice-cooled
perchloric acid and were centrifuged at 4 °C to separate out proteins
[22]. The extraction of serotonin from 1 mL of aliquots from plasma
or brain was performed using butanol in a salt-saturated and alkaline
medium (pH 10) and purified using n-heptane (Extra Pure, Merck).
The fluoropores were developed by incubating the samples with nin-
hydrin at 75°C for 30 minutes and measured in duplicate samples
at room temperature using a spectrophotofluorometer at excita-
tion 385 nm and emission 490 nm wave lengths (Aminco-Bowman,
USA) [5, 28].

Statistical analysis

ANOVA following Dunnet’s test for multiple group comparisons
with one control group was applied to evaluate the statistical signifi-
cance of the data obtained. A p-value less than 0.05 was considered
significant.

Results

Effect of Zn-PP on brain edema in CHI

Five hours after CHI, the whole brain was consider-
ably edematous, softened, and remained in a semi-fluid
state. A marked increase in brain water content and
brain swelling was observed that was more pro-
nounced in the contralateral than the ipsilateral cere-
bral hemisphere (Table 1). Pretreatment with Zn-PP
markedly attenuated brain swelling 5 hours after CHI
compared to the untreated traumatized group (Table
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Table 1. Effects of HO inhibitor Zn-PP on BBB permeability, brain edema formation, and plasma and brain serotonin levels following CHI in

rats.

Groups n Brain water content % BBB permeability [*!lTodine %  Brain serotonin (ug/g) Plasma serotonin
(ng/mL)
Right injured  Left intact Right injured Left intact Right injured Left intact
Control 78.34 +£0.23  78.03 +£0.27 0.38 + 0.06 0.40 + 0.08 0.68 +0.24  0.70 £ 0.32 0.34 +0.08

6
Shafter CHI 8 81.34 £ 0.89%* 82.47 4+ 0.67*** 1.78 £ 0.56**
Zn-PP#+CHI 6 79.32 +£0.22*%° 80.16 + 0.21*®>  0.67 4 0.23*°

2.14 £+ 0.32%*%* 1.89 + 0.45%* 223 4+ 0.18*** (.68 + 0.11%*
0.76 + 0.44*>  0.93 + 0.28*" 1.16 £ 0.21*> 0.48 £ 0.11*®

BBB Blood-brain barrier; CHI closed head injury; HO heme oxygenase; Zn-PP zinc protoporphyrin.
# = 10 mg/kg, i.p. 30 min after CHIL; a = p < 0.05 from injured half; b = p < 0.05 from CHI; ** = p < 0.01 from control.

1). This effect on edema was also evident when the HO
inhibitor was administered 30 minutes after CHI (Table
1). However, no significant reduction in brain water
content or volume swelling was noted when Zn-PP
was given 1 hour after trauma (results not shown).

Effect of Zn-PP on BBB permeability in CHI

Microvascular permeability disturbances to Evans
blue and radioiodine tracers were prominent at 5 hours
in both cerebral hemispheres as well as in underlying
cerebral structures (Table 1). However, the extravasa-
tion of protein tracers was higher in the contralateral
hemisphere compared to the side ipsilateral to injury.
Pretreatment with Zn-PP (10 mg/kg, i.p) 30 minutes
before or 30 minutes after CHI significantly attenuated
the enhanced BBB permeability to protein tracers seen
at 5 hours (Table 1). However, Zn-PP was ineffective
when administered 60 minutes after CHI (results not
shown).

Effect of Zn-PP on plasma and brain serotonin levels
in CHI

There were pronounced increases in serotonin in
both traumatized and contralateral hemispheres 5
hours after CHI. This increase in the contralateral
hemisphere was higher than the injured cortex (Table
1). The plasma serotonin also increased significantly
from the control group.

Pretreatment with Zn-PP markedly attenuated in-
creased plasma and brain serotonin levels 5 hours after
CHI. The increase in serotonin levels was diminished
by the HO-inhibitor when given 30 minutes after CHI
(Table 1). No changes in plasma or brain serotonin
were seen when Zn-PP was administered 60 minutes
after CHI (results not shown).

Discussion

Treatment with an HO and guanylyl cyclase in-
hibitor compound, Zn-PP, within 30 minutes of CHI
markedly attenuates BBB disruption and brain edema
formation. This new observation suggests that CO par-
ticipates in the early phase of the pathophysiology
after CHI, a concept consistent with the fact that ad-
ministration of Zn-PP 1 hour after CHI did not reduce
brain edema formation and/or BBB breakdown.

The increase in brain edema in the contralateral
hemisphere suggests that the model can be used to
study contre coup mechanisms in the brain. Physical
forces following impact on the intact skull will be
transmitted to the opposite hemisphere causing mas-
sive damage compared to the injured side [5]. Our ob-
servations further show a close parallelism between
serotonin levels, BBB dysfunction, and brain edema
formation in CHI.

Increased levels of serotonin in plasma and brain
closely correspond to BBB breakdown. Furthermore,
Zn-PP administered either 30 minutes before or after
CHI was able to reduce plasma and brain serotonin
levels effectively, together with brain edema formation
and BBB breakdown. On the other hand, serotonin
levels, BBB disruption, and brain edema formation
did not fall when Zn-PP was administered 1 hour after
CHI, indicating an interaction between HO and sero-
tonin in CHIL.

Up-regulation of HO-1 and HO-2 occurs following
various types of centra nervous system insult [1, 8, 22,
23, 25-27, 30-34]. Previous reports from our labora-
tory showed up-regulation of HO-2 5 hours after focal
spinal cord injury (SCI) in the rat, which closely corre-
sponds to cell and tissue injury [25, 26, 30-32]. Inhibi-
tion of HO-2 expression in the cord caused by either
topical application of neurotrophins [31, 32] or by pre-
treatment with the serotonin synthesis inhibitor, p-
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chlorophenylalanine [25], markedly attenuated edema
formation, microvascular permeability disturbances,
and cell injury [26]. Up-regulation of HO is associated
with increased production of CO that may contribute
to cell and tissue injury similar to NO [24, 26, 28,
29, 33, 38]. These observations suggest that an up-
regulation of HO and subsequent generation of CO
appears to be an instrumental factor causing cell and
tissue injury in CHI. To confirm this hypothesis fur-
ther, studies on HO expression in CHI are needed,
and are currently being investigated in our laboratory.

Brain injury is a complex event that includes physi-
cal destruction of microvessels, alterations in local
and global microcirculation, as well as permeability
changes in vessel walls leading to leakage of plasma
constituents into the brain microenvironment [19, 24].
Early events following focal brain trauma are influ-
enced by a number of compounds which are released
or become activated in and around the primary lesion
[24, 26]. These chemical mediators of the inflamma-
tory response include biogenic amines, arachidonic
acid derivatives, free radicals, histamine, and bradyki-
nin [21-24, 26, 28, 35].

Various neurochemicals interact in vivo influencing
cell and molecular functions in synergy, and play im-
portant roles in BBB disturbances, edema formation,
and cell injury [1, 22, 26, 28]. And, inhibitors of se-
rotonin, prostaglandin, histamine, and NO synthesis
before injury attenuate microvascular permeability
disturbances and edema formation [24, 28]. Further-
more, blockade of serotonin synthesis prior to SCI
attenuates trauma-induced HO-2 up-regulation in the
spinal cord [33], indicating an interaction between se-
rotonin and HO in SCI, and suggesting that serotonin
somehow influences trauma-induced HO expression.
In the present study, HO inhibition attenuated CHI-
induced increases in brain and plasma serotonin
levels, supporting the concept that there are interac-
tions among various endogenous substances that are
released or affected during secondary injury cascades.

Serotonin is a powerful neurochemical involved in
BBB disruption and edema formation [22, 25]. A focal
incision into the brain or spinal cord induces profound
increases in plasma and tissue serotonin levels [5]. Ele-
vated levels of tissue and blood serotonin therefore in-
fluence microvascular permeability disturbances and
edema formation following CHI. However, the proba-
ble mechanism(s) by which serotonin influences HO
production or vice versa is still unclear from this study.
Micro-hemorrhages are a known inducer of HO-1 ex-
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pression [13, 14]. Since platelets are also very rich in
serotonin content, the possibility exists that extravasa-
tion of blood components into the cerebral compart-
ment somehow contributes to HO expression and vice
versa [38]. An increased level of brain serotonin fol-
lowing CHI may also result from breakdown of the
BBB and from direct release of amines from central
monoaminergic neurons following trauma [22, 24].

That Zn-PP attenuates edema formation and BBB
breakdown supports the involvement of HO in CHI
pathophysiology. Other studies on the effects of HO
inhibitors on cell injury and edema formation follow-
ing injury in vivo and in vitro are in line with this hy-
pothesis [3, 11-14, 17, 20, 39]. The mechanisms by
which HO inhibitors confer neuroprotection are not
yet clear. It appears that HO inhibitors exert anti-
inflammatory effects, since Zn-PP reduces infarct size
and edema following cerebral ischemia [11, 13]. The
use of Zn-PP in the present study does not indicate
that HO-1 or HO-2 expression is related to cell injury
in CHI. Previous reports from our laboratory and
others suggest that HO-2 expression is injurious to the
cell and that HO-1 up-regulation has some beneficial
effects [26]. It would be important to examine HO-1
and HO-2 expression in CHI in Zn-PP treated rats to
clarify this point.

Conclusion

Our observations indicate that CHI induces pro-
found brain swelling within a short period (5 hours).
This swelling appears to be caused by leakage of
plasma proteins through a disrupted BBB. Early in-
tervention with HO-inhibitor Zn-PP significantly
attenuated brain edema formation, BBB leakage, and
elevated circulation and brain serotonin levels, sug-
gesting that HO and serotonin are working in synergy
during the early phase of CHI pathophysiology.
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Summary

Brain ischemia leads to severe damage in the form of delayed neu-
ronal cell death. In our study, we show that the marked neuroprotec-
tion of the new immunosuppressant FR901495 in forebrain ischemia
is due not only to inhibition of calcineurin, but also to protection
against mitochondrial damage caused by mitochondrial permeabil-
ity transition pore formation through cyclophilin D, one of the prolyl
cis[trans isomerase family members. These findings shed light on the
clinical application and development of new drugs for the treatment
of ischemic damage in the brain as well as in the heart and liver.

Keywords: Ischemic brain damage; calcineurin; cyclophilin D;
FR901495; mitochondrial permeability transition.

Introduction

Brain stroke caused by global or focal ischemia
presents major medical, social, and economic prob-
lems in every country. Transient ischemia, which oc-
curs in patients suffering from transient cardiac arrest,
leads to severe brain damage selectively affecting
vulnerable regions such as the CA1 sector of the hip-
pocampus, medium-sized neurons in the caudate-
putamen, and neocortical neurons in layers 3-5 [15].
A neuroprotective effect of immunosuppressants on is-
chemic brain damage was first reported for tacrolimus
(FK506) in rats with focal ischemia [20]. Pretreatment
with cyclosporin A (CsA) in rats was also found to re-
duce forebrain ischemic damage, provided that mea-
sures were taken to allow penetration of the drug
through the blood-brain barrier [23, 24]. Although no
direct comparison has been made, the effect of FK 506
in this model of ischemia seems less pronounced [§].

Brain ischemia is one of the principal causes of acute
organ failure that may involve regulatory events acting
at the level of mitochondrial permeability transition
(MPT) [3]. The MPT pore has been reported to be
formed from a complex of the voltage-dependent an-
ion channel (VDAC), adenine nucleotide translocase
(ANT), and cyclophilin D (CyPD), a prolyl cis/trans
1somerase, at contact sites between the mitochondrial
outer and inner membranes [6]. In vitro, under pseudo-
pathological conditions of oxidative stress, relatively
high Ca’", and low ATP, the VDAC-ANT-CyPD
complex can recruit a number of other proteins, in-
cluding Bax and Bad, and the complex is involved in
cell death [7, 9, 12]. The apoptotic pathway is ampli-
fied by the release of apoptogenic proteins from the
mitochondrial inner membrane space, including cyto-
chrome c¢, apoptosis-inducing factor, and some pro-
teases [12]. The release of these proteins, particularly
cytochrome c, triggers the assembly of a complex acti-
vating caspase 9 and caspase 3 [4, 29]. Studies of cul-
tured cells have shown that transient deprivation of ox-
ygen and/or nutrients can lead to delayed assembly of
MPT and cell death [14].

CsA and FK506 are specific inhibitors of immuno-
philines, i.e., prolyl cis/trans isomerases, and of calci-
neurin, a serine/threonine phosphatase 2B that is
abundant in the central nervous system [16]. Recently,
calcineurin was reported to induce cell death in an
activity-dependent manner [21] partly through dephos-
phorylation of a proapoptotic protein, Bad, one of the
Bcl-2 family members [26]. Bad can be phosphorylated
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on serine 136 by AKT/PKB/RAC or on serine 112
by a mitochondria-anchored cAMP-dependent pro-
tein kinase A [5]. The sub-cellular localization of the
apoptosis-inducing protein Bad is regulated by these
kinases and phosphatases. Only non-phosphorylated
Bad is capable of interacting with and antagonizing
anti-apoptotic Bcl-2 or Bcl-XL on the outer membrane
of mitochondria [27]. Bad phosphorylation results in
the redistribution of this protein to the cytosol, where
it may interact with 14-3-3 protein [28]. In contrast,
the calcium/calmodulin-dependent phosphatase, calci-
neurin, dephosphorylates Bad, restoring its ability to
bind antiapoptotic Bcl-2 family members and trigger
a mitochondrial permeability transition. On the basis
of the neuroprotective mechanism of this drug, we
found a novel natural compound, FR901459, with 4
substitutions of amino acids in comparison with CsA.
FR901459, a novel immunosuppressant, has been iso-
lated from the fermentation broth of Stachybotrys
chartarum No. 19392.

Given this background, we suspected that FR901459
acts as a neuroprotectant by inhibiting calcineurin
and/or cyclophilins such as CypD, which in turn regu-
late MPT pore formation.

Materials and methods

Rat model of transient forebrain ischemia

Animal experiments were performed in accordance with our insti-
tutional guidelines for animal research. Briefly, prior to ischemia,
Wistar rats (aged 8 to 10 weeks) with a body weight of 300 to 350 g
were fasted overnight but allowed water ad libitum. Under anesthe-
sia with 3.5% isoflurane in 70% N,O and 30% O, through an intuba-
tion tube and respirator, venous and arterial catheters were inserted,
and ligatures were loosely placed around each common carotid ar-
tery. After the surgical procedures had been completed, 50 IU hepa-
rin was given intravenously and ischemia was induced by bilateral
common carotid artery occlusion and exsanguination to a blood
pressure of 50 mmHg. After 10 minutes of ischemia, cerebral circu-
lation was restored by removal of the carotid ligatures and reinfusion
of the shed blood. Blood pressure and temperature were continu-
ously recorded, and arterial PO,, PCO,, and pH were controlled be-
fore and after ischemia. Stereotactic insertion of a needle (Hamilton
syringe, outer diameter 450 um) into the hippocampus on one side
was performed under anesthesia 1 week before ischemia in animals
designed for CsA and FR901459 treatment, but not FK506 treat-
ment. CsA, FR901459, and FK506 were administrated intrave-
nously at doses of 5, 10 mg/mL or 10, 20, 30 mg/kg or 0.5, 1, 2 mg/
mL respectively, 3 days before ischemia, followed by intraperitoneal
administration of the same dose once a day.

Assay of swelling of isolated mitochondria

We isolated non-synaptic brain mitochondria from 300 g male
Wistar rats (Kyudo Laboratories Inc., Japan) as described previ-
ously [19]. Mitochondrial swelling was estimated from changes of
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light scattering (at 90° to the incident light beam) at 540 nm (for
both excitation and emission wavelengths) measured in mitochon-
drial suspensions (0.5 mg protein in 2 mL). Different concentrations
of each drug (CsA 50 to 1000 nmol, FK506 1000 nmol, FR901495
10 to 500 nmol) were added before CaCl, administration. Experi-
ments were performed in a water-jacketed cuvette holder at 37°C us-
ing a PerkinElmer LS-50B fluorescence spectrometer (Wellesley,
MA). Each experiment was terminated by the addition of alamethi-
cin (40 mg/mg protein) to induce maximal swelling of the whole mi-
tochondrial population.

Histological analysis

For hematoxylin and eosin staining, the brains were perfused with
cold 0.1 mol phosphate buffer (pH 7.4) and fixed with 4% parafor-
maldehyde in 0.1 mol phosphate buffer. The brains were removed,
post-fixed overnight in the same fixative solution, and embedded in
paraffin. Sections (8 pm thick) of the brain were prepared and
stained with hematoxylin and eosin. Histopathological outcome in
the CAL sector of the hippocampus was examined after 7 days of re-
covery following 10 minutes of ischemia in vehicle-injected animals
and those post-treated with CsA or FR901459 or FK506. Quantifi-
cation of brain damage after 1 week of recovery was performed using
light microscopy at a magnification of x400 by direct visual count-
ing of acidophilic (necrotic) neurons. All necrotic and surviving
hippocampal CA1 neurons were counted in 1 coronal section at the
level of bregma —3.8 mm, and the percentage of necrotic neurons
was calculated. All sections were evaluated in a blinded manner.

Results

Comparison of neuroprotective effects of FR901459,
CsA, and FK506 in rat forebrain ischemia

The structure of FR901459 is almost the same as
that of CsA, with only a difference in 4 amino acid res-
idues (Fig. la). Previous reports have shown potent
neuroprotection of CsA and FK506 with or without
needle penetration (NP). We have already confirmed
no effect of NP, and examined the brain damage 7
days after initiation of reperfusion in animals treated
with FR901459, CsA, and FK506. In vehicle-treated
animals with NP, mean damage to the CA1 sector was
93.7 + 4.8% (Fig. 1b, column 1). Pretreatment with
5 mg/kg CsA with NP showed weak suppression of
CA1 neuronal damage (58.5 + 7.5%, p < 0.01 vs. ve-
hicle, Fig. 1b, column 2). Nearly total suppression of
cell damage (3.7 + 3.8%, p < 0.001 vs. vehicle, Fig.
Ib, column 3) was observed in animals pretreated
with NP 4 10 mg/kg CsA.

In contrast, pretreatment with 0.5 mg/kg FK506
without NP showed no protective effect (Fig. 1b, col-
umn 4). Pretreatment with 1 and 2 mg/kg FK506 with-
out NP showed similar suppression of cell damage
(63.5 + 5.8%, p < 0.01 vs. vehicle, Fig. 1b, column 5
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Fig. 1. Characteristics of FR901459 and histopathological analysis of each immunosuppressant. (a) Structures of FR901459 and CsA:
FR901459 was isolated from fermentation broth of Stachybotrys chartarum No. 19392, and found to be a member of the cyclosporin family.
It is structurally distinct from any other cyclosporins discovered thus far, in that Leu is present at position 5 instead of Val. (b) Comparison of
effect of FR901495 with each immunosuppressant: Histopathological outcome in CA1 region of hippocampus after 10 minutes of forebrain
ischemia followed by 7 days of recovery. Data are from vehicle-treated animals (column 1: n = 8), and animals pre-treated with 5 or 10 mg/
kg CsA (columns 2, 3: n = 8, respectively), 0.5, 1, or 2 mg/kg FK506 (columns 4, 5, 6: n = 8, respectively), or 10, 20, or 30 mg/kg FR901495
(columns 7, 8, 9: n = 8§, respectively). (** p < 0.001, * p < 0.01; one way ANOVA with post-hoc Scheff¢ test)

and 60.4 + 9.8%, p < 0.01 vs. vehicle, Fig. 1b, column
6). Mean damage in 10 mg/kg FR901459-treated
animals with NP was 92.3 + 2.5%, showing no pro-
tective effect (Fig. 1b, column 7). FR901459 20 mg/
kg showed a strong protective effect (29.5 + 5.6%,
p < 0.01 vs. vehicle, Fig. 1b, column 8). Almost the
same effect was exerted with 30 mg/kg FR901459
(4.8 + 2.7%, p < 0.001 vs. vehicle, Fig. 1b, column
9). These results suggest that suppression of both calci-
neurin and CyPD is essential for an immunosuppres-
sant to have a neuroprotective effect.

Comparison of stabilizing effects of FR901495, CsA,
and FK506 on mitochondria

We examined the effects of FR901459, CsA, and
FK506 on mitochondrial function, focusing especially
on MPT pore regulation. We analyzed the effects
on Ca’* (40 nmol/mg)-induced swelling in isolated
brain mitochondria. Figure 2a shows that CsA dose-
dependently reduced the rate of Ca*-induced mito-
chondrial swelling, whereas FK506 had no effect

(Fig. 2b). FR901459 also showed a dose-dependent re-
duction in the rate of Ca’"-induced mitochondrial
swelling; this inhibitory effect was 10 times as strong
as that of CsA (Fig. 2¢).

Discussion

The present results have an important bearing
on the molecular effects of immunosuppressants CsA,
FK506, and FR901459. FR901459, a novel immuno-
suppressant, has been isolated from the fermentation
broth of Stachybotrys chartarum No. 19392 [19]. The
molecular formula of FR901459 was determined as
C62HI111N11013. FR901459 was found to be a mem-
ber of the cyclosporin family. However, it is structur-
ally distinct from any other cyclosporins discovered
thus far, in that Leu is present at position 5 instead of
Val. FR901459 was capable of prolonging the survival
time of skin allografts in rats with one-third the po-
tency of CsA.

Based on data published in the literature [1, 21, 22],
we assumed that the common effects of the 3 drugs



160
Scattering
a CsA(nM)
- Ca2+
3 120
g V
Detecto = 100
[—]
w80 1000
" 500
2 60 100
= 50
. » £ 40 Control
® \d B
= 20
. -
| Swelling gd0 — 0!
01 2 3 4
& o Time (min)
Allograft: 32 mg/kg
MLR: 9.9 nM

b

122|
100[;

80|
60|
40|

20/

H. Uchino et al.

0

FK506 (nM) ¢ FR901495 (nM)
Cal* Catt
120
v b
100
80 500
50
P 25
10
Eomtrol 40 Control
20
0
01 2 3 4 01 2 3 4
Time (min ) Time (min )
3.2 mg/kg 100 mg/kg
0.1 nM 26.8 nM

Fig. 2. Comparison of drugs to prevent mitochondrial swelling. (a) Effect of CsA on Ca?*-induced swelling of isolated brain mitochondria:
Mitochondrial swelling was induced by addition of 40 nmol Ca?*/mg protein, and estimated from the changes of light scattering (at 90° to the
incident light beam) at 540 nm (for both excitation and emission wavelengths) measured at 37 °C in mitochondrial suspensions (0.5 mg protein
in 2 mL) using the same buffer as for the mitochondrial Ca?t experiments previously described [25]. The curves show Ca?*-induced swelling
with 0 (control), 50, 100, 500, and 1000 nmol CsA. The rate of swelling represents the initial slope of the recorded curves, which is normalized to
the curve without CsA (control). (b) Effect of FK506 on Ca”*-induced swelling: The inhibitory effect on mitochondrial swelling was studied in
animals given 0 (control) and 1000 nmol FK506. Neither 100 nmol nor 10,000 nmol FK506 had any inhibitory effect (data not shown). (c)
Ca?*-induced swelling with 0 (control), 10, 25, 50, and 500 nmol FR901495: The rate of swelling represents the initial slope of the recorded
curves, which is normalized to the curve without FR901495 (control). Control represents 100% and the other values are expressed as percent of

the control rate

are related to their inhibition of calcineurin, a serine/
threonine phosphatase, while the additional effects of
CsA and FR901459, suggested by previous reports,
are due to blocking of the MPT pore. It has already
been suggested that the death pathway activated by
calcineurin involves dephosphorylation of Bad, a
proapoptotic member of the Bcl-2 family of proteins,
similar to the in vitro and in vivo results reported pre-
viously [26]. FK506 0.5 mg/kg and FR901459 10 mg/
kg did not show neuroprotective effects. There are sev-
eral speculations about this result. One is that calci-
neurin inhibition alone is not enough to rescue neuro-
nal cells. The other is that an additional effect of CsA
and FR901459 is related to other mechanisms than
activation of calcineurin. We need to investigate the
importance of the inhibition of cyclophilins, especially
CyPD that has the capacity to open the MPT pore.
Apart from preventing calcineurin activation, CsA
and FR901459 act by blocking the assembly of an
MPT pore by combining with CyPD [10]. This would

explain the additional protection offered by CsA and
FR901459, and the differential effects of the 3 im-
munosuppressants in terms of mitochondrial swelling.
A tentative suggestion, which requires verification, is
that CsA and FR901459 must remain bound to CyPD
to prevent mitochondrial failure at a time when other
factors, such as mitochondrial calcium accumulation
[17] and down-regulation of anti-apoptotic members
or up-regulation of proapoptotic members of the
Bcl-2 family [9], tend to promote mitochondrial mem-
brane depolarization. However, a low dose of CsA and
FR901459 did not act to protect neuronal cells, even
though FR901459 inhibited CyPD 10 times as strongly
as did CsA. This means that CyPD inhibition alone is
not enough to prevent ischemic neuronal cell death.

From our results, it is suggested that both calci-
neurin and immunophilin (CyPD) inhibition are neces-
sary to induce neuroprotection.

Obviously, the clinical usefulness of CsA and
FR901459 for neuroprotection is limited by the re-
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quirement to enhance blood-brain barrier penetration
by producing a brain lesion, by intracarotid adminis-
tration, by an increase in the plasma concentration to
levels that may cause toxic side effects, or by some car-
rier that is able to deliver the drugs into the brain.

After ischemic reperfusion, calcineurin and CyPD
play an important role to induce cell death [2, 18]. Fur-
ther investigation is needed to analyze the relationship
between calcineurin and immunophilin, which may
regulate apoptosis and necrosis.

In summary, we postulate that the mechanisms for
the marked neuroprotective effects of FR901459 are
due to the inhibition of a calcium-dependent phospha-
tase, calcineurin, as well as blockade of the MPT pore,
most likely through inhibition of CyPD. Elucidation
of these mechanisms will greatly contribute to the de-
velopment of new treatments for ischemic injury not
only in the brain, but also other organs such as the
heart [11] and liver [13].
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Summary

Neuronal and glial cell death caused by axonal injury sometimes
contributes to whole brain pathology after traumatic brain injury
(TBI). We show that neuroprotection by 2 types of immunosuppres-
sants, cyclosporin A (CsA) and tacrolimus (FK506), in a cryogenic
brain injury model results from inhibition of calcineurin and protec-
tion from mitochondrial damage caused by formation of a mito-
chondrial permeability transition pore induced by cyclophilin D
(CyPD), one of the prolyl cis/trans isomerase family members. We
evaluated why CsA is neuroprotective by microarray analysis of
gene expression in the cryogenic brain injury rat model. Analyses of
expression patterns demonstrated that expression of over 14,000
genes changed between the groups with and without CsA treatment,
and about 350 genes among them were extracted showing a signifi-
cant difference. We learned that the differential expression of several
gene targets showed specific patterns in a time-dependent manner.
These results may help elucidate the mechanisms of neuronal cell
death after TBI and the neuroprotective effects of CsA after TBI.

Keywords: Traumatic brain injury; gene expression; cold injury;
immunosuppression.

Introduction

The characteristics of neuronal degeneration after
traumatic brain injury (TBI) are biphasic, consisting
of the primary mechanical insult and progressive sec-
ondary injury [5]. Mitochondrial dysfunction is one of
the important consequences of TBI. However, the
pathogenesis of TBI, particularly the differential ex-
pression of gene targets, remains unclear.

Recent reports have shown that cyclosporin A (CsA)
protects against TBI by prevention of mitochondrial
permeability transition during exposure to high levels
of calcium or oxidative stress [6], suggesting that in

vivo pharmacological preservation of mitochondrial
function may provide an avenue for treatment of acute
injury and edema.

We previously reported that treatment of TBI
with CsA dramatically reduced forebrain ischemic
damage in rats, and suggested an inhibitory role for
both serine/threonine phosphatase 2B calcineurin and
prolyl cis/trans isomerase cyclophilin D in CsA neuro-
protection [3]. However, real targets for TBI are still
unknown.

Severe head injury is commonly encountered in Ja-
pan, and contributes to the high rate of morbidity and
mortality as well as social and economic problems.
Effective neuroprotective agents are needed for brain-
injured humans. CsA has shown promise as a neuro-
protectant and is now in a clinical trial for the treat-
ment of head injury in the United States.

Our study evaluates the mechanism of CsA using
microarray analysis of gene expression in a cryogenic
brain injury rat model.

Materials and methods

Surgical procedures

Fifty male Wistar rats, weighing 250 to 300 g each, were anesthe-
tized with pentobarbital (50 mg/kg i.p.). A midline scalp incision
and a craniectomy were performed in the right parietal region. A cor-
tical cryogenic injury was produced by placing a metal probe cooled
with dry ice on the intact dura of the right parietal region at the level
of bregma —3.8 mm. The skin was closed with sutures. The rats were
sacrificed at 1 hour (n = 5), 6 hours (n = 5), 12 hours (n = 5), and 24
hours (n = 5) after lesion production.
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Histpathology of brain damage by cryogenic injury

The brains were perfused with cold 0.1 mol phosphate buffer (pH
7.4) and fixed with 4% paraformaldehyde in 0.1 mol phosphate
buffer. The brains were removed, post-fixed overnight in the same
fixative solution, and embedded in paraffin. Sections (8 pum thick) of
the brain were prepared and stained with hematoxylin and eosin.
Histopathological outcome in the CA1 sector of hippocampus was
assessed 7 days after recovery. Vehicle-injected animals and those
treated with CsA or FK506 following 10 minutes of ischemia were
compared. Quantification of brain damage after 1 week of recovery
was performed using light microscopy at a magnification of 40x by
direct visual assessment of the damaged area (2 mm) in the neocor-
tex and the damaged area (2 mm) at the level of bregma —3.8 mm.
All sections were evaluated in a blinded manner (Fig. 1).

Measurement of brain water content

Brain water content was determined by the wet-dry weight
method. Animals were killed by decapitation. The brain was re-
moved immediately and each hemisphere was weighed to obtain the
wet weight. The tissue was then dried in a 100 °C oven for 24 hours
and re-weighed to obtain the dry weight. Brain water content,
expressed as a percentage of the wet weight, was calculated (wet
weight — dry weight/wet weight x 100).

RNA isolation, cRN A synthesis, and labeling

At the indicated time point of recirculation, each animal was
decapitated under anesthesia. The brain was quickly removed and
kept in cold phosphate-buffered saline. Using curved forceps inserted
along the hippocampeal fissure, the dentate gyrus was unfolded from
the hippocampus, exposing the CA1 region. Total RNA was isolated
and purified by RNeasy Mini Kit (Qiagen Inc., Valencia, CA). Qual-
ity and quantity of the preparations were assessed by A260/280 ab-
sorbance. Purified RNA was precipitated with ethanol and stored at
—80°C for later use.

Synthesized cRNA and cyanine-3 CTP or cyanine-5 CTP labeling
was used for amplification and labeling of total RNA using a Low
RNA Input Linear Amp Kit (Agilent Technologies, Tokyo, Japan)
according to the manufacturer’s instructions. Labeled cRNA was
purified by RNeasy Mini Kit (Qiagen), and stored at —80 °C after
ethanol was precipitated for later use.

Array hybridization, washing, and scanning

Fluorescent linear amplified cRNA was hybridized to Rat Oligo
Microarray (Agilent Technologies), according to the manufacturer’s
instructions. This microarray slide contained about 20,000 features
including controls of 60-mer oligo probes. Labeled cRNA was
blended with each appropriate TBI-treated sample or control sample
from non-TBI-treated CAl, and optimized by reduced-input label-
ing protocols. After hybridization at 60 °C for 17 to 18 hours, micro-
arrays were washed and the signals were scanned on a GenePix
4000B scanner (Amersham Biosciences, Tokyo, Japan).

Data processing and statistical analysis

Expression data were extracted from scanned microarray images
using GenePix Pro 4.0 software (Amersham Pharmacia Biotech, Pis-
cataway, NJ). Dye-normalized and background-subtracted intensity
and ratio data in Excel (Microsoft Corp., Redmond, WA) were com-
pared between control and test group to extract distinctive data, or
analyzed by Gene Spring 6.2 software (Agilent Technologies) to
make a gene tree cluster and analysis of variance (ANOVA). Princi-
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pal components analysis (PCA) is a decomposition technique with
set expression patterns known as principal components. To elucidate
groups of changed genes, we employed k-means clustering. All data
were assembled in 6 clusters. We collated the expression pattern of
the selected gene and clustered patterns by the Statistical Group
Comparison algorithm (within Gene Spring) to find similarly ex-
pressed genes. ANOVA was performed to find the difference in
each gene expression (as the z-test p value). We tested 1-way
ANOVA for a statistical group comparison by parametric test and
selected the gene p value as <0.05.

Results and discussion

In this study, we examined TBI in the cryogenic
brain injury rat model for protective effects of CsA.
CsA is known to protect against delayed neuronal cell
death by its ability to prevent mitochondrial perme-
ability transition during exposure to high levels of cal-
cium or oxidative stress.

The results of histopathological comparisons of TBI
injured regions, with or without the immunosuppres-
sants CsA or FK 506, indicate a dramatic reduction of
the TBI damaged area (Fig. la—d). Both immuno-
suppressants caused a significant change in wet weight
of the whole brain (Fig. le; p < 0.05).

The area of damaged brain after TBI was about half
that of control when CsA or FK508 was given. The
potent neuroprotective effect of CsA resulted from
inhibition of serine/threonine phosphatase 2B calci-
neurin and prolyl cis/trans isomerase cyclophilin D,
which were expressed specifically in the mitochondrial
matrix and regulated the mitochondria permeability
transition (MPT) pore. The mechanism of neuronal
cell death that accompanies TBI resembles ischemic
neuronal cell death.

Analysis of the gene expressional pattern demon-
strated that over 14,000 genes changed between the
groups with or without CsA treatment (Fig. 2a). Fur-
ther analysis disclosed that the differential expression
of several gene targets showed specific patterns in a
time-dependent manner. These results may help eluci-
date the mechanisms of neuronal cell death after TBI
and the CsA effect on TBI.

Expressional data were extracted from scanned
microarray images. For clear visualization of up-
and down-regulated or time-dependent expression of
genes, we performed clustering analysis and classified
them by expression patterns (Fig. 2b). All genes were
analyzed by the PCA method. These linear pattern
combinations show the 8 most significant patterns
seen in all expressed genes (Fig. 2c). We used these
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Fig. 2. Results of microarray analysis. (a) mRNA ex-
pression pattern (left: CsA[+], right: CsA[—]). X-axis
indicates time series and Y-axis is expression ratio.
(b) Cluster analysis of expression pattern of mRNA. (c)
Result of PCA analysis. These linear combinations show
the 8 most significant patterns in all expressed genes. (d)
Gene expression pattern of cluster 3 genes. This was an
isolated cluster of up-regulated genes without CsA.
Green line was a significant expressional pattern derived
from PCA analysis. (e) Significant expressional genes
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results as a reference, divided according to similarity of
the expression patterns (Fig. 2d). We listed up to
363 distinctive genes (Fig. 2e). These genes fall into
many groups; for example, receptor and some anion
homeostasis-related genes, transcriptional factors, ri-
bosomal proteins, cyclophilin D, etc. Our results are
similar to a previous study in which the listed genes
are often identified when cells are damaged by ische-
mia. The changes of expression of the listed genes with
CsA treatment suggest that the effect of this drug is
anti-ischemic.

About half of the extracted genes are unknown. The
role of an individual gene is not clear yet; however, the
function of these unknown genes might be expected by
the expression pattern similar to CsA sensitivity.

Based on published data [1, 3, 4], we assumed that
the common effects of the 2 drugs are related to inhi-
bition of calcineurin, a serine/threonine phosphatase,
while the additional effect of CsA, as suggested by pre-
vious reports, is due to its effect in blocking the MPT
pore. It has already been suggested that the death
pathway activated by calcineurin involves dephos-
phorylation of Bad, a proapoptotic member of the
Bcl-2 family of proteins, similar to in vitro and in vivo
results reported previously [7].

Conclusion

CsA is more effective than FK506 in TBI according
to histopathological analysis. Inhibition of the increase
in brain water content is particularly interesting and
could contribute to a reduction in brain damage [2].
There are 2 speculations about these results. One is
that calcineurin inhibition alone is not enough to res-

cue neuronal cells. The other is that the additional ef-
fect of CsA is related to mechanisms other than activa-
tion of calcineurin. We considered the possibility that
this partly represents inhibition of cyclophilins, espe-
cially a CyPD that has the capacity to block the MPT
pore.

We plan to identify other genes to clarify our statis-
tical analysis and to find new targets that will allow us
to understand the mechanisms of ischemia and the
neuroprotective effect of CsA.
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Summary

We investigated the correlation between the changes in diffusion
tensor magnetic resonance imaging, regional water content, and tis-
sue ultrastructure after vasogenic brain edema induced by cortical
cold lesioning. In this cat model, E3 in the white matter was domi-
nantly increased while fractional anisotropy (FA) was significantly
decreased 8 hours after cortical cold lesioning. This finding indicates
that water diffusion in the cortical white matter mainly increased per-
pendicularly rather than parallel to the direction of the nerve fibers.
Additionally, in the area where edema is mild or moderate (tissues
with water content of 65% to 75%), FA in the chronic phase was sig-
nificantly lower than that in the acute phase. Histological examina-
tion demonstrated disordered arrangement of nerve fibers, highly
dissociated neuronal fibers due to extracellular accumulation of pro-
tein rich-fluid, and enlarged interfiber spaces in the acute phase.

Keywords: Diffusion tensor MR imaging; vasogenic brain edema;
cortical cold lesioning; ultrastructure.

Introduction

Many disease processes in white matter show re-
gional vulnerability such as multiple sclerosis, leu-
koaraiosis, etc. Diffusion weighted imaging possesses
unique sensitivity at the imaging voxel scale to map
microscopic tissue structure characteristics. Its clinical
use has been expanding rapidly. The diffusion tensor
and its eigen values may be used to express the degree
of diffusion anisotropy present in the tissue. Therefore,
it has been widely used to evaluate white matter dis-
eases such as stroke, multiple sclerosis, schizophrenia,
vascular dementia, leukoaraiosis, trauma, and hyper-
tension [1-3, 8]. However, little is known about dif-
fusion tensor changes in vasogenic brain edema. The
purpose of this study was to examine the correlation
between changes in diffusion tensor imaging and re-

gional tissue water content and tissue ultrastructure
changes in vasogenic edema.

Materials and methods

The experiments were performed according to a protocol ap-
proved by the Committee on Animal Research of the Tokyo Medical
and Dental University. Six adult cats weighing 4 + 0.5 kg were used
in the experiments. Vasogenic edema was induced in the white mat-
ter of cats by cortical cold lesioning as previously described [4, 5].
Briefly, after initial anesthesia with ketamine (30 mg/kg), a 15-mm
left parietal craniotomy (12 mm anterior to the auditory meatus)
was made with a dental drill. The cortical cold lesion was made by
applying a —40 °C cooled metal plate to the dura covering the supra-
sylvian gyrus for 90 seconds. A 2% solution of Evans blue dye was
injected intravenously soon after the operation. The cat was then in-
tubated and artificially ventilated under anesthesia (1.5% isoflurane).
Catheters were placed in the right femoral artery to allow monitoring
of blood pressure and blood gas levels and in the right femoral vein
to allow injection of drugs and contrast agent. Body temperature was
maintained at 37 °C by a feedback-controlled water jacket.

The MR images were acquired using a 4.7-T experimental system,
which has a 330-mm horizontal bore magnet and a 65 mT/m maxi-
mum gradient capability (Unity INOVA, Varian, Inc., Palo Alto,
CA). Diffusion tensor magnetic resonance (MR) imaging was per-
formed using a multisection, spin-echo sequence, and the diffusion
gradients were applied in turn along the 6 non-colinear directions.
All analyses were performed with the aid of a workstation-based im-
age analysis system (Sparc 10; Sun Microsystems, Mountain View,
CA). Trace (D) maps were generated as described previously [6, 7].
Voxel by voxel, fractional anisotropy (FA) were calculated by using
the following algorithms:

\/(7»1 —1)? 4 (= M)+ (M —h9)?

V24 /AL + 03+ 3

where An = the eigen values describing a diffusion tensor. For each
section, these values were composed into FA maps. After MR imag-
ing, the cats were sacrificed. Regions of interest (ROI) in the subcort-
ical white matter of the left suprasylvian gyrus and the deep white
matter (left semioval center under the suprasylvian gyrus) were

FA =
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drawn from T2-weighted images obtained before lesioning, and
Trace (D) and FA values corresponding to each of these ROI were
determined. After the final MR image was obtained, 4 cats were sac-
rificed under pentobarbital anesthesia (50 mg/kg) and the brains
were sliced coronally corresponding to the MR imaging. For mea-
surement of water content, tissue samples were taken from the sites
corresponding to the ROI in the white matter and were determined
as previously described [6]. The mirror-image coronal block was
then immersion fixed with buffered formalin and stained with hema-
toxylin and eosin, Kliiver-Barrera Luxol fast blue, and Bodian silver
immunoglobulin stain for light microscopic examination. For elec-
tron microscopic examination, the remaining 2 cats were perfused
transcardially with a 3% paraformaldehyde buffered solution and
1% glutaraldehyde after induction of anesthesia. Their brains were
cut into coronal sections, and a block corresponding to the ROI of
the FA map was chosen and sampled.

Results are expressed as the mean + SD. Changes in systemic pa-
rameters, ADC values, and water content were analyzed using a one-
way analysis of variance and Scheffé F test. The relationships be-
tween the FA or Trace (D) and water content were assessed using
linear regression analysis and unpaired Student ¢ test. Differences at
probability values of less than 0.05 were considered to be statistically
significant.

Results

Eight hours after cold lesioning, Trace, E1, E2, and
E3 in the cortical white matter were increased 190%,
180%, 180%, and 280% from baseline values (just after
the cold lesioning), respectively (Fig. 1). Correspond-
ingly, FA was significantly decreased (46%). A linear
correlation (Y = 5.25le™> x X —0.003; R =0.82)
was observed between Trace and regional tissue water
content in both acute and chronic phases after cold le-

3
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—a—E2%
—t—E3 %
=)= Trace %
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Fig. 1. Time course of diffusion tensor in acute phases. Trace, El,
E2, and E3 in the cortical white matter 8 hours after cold lesioning
were increased 190%, 180%, 180%, and 280% from baseline values
(just after the cold lesioning), respectively
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Fig. 2. Electron micrograph of deep white matter on the lesion side,
demonstrating highly dissociated neuronal fibers with enlarged in-
terfiber and extracellular spaces. The coronal section of dendrites
appeared pale and nonhomogeneous. Intermicrotuble and inter-
neurofilament spaces of the dendrites were enlarged compared to
contralateral side

sioning. The relationship between FA and regional
water content during the acute phase showed an all-
or-nothing response, while that during the chronic
phase showed a linear correlation. Histological exami-
nation demonstrated microvacuolation, disordered ar-
rangement of nerve fibers, highly dissociated neuronal
fibers due to extracellular accumulation of protein-rich
fluid, and enlarged interfiber spaces (Fig. 2).

Discussion

As the diffusion of water molecules move within
tissues, they encounter various restrictions and ob-
struction (for example, myelin in nerve fibers). There-
fore, instead of observing “free” diffusion of water,
we more often observe restricted diffusion. The motion
of free diffusion (such as in cerebrospinal fluid,
Al &~ A2 ~ A3) can be visualized as a sphere, while the
motion of restricted diffusion (such as in white matter,
Al > [A2 &~ A3]) can be visualized as an ellipsoid. In the
latter, it is defined as the A1 (E1) dominant diffusion
direction. We originally assumed that water diffusion
would mainly be along the direction parallel to the
nerve fiber in vasogenic brain edema. However, E3
had a greater increase (280% increase from baseline
value) than E1 (180% increase) in cortical white matter
8 hours after cold lesioning. This indicates that water
diffusion in the cortical white matter mainly increases
perpendicularly rather than in a direction parallel to
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the nerve fibers in the acute phase of vasogenic brain
edema. In areas where edema is mild or moderate (tis-
sues with water content of 65% to 75%), FA in the
chronic phase is significantly lower than that in the
acute phase. This finding indicates that even after
the resolution of brain edema, FA still remains rela-
tively low and is probably associated with the per-
sistence of histological changes in the cortical white
matter after cold lesioning. Further investigation is re-
quired, however.
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Summary

Introduction. Previous studies have shown that edema formation
after diffuse traumatic brain injury (TBI) with secondary insult is cy-
totoxic and not vasogenic. This assumption is based on observations
of reduced apparent diffusion coefficient (ADC) and lack of signifi-
cant accumulation of intravascular tracer in brain tissue. However,
ADC reduction does not exclude vasogenic edema, and intravascu-
lar tracer can only accumulate when it reaches the tissue and is not
perfusion limited. This study aims to confirm tissue delivery of intra-
vascular tracer and lack of BBB opening during a phase of rapid
brain swelling after diffuse TBI.

Methods. Rats were exposed to either TBI using the impact accel-
eration model combined with 30 minutes of hypoxia and hypoten-
sion, or sham injury. At 2 or 4 hours after injury, ADC and tissue
water content were assessed using MRI. Gd-DTPA was given fol-
lowed by a combination of rapid T2 imaging (60 seconds) and T1
imaging (30 minutes). Signal intensity changes were analyzed to de-
termine a bolus effect (dynamic susceptibility contrast) and longer
term tissue accumulation of Gd-DTPA.

Results. Mean increase in cortical water content on the left was
0.8% at 2 hours, 2.1% at 4 hours; on the right it was 0.5% at 2 hours
and 1.7% at 4 hours (p < 0.05). Mean ADC reduction over 4 hours
was 0.04 x 107> mm?/s on the left and 0.06 x 1073 mm?/s on the
right. Kinetic analysis of signal intensity changes after Gd-DTPA
showed no significant difference in inward transfer coefficient (BBB
permeability) between sham injury and 2 or 4 hours post-injury. T2
imaging showed consistent tissue delivery of a bolus of Gd-DTPA to
the tissue at 2 and 4 hours post-injury, comparable to sham animals.

Conclusions. Progressive cerebral edema formation after diffuse
TBI occurred during ADC reduction and without continued BBB
permeability. Tissue delivery of Gd-DTPA was confirmed, verifying
that lack of tracer accumulation is due to an intact BBB and not to
limited perfusion.

Keywords: Magnetic resonance imaging; brain edema; blood-
brain barrier; traumatic brain injury.
Introduction

The role of blood-brain barrier (BBB) damage in
posttraumatic brain swelling is not well understood.

Recent studies have highlighted the importance of a
cellular swelling process in edema formation after in-
jury, as assessed by measurement of the apparent diffu-
sion coefficient (ADC) of water [1, 2]. Other studies
have suggested a permissive role for BBB damage [3].
Experimental studies of diffuse traumatic brain injury
(TBI), in comparison to focal injury, have not demon-
strated more than transient opening of the BBB. There
are several methodological limitations in studies of the
BBB. Of special relevance to TBI is the problem of
flow-limited diffusion; if intravascular tracer cannot
reach the tissue because of low blood flow, then BBB
damage may be underestimated or undetected.

Magnetic resonance imaging (MRI) techniques are
useful for assessing BBB damage after injury because
it also provides other information such as ADC and
degree of tissue water content concurrently over multi-
ple time-points. However, visual assessment of signal
intensity changes with intravascular administration
of gadolinium-diethylenetriamine pentaacetic acid
(Gd-DTPA) may underestimate tissue accumulation.
Therefore, numerical assessment of signal intensity
changes is recommended. In addition, bolus delivery
of Gd-DTPA to tissue has been shown to generate a
rapid and transient drop in signal intensity on T2-
weighted images [7], the so-called dynamic susceptibil-
ity contrast phenomenon.

The aim of this study was to evaluate BBB damage
in experimental diffuse TBI using MRI with Gd-
DTPA, and to demonstrate tracer delivery to the tissue
definitively in order to rule out underestimation of
BBB damage due to flow-limited diffusion. A second
goal of the study was to demonstrate progressive brain
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swelling in the absence of prolonged BBB opening,
thereby confirming that posttraumatic brain swelling
is cellular and not vasogenic in origin.

Materials and methods

In this study, experimental diffuse TBI was combined with a sec-
ondary insult of hypoxia and hypotension. BBB damage was as-
sessed by serial measures of tissue T1-weighted contrast change after
intravascular administration of Gd-DTPA. Tissue delivery of tracer
was demonstrated using T2 imaging immediately after bolus admin-
istration. Tissue water content was assessed from the calculation of
absolute values of T1 for the tissue. The ADC was measured at the
same time as tissue water content.

All animals received humane care in compliance with the Guide
for the Care & Use of Laboratory Animals (National Research
Council, National Academy Press, Washington D.C., 1996). Adult-
male Sprague-Dawley rats (350 to 380 g; n = 16) were exposed to
the impact acceleration model of diffuse brain injury [5] using a
weight of 450 g over 2 m. Injury was combined with hypoxia and hy-
potension. Sham-injured animals (n = 6) underwent all procedures
except for the impact of the weight or the imposition of secondary
insult. Secondary insults of hypoxia and hypotension were applied
by reduction of FiO, to 12%, resulting in arterial PO, levels of 30 to
40 mmHg, and arterial blood pressures of 30 to 40 mmHg. Second-
ary insults were initiated immediately after injury and maintained for
30 minutes.

At either 2 hours (n = 9) or 4 hours (n = 7) after injury, animals
were placed in a 2.35 T, 40 cm bore magnet (Biospec, Bruker Instru-
ments, Billerica, MA). Initial measures of tissue ADC and water
content were made, followed by baseline T1 and T2 images accord-
ing to methods described below. All images were obtained from a
3 mm thick slice, positioned 7.5 mm caudal to the anterior pole of
the cerebrum. Following baseline imaging, each animal was infused
with an intravenous bolus of 0.2 mmol/kg Gd-DTPA (Omniscan,
Nycomed, Wayne, PA). Sixty seconds of rapid T2 imaging were per-
formed for description of the signal intensity change due to dynamic
susceptibility, followed by 30 minutes of T1 imaging to assess longer-
term Gd-DTPA accumulation assessed by changes in T1 signal in-
tensity.

Changes in T1 or T2 signal intensity were used to calculate Gd-
DTPA concentration in the bolus and in the tissue, respectively, for
regions of interest. Conversions to concentrations were based on pre-
viously defined calibration curves derived from known standards.
The time course of Gd-DTPA accumulation acquired from the T1
images was then subjected to kinetic analysis using a previously de-
scribed kinetic model [6] in order to derive features of BBB perme-
ability. Concentration profiles were fitted to a derived equation using
a non-linear least squares algorithm (Levenberg-Marquardt).

Mean arterial blood pressure was assessed continuously from the
time of injury. BBB permeability parameters were compared with
measured changes in tissue water and ADC values. Statistical signif-
icance was assessed using ANOVA, with appropriate post hoc tests
(Fisher least significant difference, Newmann-Keuls) and p-values
less than 0.05 were considered significant.

MRI measurements

At the time of assessment, animals were placed in a 2.35 T, 40 cm
bore magnet (Bruker Instruments) equipped with a 12 cm inner di-
ameter actively shielded gradient insert. RF excitation and reception
were performed using a 4.5 cm helmet coil. In order to minimize any
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macroscopic motion artifacts, the rat’s head was rigidly supported
with a specially designed stereotactic device, including both ear and
mouth supports mounted inside a Plexiglas cylinder. For evaluation
of Gd-DTPA accumulation secondary to BBB damage, serial T1
images were obtained from a 3 mm thick slice, 7.5 mm caudal to
the frontal pole. Imaging parameters used were TR = 700 ms,
TE = 22 ms, FOV 4 cm?, with a 64 x 64 matrix.

To demonstrate tissue delivery of Gd-DTPA, T2 imaging was
used as described above. An example of a T2 MRI sequence with
sufficient TR is the gradient echo method, acquired with TR/TE
values of 27/20 ms, respectively, using a matrix size of 32 x 32 pixels
and a 4 cm? FOV. These parameters generated an image acquisition
time of 1000 msec. Images were repeated sequentially at maximum
speed in order to provide TR of 1 second.

ADC measurements were performed using a 2-dimensional spin
echo imaging technique (diffusion weighted imaging) appropriately
modified to include diffusion-sensitizing gradients along the readout
(horizontal) direction with a duration of 4 ms and a gradient separa-
tion of 20 ms. Each dataset consisted of a single coronal slice (3 mm
thick) positioned 7.5 mm caudal to the frontal pole imaged with a
64 x 64 matrix using a TR/TE of 1500/33 ms and FOV 4 cm?. Dif-
fusion weighing factors, or b values, of 10, 340, 670, and 1000 s/mm?
were used (maximum gradient strength of 23 G/cm). Pure ADC
maps were calculated for each slice from the diffusion-weighted im-
ages using a pixel-by-pixel 3-parameter least squares fit to the magni-
tude image data. The effect of the frequency encoding gradients was
included in the ADC calculations.

The concept of utilizing MRI for measuring brain water is based
on laboratory and clinical studies directed toward noninvasive mon-
itoring of brain edema formation and resolution [4]. Briefly, pure T1
maps are generated and then converted to water maps by means of
the following equation:

1 0.407
W= 0.907 + 71
T1 is the measured T1 value of the tissue expressed in seconds and W
is the tissue water content measured in gm H,O/gm tissue.

Results

Figures la—c show profiles of tissue tracer concen-
tration over time for 1 minute after tracer injection in
sham animals, 2 and 4 hours after injury. There are no
appreciable differences between the profiles; therefore,
comparable quantities of tracer are delivered to the
tissue in the injured animals compared with sham
animals. Figures 1d—f show the profile of tracer con-
centration change in the tissue over 30 minutes after in-
jection, based on T1W imaging. Figure 1f is taken
from muscle, and represents the accumulation of Gd-
DTPA in a tissue without a blood-brain barrier. Gd-
DTPA follows a characteristic wash-in and wash-out
profile. In contrast, there is minimal Gd-DTPA accu-
mulation over 30 minutes in either the left (Fig. 1d) or
right (Fig. 1e) cortex of 2-hour and 4-hour injured ani-
mals, consistent with either an impermeable BBB or
severe flow-limited diffusion.

Application of the concentration-time data to a pre-
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Fig. 1. Concentration time curves for initial bolus delivery of Gd-DTPA to the tissue (a—c) derived from signal intensity change due to dynamic
susceptibility. Concentration time curves for Gd-DTPA accumulation over 30 minutes after infusion (d—f) showing longer term accumulation
of tracer derived from T1W signal intensity changes under sham conditions, 2 and 4 hours after injury, (d) left cortex, (e) right cortex, (f) para-

spinal muscle

viously published kinetic model [6] was performed.
The derived parameter Dj, according to this model, is
the product of the extracellular volume (Ve), peak
plasma tracer concentration (Ay), and K, the inward
transfer coefficient. Because Ve and A are considered
to be relatively constant, changes in D; are thought to
reflect changes in K closely. Table 1 shows the mean
calculated D; values (uM/min) for each group in the
left and right cortex. They are not different and do
not appear to be influenced by trauma with secondary
insult or time after trauma. Table 1 also shows the tis-

sue water content and ADC values obtained in sham
animals and at 2 and 4 hours after injury. At 2 hours
after injury, tissue water content rose from 79.5% to
80.3% in the left hemisphere, and from 79.3% to
79.8% in the right hemisphere. Tissue water content
continued to rise by 4 hours after injury to 81.6% and
81.0% in the left and right hemispheres, respectively.
The rise in tissue water content was accompanied by a
steady decline in ADC from 0.66 (x10~3 mm?/sec) to
0.62 in the left hemisphere and from 0.70 to 0.64 in the
right hemisphere.
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Table 1. Comparison between mean values (+SD) for DI (uM]min), tissue water content (%) and ADC (x1073 mm?[sec) values in each

experimental group.

Left Right

Sham 2 hours 4 hours Sham 2 hours 4 hours
D1 1.6 + 1.0 20+ 1.0 1.0+0.2 2.0+2.0 20+2.0 1.0+0.3
Tissue Water 79.54+0.7 803+ 1.4 81.6 +1.9 79.34+0.9 799 +1.2 81.0 +£2.5
ADC 0.66 + 0.03 0.64 +0.09 0.62 +0.17 0.70 4+ 0.06 0.65 + 0.09 0.64 +0.16

D1 is the derived parameter from kinetic analysis of the gadolinium-diethylenetriamine pentaacetic acid concentration time-curves and is
closely related to the inward transfer coefficient; D1 represents blood-brain barrier permeability. Tissue water is derived from tissue T1 data
and is expressed as a percentage. ADC is the apparent diffusion coefficient of water. Reduction of apparent diffusion coefficient is associated

with intracellular water accumulation.

Conclusions

The contribution of cytotoxic and vasogenic edema
to posttraumatic cerebral swelling is not entirely clear.
Recent studies have highlighted the importance of cy-
totoxic swelling [1, 2], and possibly a permissive role of
BBB damage [3]. Although BBB damage has been well
documented experimentally in models of focal contu-
sion, nothing more than a transient opening has been
demonstrated in experimental models of diffuse injury.
In order to be sure that measures of BBB damage are
not flawed, it is necessary to demonstrate delivery of
tracer to the tissue.

Using rapid T2 imaging, this study confirms that an
intravascular bolus of Gd-DTPA reaches the brain in
rodents with diffuse TBI. The study also demonstrates
that there is minimal accumulation of Gd-DTPA over
30 minutes of circulation time, consistent with an in-
tact BBB. This was confirmed by application of a ki-
netic model that demonstrated no difference in BBB
permeability between sham animals and animals 2
hours and 4 hours after injury. Despite the lack of
BBB permeability, the injured brains showed progres-
sive accumulation of water associated with ADC re-
duction up to 4 hours after injury.

For the first time, this study demonstrates progres-
sive edema formation associated with ADC reduction
and without BBB permeability in the context of con-
firmed tracer delivery, with all measures obtained at
the same time in the same experimental subject. Our
data confirms the dominant role of cellular swelling
after TBI. However, further studies will be needed to

characterize better the nature of edema associated
with diffuse TBI.
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Summary

White matter (lobar) intracerebral hemorrhage (ICH) can cause
edema-related deaths and life-long morbidity. In our porcine model,
ICH induces oxidative stress, acute interstitial and delayed vasogenic
edema, and up-regulates interleukin-1f3 (IL-1B), a proinflammatory
cytokine-linked to blood-brain barrier (BBB) opening. In brain in-
jury models, hypothermia reduces inflammatory cytokine produc-
tion and protects the BBB. Clinically, however, hypothermia for
stroke treatment using surface and systemic approaches can be chal-
lenging. We tested the hypothesis that an alternative approach, i.e.,
local brain cooling using the ChillerPad System, would reduce IL-1
gene expression and vasogenic edema development even if initiated
several hours after ICH.

We infused autologous whole blood (3.0 mL) into the frontal
hemispheric white matter of 20 kg pentobarbital-anesthetized pigs.
At 3 hours post-ICH, we performed a craniotomy for epidural place-
ment of the ChillerPad. Chilled saline was then circulated through
the pad for 12 hours to induce profound local hypothermia (14 °C
brain surface temperature). We froze brains in situ at 16 hours after
ICH induction, sampled perihematomal white matter, extracted
RNA, and performed real-time RT-PCR.

Local brain cooling markedly reduced both IL-1f3 RNA levels and
vasogenic edema. These robust results support the potential for local
brain cooling to protect the BBB and reduce injury after ICH.

Keywords. Intracerebral hemorrhage; white matter; hypothermia;
cytokines.

Introduction

Intracerebral hemorrhage (ICH) is the stroke sub-
type with the highest mortality and morbidity [10, 30].
Almost half of ICH patients will die, often within the
first 48 hours, while at most 20% of ICH survivors

will return to normal lives [6, 21]. Intracerebral bleeds
not only occur spontaneously, but can also follow
thrombolytic treatment for ischemic stroke and myo-
cardial infarction [13, 29]. Lobar ICH (white matter
hemorrhage) causes edema-related deaths at twice the
rate versus other locations [23]. White matter ICH can
also damage fiber tracts resulting in permanent neuro-
logical deficits [12, 19].

We have developed a large animal (porcine) lobar
ICH model to study the pathophysiology, pathochem-
istry, and treatment of this disease, including surgical
clot removal [2, 39]. In this animal model as in human
ICH, both early perihematomal edema and delayed
vasogenic edema following blood-brain barrier (BBB)
opening are prominent [9, 39]. White matter is more
vulnerable to vasogenic edema development than is
gray [20]. Thus, our model is useful for studying
edema-induced injury following ICH. Neuropatholog-
ically, astrogliosis, demyelination, and cystic necrosis
in perihematomal white matter, all features of human
ICH-induced brain damage, develop in this model [37].
This model has been used to examine ICH-induced
pathophysiologic and pathochemical events in white
matter [2, 38—40, 44, 49].

We have observed that oxidative stress (protein
carbonyl formation) and up-regulation of heme
oxygenase-1 gene expression develops rapidly in peri-
hematomal white matter following ICH [42]. Protein
carbonyl formation also develops after plasma infu-
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sions into the frontal white matter, indicating that
plasma components alone can induce oxidative stress
[46]. This may relate to an interaction between holo-
transferrin and thrombin leading to intracellular iron
deposition [27]. Early oxidative stress occurs in a gray
matter ICH model [48] and damages DNA [26]. We
demonstrated that the transcription factor, nuclear
factor kappaB (NF-xB), which is responsive to oxida-
tive stress [15, 17], is activated in perihematomal white
matter after ICH [43, 45]. This transcription factor is a
primary mediator for the rapid and coordinated induc-
tion of central nervous system genes which respond to
injury and other pathological stimuli in brain, includ-
ing the proinflammatory cytokine, interleukin (IL)-1
[1, 3,5, 32, 47].

A renewed interest has emerged in the last several
years in treating stroke by surface or systemic hypo-
thermia techniques [16, 38]. Mild to moderate hypo-
thermia protects the BBB and reduces brain injury in
animal stroke models [7, 8]. However, clinically, sys-
temic hypothermia for stroke treatment is challenging
with prolonged times to target temperatures, diffi-
cult sedation protocols, and adverse events including
shivering and pneumonia.

We describe an alterative approach, i.e., local
profound brain cooling using a new device and
technology, the ChillerPad system (Seacoast Technol-
ogies, Inc., Portsmouth, NH) in a porcine ICH model.
Previously we demonstrated the effectiveness of the
epidurally-placed device to reduce vasogenic edema
development following ICH in this model [38]. We
tested the hypothesis that local profound brain cooling
using the ChillerPad system could reduce IL-18 gene
expression even if initiated several hours after inducing
ICH.

Materials and methods

Animal surgical preparations and intracerebral blood infusions

The animal protocol for this study was approved by the Institu-
tional Animal Care and Use Committee of The Cincinnati Veterans
Affairs Medical Center. Pigs were Yorkshire mixed breed and were
obtained from a local farm (Yeazal Farms, Eaton, OH). They re-
ceived food and water ad libitum. We previously described our sur-
gical and intracerebral blood infusion methodologies in detail [39—
41]. Pigs (~ 15 kg) were initially anesthetized with ketamine, 25 to
30 mg/kg, i.m., followed by intravenous pentobarbital (35 mg/kg).
Anesthesia was maintained by continuous pentobarbital infusions
(10 mg/kg/hr). We intubated pigs by mouth, mechanically ventilated
them (air plus 0.5 liters/min oxygen), and catheterized femoral ves-
sels (arteries to record blood pressure, measure arterial respiratory
gases and pH; veins to infuse saline, pentobarbital). We monitored
and controlled core temperatures (38.5 + 0.5°C). We infused arte-
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rial blood (3.0 mL) through a 20-gauge Teflon catheter implanted
into the frontal hemispheric white matter. We infused Evans blue
(i.v., I mL/kg of 2% wt/vol solution) at 1.5 hours following ICH to
test BBB permeability.

Local brain hypothermia using the Chiller Pad system

The ChillerPad (Seacoast Technology, Inc.) is a 2-cm device com-
prised of coiled polyester tubing encased in a polyurethane skin con-
taining integral thermocouples. Chilled saline is circulated through
the pad to produce a temperature of 14°C + 1 °C on its contact sur-
face. Beginning at 3 hours post-ICH to enable epidural placement of
the ChillerPad, a circular craniotomy (~2 cm diameter) was made
with a trephine centered approximately 2 cm laterally from the sag-
ittal ridge and 1 cm anterior to the coronal suture. The cooling pad
was placed on the dura and held in place with either the bone flap or
a gauze pad sutured in place. Hypothermia was conducted for 12
hours by circulating chilled saline through the device. The brain
was then allowed to rewarm for 30 minutes prior to removing the
pad and initiating in situ brain freezing. The brains of control nor-
mothermic ICH animals were not cooled and were frozen in situ at
16 hours post-ICH.

Brain freezing, coronal sections, photography, hematoma and edema
volume quantitation

Brains were frozen in situ using liquid nitrogen 12 hours follow-
ing onset of local brain cooling (16 hours following hematoma in-
duction) as previously described [39-41, 49]. Following decapita-
tion, heads were stored at —70°C until sectioned. Coronal sections
(5 mm) were cut through the frozen heads using a band saw. Both
sides of coronal sections containing the hematoma and/or edema
were photographed with a digital camera. The hematoma and the
visible perihematomal edema volumes were determined by import-
ing the color images into Image Tool, a freeware image analysis sys-
tem (University of Texas) for computer-assisted morphometry [41].
Areas obtained by the Image Tool software were identical to those
obtained with NIH Image. Areas from both sides of the slices were
then averaged, volumes calculated from the slice thickness, and
then summed for total hematoma and edema volumes.

RNA isolation, reverse transcription and real-time polymerase chain
reaction (PCR)

White matter tissue (10 mg) adjacent to the hematomas was
sampled from the frozen coronal sections in a glove box at —15°C.
White matter from the same gyrus or location in the corresponding
contralateral hemisphere served as the control. Total RNA was iso-
lated from white matter samples using Trizol reagent (GibcoBRL/
Life Technologies, Carlsbad, CA) and cDNAs were synthesized
from RNA using reverse transcriptase and random hexamer primers
(Promega, Madison, WI) [42, 45]. Real-time PCR was conducted us-
ing BioRad’s iCycler instrument, and cDNA templates plus sense
and antisense LUX fluorogenic primers (Invitrogen, Carlsbad, CA)
designed for porcine IL-1p and GAPDH (housekeeping gene). Rela-
tive quantitation for IL-1f was obtained by threshold cycle analyses
normalized against GAPDH.

Statistical analysis

Hematoma and edema volumes and IL-1 differences were com-
pared between the 2 groups by ¢ test (Statgraphics, Manugistics,
Inc., Rockville, MD). Differences were considered significant at
p < 0.05.
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Fig. 1. Brains from animals with local hypothermia frozen in situ 16
hours following ICH and 12 hours after initiation of local brain cool-
ing have markedly reduced (51%) perihematomal Evans blue stain-
ing, indicating reduced vasogenic edema development. Hematoma
volumes were similar in both groups. Volume measurements (L)
are mean + SEM, N = 3 in each group. *p = 0.027 versus edema
volume in normothermic animals

Results

Coronal brain sections from normothermic lobar
ICH pigs frozen in situ at 16 hours demonstrated the
typical location of the induced hematoma with clearly
visible perihematomal edematous white matter re-
gions. This white matter tissue had a marked increase
in water content (>10%) and was blue-stained after
opening of the BBB to Evans blue containing albumin,
leading to development of vasogenic edema [39-41].
In contrast, brains from animals with local hypother-
mia frozen in situ 16 hours after ICH and 12 hours
after initiation of local brain cooling had markedly
reduced (51%) perihematomal Evans blue staining,
indicating reduced vasogenic edema development
(p < 0.03 edema volume in hypothermic versus nor-
mothermic animals) (Fig. 1).

Following normothermic ICH, there was a 4.2-fold
up-regulation in expression of the proinflammatory
IL-1B cytokine gene measured by real-time reverse
transcriptase PCR in edematous white matter adjacent
to the hematoma at 16 hours (Fig. 2). In contrast, 12
hours of local brain cooling significantly reduced up-
regulated IL-1B gene expression essentially to control
levels.

Discussion

In this report, we describe our studies on local (fo-
cal) brain cooling using the ChillerPad system (Sea-
coast Technologies, Inc.) and expression of the pro-
inflammatory cytokine gene, IL-1, in perthematomal
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Fig. 2. IL-1P cytokine gene expression measured by real-time PCR
was up-regulated in edematous white matter adjacent to the hema-
toma at 4 and 16 hours following normothermic ICH. In contrast,
12 hours of local brain cooling significantly reduced up-regulated
IL-1B gene expression to contralateral control levels. Values are
mean + SEM, N = 3 in each group. *p < 0.025

white matter in porcine lobar ICH. Specifically, our
findings show that local hypothermia significantly re-
duced the level of this gene expression, even if delayed
until 3 to 4 hours following ICH. We previously ob-
served that local (focal) brain cooling reduced vaso-
genic edema [38]. Based on results from the literature
[1, 18], the reduction in IL-1p expression produced by
local hypothermia may be responsible for reduced
BBB injury.

Whole-body hypothermia has long been studied
both experimentally and clinically for treating brain
injuries, including stroke and trauma [16]. However,
because of its related systemic problems, including
increased risk of infection and various systemic com-
plications, its use has never been widely instituted.
Interest in hypothermia was recently renewed when re-
ports demonstrated its effectiveness in treating out-of-
hospital cardiac arrest [4, 36]. Studies of surface cool-
ing blankets and endovascular cooling catheters to in-
duce hypothermia in stroke patients have been recently
reported [16, 24]. However, whole-body hypothermia
continues to be challenging because of the amount of
cooling time necessary to achieve target temperatures
(up to several hours), shivering, and adverse events.
Since stroke patients are often elderly and may have
additional medical problems, the general use of whole-
body hypothermia for stroke treatment appears un-
likely. In contrast, local or focal brain cooling is a po-
tential approach that may be useful for treating ICH
patients, especially to extend the window for surgical
treatment. This may also be a useful approach to pre-
vent ischemic injury in aneurysm surgery [11, 38].
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We have reported that oxidative stress and NF-
kB activation rapidly occur (within the first hours) in
white matter adjacent to the hematoma following
ICH [42, 45]. Since NF-kB is a redox-sensitive tran-
scription factor activated in gray matter after ICH
[17], this ultra-early oxidative stress may participate
in activating the IL-1 gene expression that we observed
in the present study. In this regard, LY341122, an anti-
oxidant that is neuroprotective, prevented activation
of NF-xB following cerebral ischemia [34]. NF-kB is
a well-described transcription factor for target genes
including the proinflammatory cytokines [15]. Our
previous findings demonstrated rapidly-activated NF-
kB in perihematomal white matter as previously de-
scribed in gray matter.

Microglia may be the cells responsible for the rapid
generation of reactive oxygen species following ICH
since they are known to secrete potentially toxic mole-
cules including oxygen and nitrogen free radicals [14].
Microglial activation is a hallmark of various brain
disorders [14]. Interestingly, a recent report using 2-
photon microscopy demonstrates that these cells are
highly active, even in their resting state, continually
surveying their microenvironment with extremely mo-
tile processes and protrusions that can rapidly undergo
responses [28]. Indeed, upon BBB disruption, immedi-
ate and focal activation occur, with these cells switch-
ing their behavior from patrolling to shielding the
injured site.

Relevant to our findings following ICH, the plasma
proteins that enter the brain parenchyma following
ICH activate microglia [14, 25, 31]. In vitro, serum ad-
dition stimulates superoxide production by microglial
cultures [33]. Up-regulation of HO-1 expression has
been demonstrated immunocytochemically in mor-
phologically appearing microglia following intracere-
bral infusion of lysed blood [31]. We previously re-
ported early induction of HO-1 in perihematomal
white matter following ICH [42].

Our previous findings demonstrated early (1 to 2
hour) up-regulation of IL-1p mRNA in perihemato-
mal white matter [43, 45]. These findings are confirmed
by the real-time PCR data presented in this report. The
proinflammatory role of IL-1f has been well-described
in brain tissue and is considered to be an important
mediator of diverse forms of acute neurodegeneration
and chronic neurological conditions [1, 32], as well
as inducing BBB opening and edema [18]. The sig-
nificance of IL-1p expression is supported by recent
findings that overexpression of the IL-1 receptor
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antagonist, IL-1ra, reduces thrombin-induced edema
[22]. This early up-regulation of IL-1f gene expression
appears to be continued and expanded after ICH,
based on our recent DNA microarray findings in a rat
ICH model [35]. Elevated expression of IL-1f and re-
lated genes including IL-1f converting enzyme (ICE,
caspase-1) and a proinflammatory cytokine, 1L-18,
that is activated by ICE, were present at 24 hours. In
this regard, we have also demonstrated immunostain-
ing with a porcine monoclonal antibody for IL-1 pro-
tein in white matter glial cells adjacent to the hema-
toma at 24 hours post-ICH. Some of these cells appear
to have microglial morphology while others appear to
be astrocytes. Additional double-labeling studies are
required to identify the specific cell types. Temporal
studies in progress using recently available porcine
gene arrays from Affymetrix (Santa Clara, CA) will
identify both the acute and subacute changes in these
cytokine pathways in perihematomal white and gray
matter after [CH.

In summary, these results from several different
brain injury models point toward a component(s) in
the plasma itself that induces white matter edema and
oxidative stress leading to activation of downstream
NF-kB-dependent target gene expression including
proinflammatory cytokines [44]. Although proinflam-
matory cytokines also appear to participate in tissue
recovery and repair, in the acute setting these mole-
cules are generally associated with central nervous
system tissue injury [5]. Because these important medi-
ators of increased BBB permeability, leukocyte infil-
tration, and secondary lesion expansion and cell death
are rapidly up-regulated after ICH, ultra-early treat-
ment aimed at these processes may provide protection
until surgical intervention with clot removal can be
initiated.
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Summary

Background. Iron contributes to brain edema and cellular toxicity
after intracerebral hemorrhage (ICH). Knowledge regarding ICH in
the context of iron deficiency anemia (IDA), a common nutritional
disorder, is limited.

Objective. To determine the effect of IDA on brain and behavioral
outcome after ICH in rats.

Methods. Six-week-old male rats (n = 75) were randomized to
non-IDA or IDA groups. After 1 month of iron sufficient or deficient
diets, 100 pl autologous blood was infused into the right basal gan-
glia (BG). Brains were assessed for iron concentration, regional
water content, BG transferrin, and transferrin receptor concentra-
tions after ICH. Recovery of upper extremity sensorimotor function
was assessed. Brain and behavioral variables were compared by
diet group. Significance was set at p < 0.05.

Results. Whole brain iron was decreased and water content was
increased for IDA rats in injured cortex and BG at day 3 (p < 0.05)
compared with non-IDA rats. Transferrin and transferrin receptor
content were increased in injured BG for IDA compared to non-
IDA in the first week after ICH (p < 0.05). IDA rats had greater
left vibrissae-stimulated forelimb-placing deficits and forelimb-use
asymmetry than non-IDA after ICH (p < 0.05).

Conclusions. Brain iron status may be an important determinant
of injury severity and recovery after ICH.

Keywords.: Intracerebral hemorrhage; iron deficiency anemia;
edema; transferrin; behavior.

Introduction

Intracerebral hemorrhage (ICH), a common stroke
subtype, is often associated with neurologic deficits
in surviving patients. Development of a hematoma
within the brain parenchyma triggers a series of events
including edema formation and consequent space-
occupying effects, and tissue destruction [11]. The role
of hemoglobin degradation products such as iron,
have been investigated in non-anemic ICH models.

Recent studies suggest that iron and oxidative stress
contribute to edema formation after ICH [10, 15, 20].
In addition, the iron-trafficking proteins transfer-
rin (Tf), transferrin receptor (TfR), and ferritin, are
thought to play a role by modulating iron-induced cel-
lular toxicity, lipid peroxidation, and free radical for-
mation [4, 12].

Iron deficiency anemia (IDA) is a common nutri-
tional disorder that affects approximately 25% of
young children worldwide [19]. This problem occurs
when dietary iron intake is insufficient for growth and
maintenance needs or excessive iron losses occur, such
as with chronic illness conditions, injury, or repeated
medical procedures. In addition to hemoglobin pro-
duction, iron is important for numerous processes in-
cluding neurotransmitter synthesis, oxidative metabo-
lism, and myelination [1]. IDA reduces whole brain
iron concentration in animal models. However, the
brain does not respond in a homogeneous fashion;
iron content varies by brain region in response to
IDA [2, 5, 6]. Similarly, while whole brain Tf content
is increased with IDA, there is a heterogeneous re-
sponse by brain region [5, 8]. The iron-trafficking pro-
teins Tf and TfR are thought to regulate regional brain
iron content in response to local needs.

One might hypothesize that brain edema formation
and behavioral outcome after ICH would be less se-
vere in the context of IDA due to less available iron
secondary to less hemoglobin, number of red cells, and
serum iron. However, in a first study of ICH in the
context of IDA, we found that brain edema and iron-
trafficking proteins were increased and functional out-
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come was worse [18]. In this paper we review these
findings and extend brain and behavioral outcome
measures after ICH in rats with or without anemia.

Materials and methods

Animals and experimental groups

Six-week-old male Sprague-Dawley rats (Harlan Sprague Daw-
ley, Indianapolis, IN) were randomly assigned to receive 1 of 2 diets
(Harlan Teklad, Madison, WI) that varied in iron content but were
sufficient for protein and other micronutrients. The iron sufficient
diet contained 40 mg/kg iron (non-IDA group, n = 32). The iron de-
ficient diet contained 3 to 6 mg/kg iron (IDA group, n = 43). Rats
were fed ad-lib on their respective diets until brain assessment. ICH
surgery occurred after 1 month on the diets. All animals were pair-
housed in a temperature-controlled (25°C) room with a 12:12
light: dark cycle. Approval for this protocol was provided by the
University of Michigan Committee on Use and Care of Animals.

ICH surgery

After weighing, rats were anesthetized with pentobarbital (40 mg/
kg, i.p.) then placed on a feedback-controlled warming pad. Rectal
temperatures were maintained at 36.5 + 0.5°C. Blood for arterial
gases (PO,, PCO,), pH, hematocrit, serum iron, and glucose were
obtained by femoral artery catheterization. Blood pressure was
monitored. A right basal ganglia (BG) hematoma was created by
slowly infusing 100 pl autologous whole blood (from a rat within
the same diet group) through a 26-gauge needle using a micro-
infusion pump (10 pL/min; Harvard Apparatus, Holliston, MA)
after creating a 1 mm burr hole on the right coronal suture, 3.5 mm
lateral to midline. Sham-operated IDA rats received needle insertion
into the right BG only (n = 6). Serum iron was determined by stan-
dard methods [3].

Brain assessments

At day 3 after ICH surgery, injured and non-injured BG and
cortex and the non-injured cerebellum (control) were measured
for water content in 5 to 6 animals in each diet group, as previously
described [18]. Regional samples were weighed to 0.0001 g before
and after drying for 24-hours at 100 °C (gravity oven, Blue M Elec-
tric, Watertown, WI). Brain water content was expressed as (wet
weight — dry weight)/wet weight.

Atdays 1, 3,7, and 28 after ICH surgery, Tf and TfR Western blot
analyses were performed for injured and non-injured BG and cortex
of 3 to 4 animals per group per day, as previously described [18].
Briefly, brain regions were sonicated in 0.5 mL of Western sample
buffer. Protein/samples (50 pg; Bio-Rad [Hercules, CA] protein
assay kits for protein measurement) were run on 7.5% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis then transferred to
a Hybond-C pure nitrocellulose membrane (Amersham Biosciences,
Piscataway, NJ). Membranes were probed with 1:2500 polyclonal
rabbit anti-human Tf (DakoCytomation, Carpenteria, CA) or
1:500 monoclonal mouse anti-human TfR (Zymed Laboratories,
San Francisco, CA), then second antibody (1:2500 dilution, Bio-
Rad) was applied. Antigen-antibody complexes were visualized
with a chemiluminescence system (Amersham) and exposed to pho-
tosensitive film. Relative complex densities were analyzed using NIH
image software (NIH Image, Version 1.61).

Total non-heme brain iron concentration was determined for IDA
and non-IDA rats (n = 6) using spectrophotometric methods [6].

J. Shao et al.

Behavioral assessments

Upper extremity function was assessed at days 3, 7-14, and 21-28
after ICH [7, 9, 17]. Vibrissae-stimulated forelimb placement was
measured by 10 trials at each forelimb and expressed as percent
(right [injured BG side] or left [non-injured BG side]/total trials).
Forelimb use was videotaped after placing rats, singly, in a
20 cm x 30 cm plastic cylinder until 20 forelimb placements were
observed. Forelimb-use asymmetry was calculated as (right upper
extremity + %both)/Total (right + left + both) x 100. The corner
test consisted of counting the observed direction (right or left) of
turns with rearing to exit a 30° corner at 8 trials per day. For the final
assessment, the sticker test, adhesive patches were placed at the ra-
dial aspect of each upper extremity and the number of first touches
and sticker removals were counted and averaged for three, 3-minute
trials each day.

Statistical analysis

Hematology, behavior, and brain variables were compared by diet
group or day after ICH by Student 7-test and Mann-Whitney U test.
A heterogenous variance model was used to control for the effect of
gel for Tf and TfR measurements on comparisons by diet group.
Diet group, day after ICH, and their interaction were assessed using
Proc Mix. Significance was set at p < 0.05.

Results

Physiological measures, hematology, brain iron, and
regional water content are reported in Table 1. Body
weight, hematocrit, serum iron, brain iron, and blood
pressure were significantly reduced for IDA as com-
pared to non-IDA rats. Brain water content was signif-
icantly increased in injured BG and cortex for rats in
the IDA group as compared to non-IDA animals.

Table 1. Physiologic measures by diet group.

IDA non-IDA

(n =43) (n=32)
Body weight (g) 242.8 + 53.2¥ 2752 +£60.7
Hematocrit (%) 19.8 + 4.6** 429 + 33
Serum iron (png/L) 4.83 +£23**  30.324+9.6
Total brain iron 7.19 4+ 0.65** 12,19 + 1.90
ICH surgery
- pH 7.41 +0.03* 7.42 +0.03
— PaO, (mmHg) 91.7 + 12.6 86.7 + 9.7
— PaCO; (mmHg) 43.7 4+ 8.5 424+ 4.7
— Base excess 21+28 32424
— Glucose (mg/dL) 111.1 +17.8 110.7 + 18.8
— Mean arterial blood pressure 104.3 + 24.4* 117.2 +£ 27.6
Water content day 3 (%)
— Right (injured) basal ganglia 81.82 +0.41*  80.61 + 1.03
— Left (non-injured) basal ganglia  77.93 + 0.42 77.72 +0.21
— Right (injured) cortex 80.58 + 0.47* 79.76 + 0.49

Student t-test: * p < 0.05; ** p < 0.001.
Values are mean + SD.
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There were no significant differences by diet group
for non-injured BG, cortex, or cerebellum (control)
(Table 1).

As previously reported, there were no significant
differences in Tf or TfR content in non-injured BG
for IDA versus non-IDA rats [18]. In the injured BG,
Tf content was significantly greater for IDA than
non-IDA rats at day 1 (IDA: 6819 + 336; non-IDA:
5100 + 180) and at day 7 (IDA: 6431 + 436; non-
IDA: 4297 + 702) (both p < 0.05). There was a signif-
icant effect in diet group and day after ICH, and a sig-
nificant diet group by day interaction for Tf content
in the injured BG (F = 3.70, p < 0.03). TfR content
was also significantly increased in IDA compared
to non-IDA rats in the injured BG at day 1 (IDA:
7639 + 824; non-IDA: 4001 + 210) and at day 3
(IDA: 6810 + 750; non-IDA: 4741 + 294) (both
p < 0.05). Over time, there was significant effect for
diet and day, but no diet group by day interaction for
TfR content in the injured BG.

IDA sham rats did not show impairments in the 2
upper extremity assessments performed for this group:
vibrissae-stimulated forelimb-placing and the forelimb
asymmetry test [18]. The IDA-ICH rats had signifi-
cantly fewer left vibrissae-stimulated forelimb place-
ments in the first 2 weeks after ICH and a trend for
impaired placing after 1 month of recovery [18]. The
IDA-ICH rats had greater forelimb asymmetry com-
pared to non-IDA ICH rats during the first week and
continuing for 1 month after ICH [18]. Rats from each
diet group did not differ significantly for performance
on the corner test on any day. Sticker test performance
was also relatively preserved for IDA rats. However,
IDA rats had a trend for fewer left upper extremity
touches during the second week after ICH (Fig. 1).

Discussion

This study demonstrates that IDA worsens aspects
of brain injury and behavioral recovery after ICH
as compared to the non-IDA condition in the rat.
Rats with IDA had greater brain edema at day 3 and
significantly greater Tf and TfR protein expression in
the injured BG after ICH as compared to those with-
out anemia. In addition, the IDA rats had greater and
longer-lasting forelimb function deficits after ICH.
The mechanisms that underlie the findings of worse
brain and behavioral outcome in the context of IDA
are not yet clear. However, the observed differences in

Remove

# Touch and Remove - Left or both UE
|

0.8
0.6 Touch
0.4
0.2+
0 T T | T T T
3 7-14  21-28 3 7-14  21-28
Day after ICH

Fig. 1. Sticker test by diet group and day after ICH. Average sticker
touch and removal at left or both upper extremities (UE) is com-
pared by IDA and non-IDA diet groups after ICH. *F = 4.878,
p < 0.06. —— non-IDA; — — - IDA

edema formation and brain iron handling suggest po-
tential pathways for the poorer functional outcome in
IDA rats after ICH.

A previous investigation demonstrated that the de-
gree of brain edema and its resolution correlates di-
rectly with behavioral outcome after ICH [9]. In the
non-anemic rat, brain edema resolved and behavioral
recovery stabilized within 2 weeks after ICH. How-
ever, in the present study, IDA rats showed greater
deficits and more asymmetry of upper extremity func-
tion on 3 of 4 sensorimotor behavioral tests than non-
IDA rats after ICH. On one, the forelimb asymmetry
test, IDA rats continued to show impairments as com-
pared to the non-IDA group for at least 1 month after
surgery. These behavioral findings may suggest that
IDA rats have greater initial and/or longer-lasting
edema after ICH and/or altered brain iron trafficking
leading to a greater risk for damage related to cellular
toxicity effects.

Brain edema due to ICH exacerbates brain injury
due to space-occupying effects and direct tissue de-
struction. The mechanisms of edema formation have
been investigated and several key factors have been
identified [13, 22, 23]. Thrombin contributes to the
early phase of brain edema development within the
first several hours after ICH [13, 22]. Hua and col-
leagues [9] demonstrated that thrombin worsens brain
edema and behavioral outcome and that hirudin, a
thrombin inhibitor, improves these measures after
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ICH in non-anemic rats. Since the IDA rats in the
present study had increased serum volume (about
33%), the absolute amount of thrombin delivered in
the IDA infusate could have been greater. If true, one
might expect that rats with IDA would have greater
early edema formation. To clarify this potential mech-
anism, it would be useful to assess brain edema earlier
in the course after ICH, as well as to measure the con-
centration of prothrombin in IDA sera and investigate
whether thrombin inhibitors reduce edema formation
in the IDA rats.

Since delayed edema formation, which occurs about
3 days after ICH, involves erythrocyte lysis and cellu-
lar toxicity due to hemoglobin and its degradation
products, one might expect that delayed edema forma-
tion would play less of a role in ICH brain injury with
IDA [21]. The IDA rats in the present study had lower
hematocrit, serum iron, and brain iron, suggesting less
available iron to support this mechanism. However, it
may not be the amount of iron, but rather the manage-
ment of iron after ICH that is key to the risk of delayed
edema formation as well as cellular toxicity. Brain
non-heme iron has been demonstrated to increase 3-
fold in the peri-hematomal zone after ICH in non-
IDA rats [21]. Local iron overload may lead to lipid
peroxidation and the formation of free radicals. In ad-
dition, oxidative brain injury after ICH has been dem-
onstrated and antioxidants block toxicity to neurons
related to excess hemoglobin and iron [20]. The study
by Wu and colleagues [21] suggests that after ICH,
iron concentrations are greater in the injured versus
the non-injured hemisphere. It would be interesting to
explore this after ICH with IDA.

We hypothesize that the greater expression of Tf and
TfR in the perihematomal area observed in the IDA
rats in the present study may be a maladaptive or, an
adaptive but insufficient response to ICH in the con-
text of IDA. Since baseline Tf and TfR protein levels
in the non-injured BG did not differ as a consequence
of IDA in this study, the increased levels after ICH
may suggest that it is the response of these proteins to
injury that is different in the iron deficient brain. Tf
and TfR are important to iron transport and in the
non-anemic rat are increased in the injury area after
ICH [21]. It has been hypothesized that the increase
of iron-trafficking proteins is related to clearance of lo-
cally high iron concentrations in the injured areas of
the brain. In the context of IDA, whole brain Tf con-
centration is increased but there is considerable re-
gional variability for Tf and TfR expression [5, 8]. Tf
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has also been demonstrated in oligodendrocytes, and
TfR appears to be localized to neuron-like cells in the
peri-hematomal area after ICH [14, 21]. Future studies
might explore whether greater oxidative injury occurs
as a consequence of local iron overload, and the re-
sponse of iron trafficking proteins after ICH in the
context of IDA.

In conclusion, IDA rats have greater brain edema at
day 3, increased iron-regulatory protein response dur-
ing at least the first week, and greater impairment of
sensorimotor function and recovery after ICH than
non-IDA rats. Our results suggest that iron status may
be an important determinant of the severity of brain
injury with ICH and subsequent recovery of function.
Poorer outcome in the context of IDA has been dem-
onstrated in another brain injury model, that of hypo-
xia ischemia in the developing rat [16]. The appropri-
ate management of brain injury may depend on the
iron status of the individual patient. Given the com-
mon occurrence of IDA worldwide, further studies
are needed to understand the mechanisms unique to
ICH with IDA.
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Summary

Acute brain ischemia after subarachnoid hemorrhage (SAH)
induces oxidative stress in brain tissues. Up-regulated NADPH oxi-
dase (NOX), a major enzymatic source of superoxide anion in the
brain, may contribute to early brain injury after SAH. We evaluated
the effects of hyperbaric oxygen (HBO) on protein expression of
gp91PhoX catalytic subunit of NOX, lipid peroxidation as a marker
of oxidative stress, and on neurological and neuropathological out-
comes after SAH.

Twenty-nine male Sprague-Dawley rats (300 to 350 g) were ran-
domly allocated to control (sham operation), SAH (endovascular
perforation), and SAH treated with HBO groups (2.8 ATA for 2
hours, at 1 hour after SAH). Cerebral blood flow was measured us-
ing laser Doppler flowmetry. Rats were sacrificed after 24 hours and
brain tissues collected for histology (Nissl staining and gp91P"* im-
munohistochemistry) and biochemistry. Mortality and neurological
scores were evaluated.

Neuronal injury associated with enhanced gp91P"* immunostain-
ing was observed in the cerebral cortex after SAH. The lipid peroxi-
dation product, malondialdehyde, accumulated in the ipsilateral
cerebral cortex. HBO treatment reduced expression of NOX, dimin-
ished lipid peroxidation, and reduced neuronal damage. HBO
caused a drop in mortality and ameliorated functional deficits.

HBO-induced neuroprotection after SAH may involve down-
regulation of NOX and a subsequent reduction in oxidative stress.

Keywords:  Subarachnoid hemorrhage;
NADPH oxidase; hyperbaric oxygen.

lipid peroxidation;

Introduction

Oxidative stress is a major cause of brain damage
after subarachnoid hemorrhage (SAH). Free radicals
triggered by SAH induce lipid peroxidation with sub-
sequent apoptosis and vasospasm [28, 30]. Nicotina-
mide adenine dinucleotide phosphate (NADPH) oxi-
dase (NOX) that generates superoxide is a major
enzymatic producer of free radicals in the brain. Neu-
ronal expression of phagocytic-type NOX was shown
in the rodent brain [37, 45]. The active form of NOX is

a multi-component system including cytoplasmic sub-
units: regulatory p40PhoX p47phox - activator p67Phox,
and membrane-bound flavocytochrome bssg consisting
of catalytic gp91Ph°* and p22PR°* subunits [42].
Up-regulation of cerebral vascular NOX shows its
peak between 12 and 24 hours after SAH in a single-
injection rat model, contributing to the impairment of
autoregulatory vasodilation [38]. No data on NOX ex-
pression in cerebral tissues after SAH are currently
available. Until recently it was believed that oxidative
stress after SAH rests with increase in mitochondrial
leak of superoxide or with auto-oxidation of hemoglo-
bin, both of which initiate free radical cascades under-
lying development of vasospasm [1, 24, 26, 27]. In ad-
dition, oxidative stress has been studied predominately
in blood injection models that are suitable for investi-
gating vasospasm rather than the acute sequelae of
SAH [35].

The phagocytic phenotype of NOX is expressed in
neurons [37, 45] of the brain and, by producing excess
free radicals, may contribute to oxidative brain dam-
age and apoptosis in cerebral tissues after experimental
stroke [21]. We found that hyperbaric oxygen (HBO)
in a perforation model of SAH reduced apoptosis and
necrosis-like cell death, and blood-brain barrier rup-
ture through inhibition of hypoxia-inducible factor la
(HIF-1a) and its target genes [33]. Since it has been
postulated that free radicals stabilize HIF-1a upon hy-
poxia [4], HIF-1o inhibition by HBO may suggest that
suppression of NOX mediates HBO-induced effect
[11]. Consistently, an inhibition of NOX by diphenyle-
neiodonium is capable of abolishing HIF-1a accumu-
lation and the hypoxic induction of its target genes
[10]. HBO can suppress other potentially detrimental
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enzymes such as COX-2, the activation of which may
theoretically lead through the NOX pathway [34, 43].
Even though HBO itself may induce oxidative stress,
we postulate that it may have a prolonged inhibitory
effect on pro-oxidant mechanisms triggered by SAH
as opposed to transient increase in free radicals upon
hyperbaric oxygenation [19]. The aim was to study
effects of HBO treatment on 1) NOX expression in ip-
silateral cerebral cortex, 2) lipid peroxidation, 3) mor-
phology of neuronal injury, and 4) mortality and neu-
rological score in a rat model of SAH.

Materials and methods

SAH animal model

Twenty nine male Sprague-Dawley rats (300 to 350 g) were ran-
domly assigned to the following groups: control (sham operation),
SAH without treatment, and SAH treated with HBO. Rats were
transorally intubated and mechanically ventilated throughout the
operation. Rectal temperature was maintained at 37°C. SAH was
induced according to the method described by Bederson et al. in
Schwartz’s modification [2, 36] under ketamine (100 mg/kg, i.p.)
and xylazine (10 mg/kg, i.p.) anesthesia. The left femoral artery was
cannulated for blood pressure recording and withdrawal of blood
samples. Blood glucose, hematocrit, and blood gas were periodically
measured (1610 pH/blood gas analyzer). Neurological status was
evaluated using the modified Garcia scoring system, in which normal
animals score 18 points and lower scores indicate brain injury [9, 20].
Animals were sacrificed after 24 hours to study lipid peroxidation,
morphology of brain injury (Nissl staining), and cortical expression
of gp91P"** by immunohistochemistry. All experimental procedures
complied with the Guide for the Care and Use of Laboratory Ani-
mals (National Institutes of Health publication no. 85-23) and were
approved by the Animal Care and Use Committee at Loma Linda
University.

Cerebral blood flow measurements

Cerebral blood flow (CBF) in the contralateral cerebral cortex
was measured by laser Doppler flowmeter (Periflux System 5000,
Perimed, Jarfalla, Sweden) through skull bones that were thinned to
translucency with a microdrill. A small, straight laser probe was at-
tached to the skull with acrylic glue at the site localized 5 mm lateral
and 1 mm posterior to bregma. Recording was started at the begin-
ning of surgery and continued during and 1 hour after SAH induc-
tion. At this time point, rats were either transferred to the HBO
chamber or returned to their cages.

HBO treatment

HBO (100% oxygen at 2.8 ATA and 2 hours duration) was applied
1 hour after SAH. Animals were placed in a small research hyper-
baric chamber (Sechrist Industries, Anaheim, CA) equipped with
carbonate crystals to prevent CO, accumulation.

Histology and immunohistochemistry

Anesthetized rats were perfused transcardially with 200 mL of ice-
cold 0.1 mol phosphate-buffered saline (PBS) followed by 400 mL of

10% buffered formalin (n = 3). Brains were collected, post-fixed in
the same fixative overnight and kept in 30% sucrose until they
sank. Coronal tissue sections 10 pm thick were cut on a cryostat
(CM30508, Leica Microsystems AG, Wetzlar, Germany). For Nissl
staining, sections were embedded in 0.1% cresyl violet for 5 minutes,
dehydrated in Flex tissue specimen system (Richard-Allan Scientific,
Kalamazoo, MI), cleared in xylenes, coverslipped with Permount,
and observed under a light microscope (Olympus BX51, Melville,
NY).

For immunohistochemical analysis of tissue gp91P"* expression,
sections were hydrated with 0.01 mol PBS and treated briefly with
3% hydrogen peroxide. Sections were incubated overnight at 4°C
with goat polyclonal anti-gp91P"X antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA) diluted 1: 100, followed by a secondary an-
tibody and 3,3’-diaminobenzidine tetrahydrochloride (DAB) stain-
ing using an ABC kit (Santa Cruz Biotechnology). Immunostaining
with the omission of the primary antibody served as a negative
control.

Lipid peroxidation assay

Twenty-four hours after SAH under deep anesthesia (n = 5), rat
brains were perfused with cold 0.1 mol PBS to remove blood. The
level of malondialdehyde (MDA) was measured using a LPO-586
kit (Oxis Research, Portland, OR). Left cerebral cortices were homo-
genized in phosphate buffer (pH 7.4), with 0.5 mol butylated hy-
droxytoluene in acetonitrile. The homogenates were centrifuged at
3000 g for 10 minutes at 4 °C. Protein concentration was measured
by means of a detergent-compatible protein assay (BioRad Labora-
tories, Hercules, CA). Equal amounts of proteins in each sample
reacted with a chromogenic reagent at 45°C for 60 minutes. The
samples were centrifuged at 15000 g for 10 minutes at 4°C, and
supernatants measured spectrophotometrically at 586 nm. The level
of MDA was calculated in pmol/mg protein based on the standard
curve [37].

Statistical analysis

Data are expressed as mean + SEM. One-way ANOVA and post
hoc Holm-Sidak tests were applied to verify statistical significance
of differences between means. A p-value of <0.05 was considered
significant.

Results

Mortality and neurological score

Mortality was 30.33% after SAH and 11.11% in
rats treated with HBO after SAH. No animal died in
the control group. Animals in the SAH without treat-
ment group presented low neurological scores associ-
ated with severe functional impairment (6.13 + 0.61;
n = 8). HBO treatment reduced SAH-induced neuro-
logical deficits, resulting in greater scores (13.13 +
0.90; n = 8) that were still significantly decreased com-
pared to values in sham operated rats (17.63 + 0.18;
n = 8).
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Fig. 1. Representative trace of cortical microflow (laser Doppler flowmetry; in arbitrary units) shows acute impairment of cortical CBF after
SAH followed by a tendency toward recovery and a secondary hypoperfusion that is maintained 60 minutes after bleeding. Inset shows the
corresponding extent of hemorrhage that clearly involves the circle of Willis

Control

SAH+HBO

Fig. 2. HBO reduces neuronal injury and gp91P"°* expression in cerebral tissues. The left panels show samples from control rats that had nor-
mal appearance of neurons and low gp91P" expression in the cerebral cortex. The middle panel is a sample of ipsilateral cerebral cortex 24
hours after SAH. Features of cell injury and strong gp91P"* expression in the cortical neurons are shown. The right panel is from rats treated
with HBO and shows that among well-preserved neurons, only a few gp91P"**-positive cells are present. Scale bars in low magnification photo-

graphs represent 200 um, and 30 um in insets

Cerebral blood flow

The lowest level of CBF, 20.3 + 2.9% (no treatment
group; n = 8) and 17.7 + 2.2% (with HBO treatment
group; n = 8) of baseline, contralaterally to the perfo-
rated artery, was found 1 minute after induction of
SAH (Fig. 1). This immediate ischemic flow was fol-
lowed by a trend toward recovery of CBF, which at 1
hour reached 65.9 + 6.7% and 62.0 + 9.5% of baseline
in rats without treatment and in rats assigned to HBO
groups, respectively. No significant differences in CBF
were found between untreated rats and rats assigned

to HBO treatment within 1 hour from initial bleeding.
Similarly, physiological variables did not show any
differences between groups.

Nissl staining

Extensive damage of cortical neurons was observed
24 hours after SAH without treatment. Darkened and
shrunken perikarya and condensed nuclei were domi-
nant features of injured neurons (Fig. 2B). However,
well-preserved neurons, with only slightly darkened
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cytoplasm, were noted in animals treated with HBO
(Fig. 2C).

NOX immunohistochemistry

Noticeable but weak gp91P** immunolabeling was
present in control cortex (Fig. 2D). SAH caused a tre-
mendous increase in gp91P"** immunoreactivity in the
cerebral cortex that was ipsilateral to the perforated
artery (Fig. 2E). Deposits of DAB stain were most
dense in cells overlying the cortex. Immunostained
cells showed distinct neuronal morphology. HBO
treatment resulted in diminution of gp91P"* immu-
noreactivity within neurons with a residual staining at
the cell periphery (Fig. 2F).

Lipid peroxidation in three experimental groups

Twenty-four hours after SAH, brain content of
MDA was 8.02 + 1.25 pmol/mg protein in the control
group, 48.27 + 4.40 pmol/mg protein in the SAH
without treatment group (p < 0.05 vs. control), but
was reduced more than 3-fold in SAH rats treated
with HBO (13.99 + 2.06 pmol/mg protein, p < 0.05
vs. SAH) (n = 4).

Discussion

Acute ischemia after SAH usually has a severe
global impact, but is more profound ipsilateral to the
perforated artery [13, 16]. The reduction in CBF to
~20% of pre-SAH levels, observed by us contralater-
ally, indicates severe SAH. Indeed, large amounts of
blood and macroscopic features of brain edema were
observed upon collection of brain samples (Fig. 1).
The level of CBF impairment after SAH was similar
in rats assigned to no treatment and HBO treatment
groups. This confirms that HBO-induced differences
in studied parameters were not related to an uneven
impact of the initial bleeding.

The main finding of this study is that HBO-induced
neuroprotection involves down-regulation of neuronal
NOX and diminution of lipid peroxidation after SAH.
SAH increases free radicals, presumably through a
mitochondrial leak and their excess formation by
enzymatic sources with a dominant role of gp91Phox.
containing NOX in brain tissues. Free radicals may
contribute to cell necrosis through damaging effects
on lipid bilayers within the cell [23]. It has also been re-
ported that a NOX-dependent burst of reactive oxygen

species may trigger neuronal apoptosis [39]. Addition-
ally, the increasing trend of enzymatic lipid peroxida-
tion after SAH is associated with a reduction in anti-
oxidant enzymatic activities [7].

Oxidative stress has been reported clinically and in
animals after SAH [8, 40]. However, negative results
of lipid peroxide assay have been reported in a single-
injection SAH model [25]. In our perforation model
that closely depicts acute intracranial phenomena after
SAH, a remarkable increase in lipid peroxidation and
gp91Pho* expression, a catalytic subunit of NOX that is
responsible for a formation of superoxide anion [42].
This also occurred in the cerebral cortex, which has
been reported by Noda et al. [32] to be the most oxida-
tive stress-prone structure of the brain regions studied.

The fact that hyperbaric oxygen can reduce oxi-
dative stress in the hemorrhagic brain has not been
recognized previously. However, the induction of en-
dogenous antioxidants has been reported after global
ischemia treated with HBO. This was assumed to be
the mechanism underlying improved morphology of
neurons [31]. Here we tested a somewhat provocative
hypothesis proposing inhibition of a pro-oxidant com-
ponent of oxidative stress after SAH. Oxygenation
at high baricity is a broadly studied model of oxida-
tive stress [12, 15]. There have been inconsistent
results from different research teams regarding HBO
treatment-induced free radical production. Mink and
Dutka [29] showed enhanced free radical formation
but no increase in lipid peroxidation products (2.8
atm, 75 minutes) and Elayan et al. [6] reported nega-
tive results of hydroxyl radical detection (3 ATA, 2
hours). In contrast, others published results showing
enhancement of both free radical generation and lipid
breakdown after HBO [5, 32, 44]. If this is the case, the
delayed decrease in lipid peroxidation found after
HBO in our study would constitute a rebound phe-
nomenon that could involve primarily a transient in-
crease in free radicals observed with hyperbaric oxy-
genation [32]. Down-regulated NOX expression could
underlie HBO effect in these settings. Most studies have
shown good correlation between free radical produc-
tion and expression of NOX subunits [17, 22]. It is not
clear, however, when the pro-oxidant cellular status
triggered by HBO may undergo transition into sup-
pression of oxidative stress. To address this issue,
markers of oxidative stress should be investigated at
time points that are closer to the HBO treatment. Ad-
ditionally, more remote outcomes should be investi-
gated to find out whether repeated HBO is beneficial
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for the brain. It has been reported that multiple HBO
treatments may enhance lipid peroxidation in human
blood [3].

It would be interesting to study whether HBO treat-
ment also down-regulates other types of NOX with
respect to their role in free radical production. This
would include NOX4 in neurons, as well as NOX1
and NOX4 in cerebral vessels [22, 41]. Recent observa-
tions have shown that both NOX inhibition, with re-
sultant decrease in superoxide anion production and
hyperbaric oxygenation, attenuate vasospasm after
SAH. This may further suggest an inhibitory effect of
HBO on NOX signaling [18, 46].

In the present study, the lowering effect of HBO
on NOX expression was robust in the ipsilateral cere-
bral cortex where it may be coupled with inhibition of
HIF-la and its target genes including vascular endo-
thelial growth factor and proapoptotic BNIP3 [33]. It
is known that negative HIF-1o mutants are protected
against hypoxic injuries in vivo through inhibition of
its target genes mediating apoptotic pathways [14]. In
a previous study, we found that HBO suppressed HIF-
lo in the same experimental setting. Therefore, it can-
not be excluded that HBO reduces HIF-1a accumula-
tion through suppression of NOX. Further studies are
needed to evaluate the role of NOX isoforms in SAH-
induced hypoxic signaling, subsequent brain injury,
and mechanisms of hyperbaric oxygen treatment.
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Summary

We investigated the occurrence of DNA damage in brain after in-
tracerebral hemorrhage (ICH) and the role of iron in such injury.

Male Sprague-Dawley rats received an infusion of 100 pL auto-
logous whole blood or 30 pL FeCl, into the right basal ganglia and
were sacrificed 1, 3, or 7 days later. 8-hydroxyl-2’-deoxyguanosine
(8-OHdG) was analyzed by immunohistochemistry, while the num-
ber of apurinic/apyrimidinic abasic sites (AP sites) was also quanti-
fied. 8-OHdG and AP sites are two hallmarks of DNA oxidation.
DNA damage was also examined using PANT and TUNEL label-
ing. Dinitrophenyl (DNP) was measured by Western blot to com-
pare the time course of protein oxidative damage to that of DNA.
DNA repair APE/Ref-1 and Ku-proteins were also measured by
Western blot. Bipyridine, a ferrous iron chelator, was used to exam-
ine the role of iron in ICH-induced oxidative brain injury.

An increase in 8-OHdG, AP sites, and DNP levels, and a de-
crease in APE/Ref-1 and Ku levels were observed. Abundant
PANT-positive cells were also observed in the perihematomal area
3 days after ICH. Bipyridine attenuated ICH-induced changes in
PANT and DNP. These results suggest that iron-induced oxidation
causes DNA damage in brain after ICH and that iron is a therapeu-
tic target for ICH.

Keywords. Intracerebral hemorrhage; iron; oxidative DNA injury;
8-OHdG; AP sites; DNP; PANT; APE/Ref-1; Ku-proteins; brain
edema.

Introduction

Intracerebral hemorrhage (ICH) is a common and
often fatal subtype of stroke. Iron is one of the hemo-
globin degradation products and iron overload in the
brain can cause free radical formation and oxidative
damage such as lipid peroxidation after ICH [12].
There are several potential targets for oxidative dam-
age following ICH.

We hypothesized that iron-induced oxidative DNA
damage occurs after ICH and that it contributes
to ICH-induced brain injury. Formation of the
DNA modification 8-hydroxyl-2’-deoxyguanosine (8-
OHAG) and apurinic/apyrimidinic (AP) sites are 2 ox-

idative DNA injury markers [5, 7]. This study exam-
ines the effect of ICH and intracerebral infusion of
iron on these 2 parameters. Whether DNA damage
might result in single and double strand breaks was
examined using PANT and TUNEL staining, re-
spectively [12]. The time course of DNA oxidative
damage was compared to that in proteins using an
anti-dinitrophenyl (DNP) antibody which can be
used to detect protein oxidation [8]. AP endonuclease
(APE)/Ref-1 and Ku-proteins are multifunctional pro-
teins associated with DNA repair but which are de-
creased following cerebral ischemia [6, 7]. In addition,
we examined the effect of bipyridine, a ferrous iron
chelator, on ICH-induced oxidative brain injury.

Materials and methods

Animal preparation and experimental groups

Animal protocols were approved by the University of Michigan
Committee on the Use and Care of Animals. Male Sprague-Dawley
rats, each weighing 300 to 400 g, were used for all experiments. The
animals were anesthetized with pentobarbital (40 mg/kgi.p.) and the
right femoral artery was catheterized to sample blood for intracere-
bral infusion. The rats were positioned in a stereotaxic frame and a
26-gauge needle was inserted stereotaxically into the right basal gan-
glia (coordinates: 0.2 mm anterior, 5.5 mm ventral, and 3.5 mm lat-
eral to the bregma). Autologous whole blood (100 pL) or FeCl,
(10 mM, 30 pL) was infused at a rate of 10 pL/min with the use of
a microinfusion pump.

This study was performed in 3 parts. Part 1 evaluated the time
course of iron accumulation, oxidation, and DNA injury after ICH.
Iron accumulation around hematoma was measured by Perl’s iron
staining. 8-OHdG were investigated by immunohistochemistry
(n = 3 each time point). The number of AP sites was measured
quantitatively (n = 3-6 each time point). DNP, APE/Ref-1, and
Ku-proteins were investigated by Western blot analysis (n = 3 each
time point). TUNEL and PANT staining investigated the time
course of DNA damage (n = 3 each time point).

Part 2 examined the effect of iron on oxidation and DNA damage.
In this part, rats received an intracaudate injection of FeCl, or a nee-
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dle insertion (n = 3 each time point). The rats were sacrificed 24
hours later.

Part 3 investigated the effect of bipyridine (2,2’-dipyridyl) on DNP
and PANT staining. Animals were immediately treated with either
bipyridine (25 mg/kg in 1 mL saline i.p. per 12 hours) or vehicle
(1 mL saline i.p. each time) after ICH.

Iron staining (Perl’s) and immunohistochemistry (8-OHdG)

For detection of ferric iron, a modified Perl’s staining was per-
formed [9]. In immunostaining, the avidin-biotin complex technique
was used. The primary antibody was mouse anti-8-OHdG monoclo-
nal antibody (10 pg/mL) purchased from Oxis International Inc.
(Portland, OR). The second antibody was anti-mouse IgG antibody
(1:150) (Vector Laboratories, Burlingame, CA).

Detection of AP sites in DNA

DNA extraction was performed using a DNA isolation kit pro-
duced by Dojindo Molecular Technologies Inc. (Gaithersburg,
MD). The aldehyde reactive probe (ARP) labeling and quantifica-
tion of AP sites were performed by the AP sites assay kit (Dojindo).
The ARP-labeled DNA was quantified using a 96-well microplate,
similar to an enzyme-linked immunoabsorbent assay study. The
wells were subjected to optical density measurement at 630 nm.
ARP assays were performed in triplicate and the means were calcu-
lated. The data, expressed as the number of AP sites per 100,000
nucleotides, were calculated based on the linear calibration curve
generated for each experiment using ARP-DNA standard solutions.

Western blot analysis (DNP, APE[Ref-1, and Ku-proteins)

Briefly, 50 pg proteins for each were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred to a
Hybond-C pure nitrocellulose membrane (Amersham, Piscataway,
NJ). Membranes were probed with a 1:1000 dilution of the primary
antibody and a 1:1500 dilution of the second antibody (BIO-RAD
Laboratories, Hercules, CA). The antigen-antibody complexes were
visualized with a chemiluminescence system (Amersham) and ex-
posed to film. The relative densities of bands were analyzed with
NIH Image (Version 1.61, National Institutes of Health, USA).

Detection of DN A single- and double-strand breaks by PANT and
TUNEL staining

PANT and TUNEL staining were performed on adjacent brain
sections to detect DNA single- and double-strand breaks according
to the method described by Wu et al. [12].

Statistical analysis

All data in this study are presented as mean + SD. Data were an-
alyzed using analysis of variance, followed by Scheffe’s post hoc test.
Significance levels were measured at p < 0.05.

Results

Time course of iron accumulation, oxidation DN A
injury after ICH

Table 1 shows the summary of changes in some pa-
rameters associated with iron accumulation, oxidation

Table 1. Summary of changes in iron accumulation, oxidation, and
DNA injury after ICH.

1 day 3 days 7 days
Iron + +++ ++
8-OHdG + ++ +
AP sites ++ +++ +
DNP ++ +++ ++
APE/Ref-1 - — -
Ku-proteins - - (H)
TUNEL staining (+) () (1)
PANT staining (1) +++ (1)

+ Weak positive; ++ moderate positive; +++ strong positive;
— slight decrease; —— moderate decrease; ——— extreme decrease;
(+) neutral.

ICH Intracerebral hemorrhage; 8-OHdG 8-hydroxyl-2’-deoxy-
guanosine; AP apurinic/apyrimidinic; DNP dinitrophenyl; 4APE
apurinic/apyrimidinic endonuclease.

DNA injury following ICH. An increase in 8-OHdG,
AP sites, and DNP levels, and a decrease of APE/
Ref-1 and Ku levels were observed in the ipsilateral
basal ganglia, especially 3 days after ICH. Abundant
PANT-positive cells were also observed in the perihe-
matomal area 3 days after ICH.

Influence of iron on oxidation and DNA damage

DNP protein levels in the ipsilateral basal ganglia
after ferrous iron injection were increased compared
with the sham ipsilateral and the Fe'" injection-
contralateral basal ganglia 24 hours after Fe™™" injec-
tion (p < 0.01, Fig. 1A). PANT-positive cells were
also detected in the ipsilateral basal ganglia 24 hours
after Fe™™ injection. There were no PANT-positive
cells in the contralateral basal ganglia or in the sham-
ipsilateral basal ganglia (Fig. 1B).

Effect of bipyridine, a ferrous iron chelator, on ICH

Bipyridine treatment given immediately after ICH
reduced DNP protein levels in the ipsilateral basal
ganglia compared to vehicle-treated animals (3 days
post-ICH, p < 0.01; Fig. 2A). Similarly, while
PANT-positive cells were detected in the perihemato-
mal area in vehicle-treated rats at 3 days after ICH
(Fig. 2B-b), with bipyridine treatment given immedi-
ately after ICH, there were no PANT-positive cells de-
tected in the ipsilateral basal ganglia (Fig. 2B-c).



196 T. Nakamura et al.

A: DNP (Western blotting)
50 kDa=— #+ == --- | 3

Sham Fe injection Fe injection
-ipsilateral -ipsilateral -contralateral

B: PANT staining

... ._‘
‘e v
: 1
P "._ L
e : .'. ~ .0 —
(a}: Sﬁam (b): Fe injection (¢): Fe injection
-ipsilateral -ipsilateral -contralateral

Fig. 1. (A) Western blot analysis showing the DNP concentration in the sham-ipsilateral (lanes 1-3), the Fe* ™ injection-ipsilateral (lanes 4-6),
and the Fe™™ injection-contralateral (lanes 7-9) basal ganglia 24 hours. Equal amounts of protein (50 pg) were used. (B) PANT staining in the
sham-ipsilateral (a), Fe™ injection-ipsilateral (b), and Fe'* injection-contralateral (c) basal ganglia 24 hours after ICH. Bar = 20 pm
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Fig. 2. The effect of bipyridine treatment (25 mg/kg i.p. given immediately after ICH) on DNP expression following ICH. (A) Western blot
analysis showing DNP concentration in the vehicle contralateral (lanes 1-3), vehicle ipsilateral (lanes 4-6), and bipyridine treatment-ipsilateral
(lanes 7-9) basal ganglia 3 days after ICH. Equal amounts of protein (50 pg) were used. (B) PANT staining in the vehicle-contralateral (a),
vehicle-ipsilateral (b), and bipyridine treatment-ipsilateral (c) 3 days after ICH. Bar = 20 pm
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Discussion

Iron accumulation and oxidative DN A damage after
ICH

Although iron is essential for normal brain function,
iron overload can cause brain injury [2]. After ICH,
iron concentrations in the brain can reach very high
levels. In the present study, iron-positive cells were
found in the perihematomal area as early as the first
day, detected by Perl’s staining. DNA is vulnerable to
oxidative stress, and 8-OHdG and AP sites are sensi-
tive markers of such DNA injury [5]. Normally, APE,
a DNA repair enzyme, repairs AP sites in DNA [7].
Ku-proteins are also DNA repair proteins [6]. APE
and Ku is constitutively expressed in the non-injured
brain, but can decrease due to oxidative DNA damage
[6, 7]. DNA damage can result from at least 2 path-
ways: endonuclease-mediated DNA fragmentation or
oxidative injury [3]. In the present study, we could not
find obvious double-strand breaks by the TUNEL
method, but did detect single-strand breaks by PANT
staining. We also found abundant positive cells around
the hematoma 3 days after ICH. As with the 8-OHdG
immunoreactivity and AP sites results, this may reflect
oxidative damage. The oxidative proteins are analyzed
for carbonyl content by immunoblot with anti-DNP
antibody and a specific band could be detected at
50 kDa [10]. The DNP protein levels and the number
of AP sites and 8-OHdG immunoreactivity all peaked
at 3 days after ICH in this study. These results suggest
that brain oxidative damage peaks about 3 days after
ICH.

Influence of iron on brain oxidation and DN A damage

It is known that iron can react with lipid hydroper-
oxides to produce free radicals, which contribute to
neuronal damage during ischemia/reperfusion [11]. In
vitro, exposure to FeSOy results in lipid peroxidation
in neurons and an increase in apoptotic cell death
[13]. The present study shows that infusion of FeCl,
into the caudate induces DNP expression and PANT-
positive cells 24 hours later, suggesting the Fe2* might
contribute to ICH-induced oxidative stress and DNA
damage, a hypothesis supported by our findings on
the effects of bipyridine.

Effect of iron chelation on ICH

Bipyridine is a small molecular weight (MW 220)
ferrous iron chelator. It is hydrophobic, so that at
physiological pH it partitions into cell membranes
and binds iron as it passes through this lipid environ-
ment [1]. In a previous study, we found that deferox-
amine, a ferric iron chelator, attenuates brain edema
and neurological deficits in a rat ICH model [9]. These
results suggest that both ferrous and ferric iron chela-
tors such as bipyridine and deferoxamine could be use-
ful for the treatment of brain edema following ICH.
Because of their permeability, both bipyridine and de-
feroxamine are capable of chelating intracellular iron,
although deferoxamine also chelates extracellular iron

[4].

Conclusion

The present study suggests that iron-induced oxida-
tion causes DNA damage in the brain following ICH.
Oxidative stress and iron chelation are potential thera-
peutic targets for ICH.
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Summary

Iron overload occurs in brain after intracerebral hemorrhage
(ICH). Deferoxamine, an iron chelator, attenuates perihematomal
edema and oxidative stress in brain after ICH. We investigated the
effects of deferoxamine on cerebrospinal fluid (CSF) free iron and
brain total iron following ICH.

Rats received an infusion of 100-pL autologous whole blood into
the right basal ganglia, then were treated with either deferoxamine
(100 mg/kg, i.p., administered 2 hours after ICH and then at 12-
hour intervals for up to 7 days) or vehicle. The rats were killed at
different time points from 1 to 28 days for measurement of free and
total iron. Behavioral tests were also performed. Free iron levels in
normal rat CSF were very low (1.1 + 0.4 umol). After ICH, CSF
free iron levels were increased at all time points. Levels of brain total
iron were also increased after ICH (p < 0.05). Deferoxamine given 2
hours after ICH reduced free iron in CSF at all time points. Deferox-
amine also reduced ICH-induced neurological deficits (p < 0.05),
but did not reduce total brain iron.

In conclusion, CSF free iron levels increase after ICH and do not
clear for at least 28 days. Deferoxamine reduces free iron levels and
improves functional outcome in the rat, indicating that it may be a
potential therapeutic agent for ICH patients.

Keywords.: Cerebral hemorrhage; iron; behavior; deferoxamine.

Introduction

Experimental studies have demonstrated that
iron overload occurs after intracerebral hemorrhage
(ICH) and contributes to ICH-induced brain injury
[25]. Our previous study showed that non-heme iron
increases about 3-fold after ICH in a rat model [22].
The major source of iron accumulation in the brain is
hemoglobin after erythrocyte lysis [22, 23]. However, a
recent study found that iron bound to transferrin in the
plasma also results in brain injury after ICH [13]. De-
feroxamine, an iron chelator, attenuates acute peri-
hematomal brain edema and oxidative stress [11].

Free iron can cause free radical formation and oxi-
dative brain damage. The natural history of free iron

accumulation following ICH is still not clear. We in-
vestigated the time course of free and total iron in the
brain after ICH. The effects of deferoxamine on free
iron in cerebrospinal fluid (CSF), total iron in the
brain, and behavioral outcomes following ICH were
also examined.

Materials and methods

Animal preparation and intracerebral infusion

The University of Michigan Committee on the Use and Care of
Animals approved the protocols for these studies. Male Sprague-
Dawley rats each weighing 300 to 400 g (Charles River Laborato-
ries, Wilmington, MA) were used. Aseptic techniques were utilized
in all surgical procedures. Animals were anesthetized with pentobar-
bital (50 mg/kg, i.p.). The right femoral artery was catheterized for
continuous blood pressure monitoring and blood sampling. Blood
was obtained from the catheter for analysis of pH, PaO,, PaCO,,
hematocrit, and glucose, and as the source for the intracerebral
blood infusion. Body temperature was maintained at 37.5°C using
a feedback-controlled heating pad. Animals were positioned in a
stereotactic frame (David Kopf Instruments, Tujunga, CA) and a
cranial burr hole (1 mm) was drilled on the right coronal suture
4.0 mm lateral to the midline. Autologous blood was withdrawn
from the right femoral artery and infused (100 pL) immediately
into the right caudate nucleus through a 26-gauge needle at a rate of
10 pL per minute using a microinfusion pump (Harvard Apparatus
Inc., Holliston, MA). Coordinates were 0.2 mm anterior and
3.5 mm lateral to the bregma with a depth of 5.5 mm. After intra-
cerebral infusion, the needle was removed and the skin incision
closed with suture.

Experimental groups

Rats were divided to 2 groups. All rats had an ICH. In the first
group, rats received deferoxamine treatment (100 mg/kg, i.p., 2
hours after ICH and at 12-hour intervals thereafter). The second
group received the same amount of vehicle. The rats (6 to 9 rats/
group/time point) were then killed at 1, 3, 7, 14, or 28 days later for
total brain tissue iron and CSF free iron determination. All animals
underwent behavioral testing until sacrificed.
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Free iron determination

The rats were anesthetized with pentobarbital. CSF was obtained
by puncture of the cisterna magna 1, 3, 7, 14, and 28 days after ICH
and stored at —80 °C before determination. Free iron in CSF was de-
termined according to the method described by Nilsson ez al. [14].

Total brain tissue iron determination

Rats were killed at 1, 3, 7, 14, and 28 days after ICH. Brains were
perfused with saline before decapitation and then removed. A coro-
nal slice ~ 4 mm thick around the injection needle tract was cut, di-
vided into ipsilateral and contralateral sides, and weighed. The brain
was then homogenized with 2 mL 0.1 mol phosphate-buffered saline
and stored at —80°C before determination. Total brain tissue iron
(ng/g tissue weight) was determined according to the method de-
scribed by Fish [1].

Behavioral tests

All animals were tested before and after surgery and scored by
investigators who were blinded to both neurological and treat-
ment conditions. Three behavioral assessments were used: forelimb-
placing, forelimb-use asymmetry, and corner-turn tests [4].

(A) Forelimb-placing test

Forelimb placing was scored using a vibrissae-elicited forelimb-
placing test. Independent testing of each forelimb was induced by
brushing the vibrissae ipsilateral to that forelimb on the edge of a
tabletop once per trial for 10 trials. Intact animals placed the fore-
limb quickly onto the countertop. Percent of successful placing re-
sponses were determined. A previous study showed a reduction in
successful responses in the forelimb contralateral to the site of in-
jection after ICH [4].

(B) Forelimb-use asymmetry test

Forelimb use during explorative activity was analyzed by video-
taping rats in a transparent cylinder for 3 to 10 minutes depending
on the degree of activity during the trial. Behavior was quantified
first by determining the occasions when the non-impaired ipsilateral
(I) forelimb was used as a percentage of total number of limb-use
observations on the cylinder wall. Second, the occasions when the
impaired forelimb contralateral (C) to the blood-injection site were
used as a percentage of total number of limb-use observations on
the wall. Third, the occasions when both (B) forelimbs were used
simultaneously as a percentage of total number of limb-use obser-
vations on the wall. A single overall limb-use asymmetry score
was calculated as: Limb use asymmetry score = [I/(I1+ C + B)] —
[C/(1+C+B)].

(C) Corner-turn test

Each rat was allowed to proceed into a 30° corner. To exit the cor-
ner, the rat could turn either left or right. The direction was recorded.
The test was repeated 10 to 15 times, with at least 30 seconds between
each trial, and the percentage of right turns calculated. Only turns
involving full rearing along either wall were included. The rats were
not picked up immediately after each turn so they did not develop an
aversion for turning around.

Statistical analysis

Student ¢ test and Mann-Whitney U test were used to compare
brain iron and behavioral data. Values are mean + SD. Statistical
significance was set at p < 0.05.
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Results

All physiological variables were measured imme-
diately before intracerebral infusion. Mean arterial
blood pressure, blood pH, PaO,, PaCO,, hematocrit,
and blood glucose level were controlled within nor-
mal ranges (mean arterial blood pressure, 70 to
100 mmHg; blood pH, 7.40 to 7.50; PaO,, 80 to
120 mmHg; PaCO,, 35 to 45 mmHg; hematocrit, 38
to 43%; blood glucose level, 80 to 130 mg/dL).

Deferoxamine reduces free iron levels in CSF following
ICH

Free iron levels in the normal CSF were very low in
the rat (1.1 &+ 0.4 pmol). After ICH, free iron levels in
CSF were increased at the first day (8.5 + 1.3 pmol)
and peaked at the third day (14.2 + 5.0 umol). CSF
free iron remained at high levels for at least 28
days (6.2 + 1.1 pmol). Deferoxamine treatment initi-
ated 2 hours after ICH reduced free iron in CSF at
all time points (e.g., day 3: 6.7 &+ 2.0 umol versus
14.2 + 5.0 umol in the vehicle-treated group, p <
0.05).

Deferoxamine fails to reduce total brain tissue iron
levels in the ipsilateral hemisphere following ICH

The levels of total brain tissue iron also increased
in the ipsilateral hemisphere after ICH (e.g., day 1:
264 + 55 pgf/g versus 87 + 13 pgf/g in the contrala-
teral side, p < 0.01), and remained elevated for at least
4 weeks (255 + 61 ug/g versus 85 + 17 pg/g in the
contralateral side, p < 0.01). Deferoxamine treatment
initiated 2 hours after ICH did not reduce total brain
tissue iron in the ipslateral hemisphere following ICH
at all time points (e.g., day 1: 257 + 41 pg/g versus
264 + 55 pg/g in the vehicle-treated group, p > 0.05;
day 3: 227 + 41 pg/g versus 243 + 46 pg/g in the
vehicle-treated group, p > 0.05).

Deferoxamine treatment ameliorates neurological
deficits after ICH

Deferoxamine treatment reduced ICH-induced
neurological deficits in rats. Corner-turn scores were
improved at all time points in the deferoxamine-
treated group compared with the vehicle group (e.g.,
day 1: 88.4 + 3.0% versus 97.7 + 1.2%, p < 0.05;
day 7: 69.6 £+ 20.0% versus 83.9 + 16.8%, p < 0.05).
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Forelimb-placing scores were also improved in the
deferoxamine-treated group compared with the vehicle
group (e.g., day 3: 73.3 + 6.5% versus 46.7 + 7.8%,
p <0.01; day 7: 87.1 + 3.1% versus 52.4 + 6.7%,
p < 0.05). There was also an improvement in ICH-
induced forelimb-use asymmetry associated with de-
feroxamine therapy (e.g., day 1: 26.8 + 3.2% versus
47.2 + 3.4%, p < 0.05; day 7: 10.0 + 3.6% compared
with 31.0 + 4.3%, p < 0.05).

Discussion

The present study shows that free iron levels in CSF
increase on the first day, peak on the third day, and re-
main high for at least 28 days after ICH. Systemic de-
feroxamine administration reduces free iron contents
in CSF and improves functional outcomes after ICH
in rats. However, deferoxamine has little effect on
brain total iron after ICH.

Free iron levels in CSF increase as early as the first
day after ICH. The sources of free iron are either the
hematoma itself or circulating blood in the presence
of a disrupted blood-brain barrier. Before erythrocyte
lysis and hemoglobin breakdown, iron may come from
serum of the clot and/or through a leaky blood-brain
barrier. Our recent studies have shown that iron-
positive cells (Perls’ staining) that appear to be neu-
rons are located around the hematoma 24 hours after
ICH and that deferoxamine reduces acute brain edema
when given 6 hours after ICH [11, 22]. After erythro-
cyte lysis, hemoglobin releases iron; free iron concen-
trations in the brain reach even higher levels. Neither
CSF free iron nor brain total iron returns to normal
levels within 28 days. Thus, there is the potential for
long-term iron-mediated damage following ICH.

Iron-induced brain damage may result from oxida-
tive stress. Oxidative brain injury plays an important
role in ICH [12]. Iron can stimulate the formation of
free radicals leading to neuronal damage. It is known
that ferrous (Fe?") and ferric (Fe*) iron react with
lipid hydroperoxides to produce free radicals [19]. In-
tracerebral injection of iron causes lipid peroxidation,
brain edema, neuronal damage, and focal epileptiform
paroxysmal discharges [3, 5, 6, 11, 20, 21].

Systemic administration of deferoxamine reduces
free iron levels in CSF and improves functional
outcomes after ICH. Our previous studies demon-
strated that deferoxamine attenuates hematoma- and
hemoglobin-induced brain edema [6, 11]. These results
suggest that deferoxamine may be a therapeutic agent

for ICH patients. Deferoxamine, an iron chelator, is
an FDA-approved drug for the treatment of acute
iron intoxication and for chronic iron overload due
to transfusion-dependent anemias. Deferoxamine can
rapidly penetrate the blood-brain barrier and accumu-
late in the brain tissue at a significant concentration
after systemic administration [8, 15]. Deferoxamine
chelates iron by forming a stable complex that pre-
vents iron from entering into further chemical reac-
tions. It readily chelates iron from ferritin and hemosi-
derin but not readily from transferrin. Deferoxamine
binds ferric iron and prevents the formation of hy-
droxyl radical via the Fenton/Haber-Weiss reaction.
Furthermore, deferoxamine reduces hemoglobin-
induced brain Na*/K* ATPase inhibition and neu-
ronal toxicity [2, 17, 18]. Favorable effects of iron
chelator therapy have been reported in various cere-
bral ischemia models [7, 10].

Although deferoxamine is an iron chelator, it can
have other effects. Thus, it can act as a direct free
radical scavenger [7, 10] and it can induce ischemic
tolerance in the brain [16]. The latter has been demon-
strated in vivo and in vitro and may be related to a
deferoxamine induction of hypoxia-inducible tran-
scription factor 1 binding to DNA [16].

It is well-known that thrombin formation and iron
are 2 major factors causing brain injury after ICH
[9, 24, 25]. Indeed, iron and thrombin can interact
to cause brain damage [13]. Nakamura et al [13]
found that intracerebral co-administration of holo-
transferrin (holo-Tf; iron-loaded transferrin) with
thrombin causes brain edema, oxidative damage, and
DNA fragmentation. These effects were not found in
rats treated with holo-Tf alone or apo-transferrin, a
non-iron-loaded transferrin, with thrombin. Thus, the
presence of holo-Tf and thrombin during the forma-
tion of an intracerebral hematoma may participate in
ICH-induced brain injury. Reducing brain free iron
levels by deferoxamine may result in less thrombin-
related brain injury after ICH.

To determine whether or not deferoxamine en-
hances the clearance of iron from the brain after ICH,
brain total iron levels in the ipsilateral and contra-
lateral hemisphere with or without deferoxamine were
also determined. Brain total iron levels were increased
after ICH, but deferoxamine did not reduce total iron
levels in the ipsilateral hemisphere, suggesting that de-
feroxamine cannot enhance iron export after ICH, at
least in this model.

In summary, CSF free iron levels are increased at
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the first day after ICH and remain high for at least 4
weeks. Deferoxamine reduces free iron levels, oxida-
tive brain injury, edema, and neurological deficits, sug-
gesting that it may be a potential therapeutic agent for
ICH patients.
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Summary

Pretreatment with low-dose thrombin attenuates brain edema in-
duced by iron or intracerebral hemorrhage (ICH). Ceruloplasmin is
involved in iron metabolism by oxidizing ferrous iron to ferric iron.
The present study examines whether thrombin modulates brain cer-
uloplasmin levels and whether exogenous ceruloplasmin reduces
brain edema induced by ferrous iron in vivo.

In the first set of experiments, rats received intracerebral infusion
of saline or 1 U thrombin into the right basal ganglia. Rats were
killed 1, 3, or 7 days later for Western blot analysis and RT-PCR
analysis. In the second set of experiments, rats received either ferric
iron, ferrous iron, or ferrous iron plus ceruloplasmin, then were
killed 24 hours later for brain edema measurement. We found that
ceruloplasmin protein levels in the ipsilateral basal ganglia increased
on the first day after thrombin stimulation and peaked at day 3.
Brain ceruloplasmin levels were higher after thrombin infusion
than after saline injection. RT-PCR showed that brain ceruloplas-
min mRNA levels were also up-regulated after thrombin injection
(p < 0.05). We also found ipsilateral brain edema after intracerebral
infusion of ferrous iron but not ferric iron at 24 hours. Co-injection
of ferrous iron with ceruloplasmin reduced ferrous iron-induced
brain edema (p < 0.05). Our results demonstrate that thrombin
increases brain ceruloplasmin levels and exogenous ceruloplasmin
reduces ferrous iron-induced brain edema, suggesting that cerulo-
plasmin up-regulation may contribute to thrombin-induced brain
tolerance to ICH by limiting the injury caused by ferrous iron re-
leased from the hematoma.

Keywords: Brain edema; ceruloplasmin; iron; preconditioning;
thrombin.

Introduction

High concentrations of thrombin cause brain edema
and cell death, but thrombin in low concentrations is
neuroprotective [6, 13, 16]. Thus, we found that prior
treatment with a low dose of thrombin attenuates the
brain edema induced by intracerebral hemorrhage
(ICH) or iron [3, 17], and significantly reduces infarct
size in a rat model of middle cerebral artery occlusion

[8]. We termed this phenomena thrombin precondi-
tioning (TPC), or thrombin-induced brain tolerance.

Iron overload occurs in the brain after ICH and
contributes to ICH-induced brain injury [9, 14, 18]. Al-
though TPC can reduce iron-induced brain edema, the
mechanisms of thrombin-induced tolerance to iron
are not clear. Thrombin may induce brain protection
through up-regulating brain iron-handling proteins.
Ceruloplasmin, which can be synthesized in the brain,
is involved in iron metabolism by oxidizing ferrous
iron to ferric iron [11].

The present study examines whether thrombin can
modulate brain ceruloplasmin levels and whether ex-
ogenous ceruloplasmin can reduce brain edema in-
duced by ferrous iron in vivo.

Materials and methods

Animal preparation and intracerebral infusion

The University of Michigan Committee on the Use and Care of
Animals approved the protocols for these animal studies. Male
Sprague-Dawley rats each weighing 300 to 400 g (Charles River
Laboratories, Wilmington, MA) were used in our study. Aseptic pre-
cautions were utilized in all surgical procedures. Animals were anes-
thetized with pentobarbital (50 mg/kg, i.p.). The right femoral artery
was catheterized for continuous blood pressure monitoring and
blood sampling. Blood was obtained from the catheter for analysis
of pH, Pa0O,, PaCO,, hematocrit and glucose. Body temperature
was maintained at 37.5°C using a feedback-controlled heating pad.
The animals were positioned in a stereotactic frame (David Kopf In-
struments, Tujunga, CA) and a cranial burr hole (1 mm) was drilled
on the right coronal suture 4.0 mm lateral to the midline. Thrombin,
iron, or saline was infused into the right caudate nucleus through a
26-gauge needle at a rate of 10 pL per minute using a microinfusion
pump (Harvard Apparatus Inc., Holliston, MA). After intracerebral
infusion, the needle was removed and the skin incision closed with
suture.
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Experimental groups

There were 2 sets of experiments in this study. In the first set, pen-
tobarbital anesthetized rats received an intracerebral infusion of sa-
line or 1 U thrombin into the right basal ganglia. Rats were killed 1,
3, or 7 days later for Western blot analysis and reverse transcription
polymerase chain reaction (RT-PCR) analysis. In the second set, rats
received 50 pL of either 0.2 mmol ferric iron, 0.2 mmol ferrous iron,
or 0.2 mmol ferrous iron plus 10 pmol ceruloplasmin, then were
killed 24 hours later for brain edema measurement.

Brain water and ion content measurement

Rats were killed by decapitation under deep pentobarbital anes-
thesia (60 mg/kg i.p.). The brains were removed immediately and a
coronal brain slice (approximately 4 mm thick) 3 mm from the fron-
tal pole was cut with a blade. The brain samples were then divided
into cortex or basal ganglia (ipsilateral or contralateral). A total of
5 samples from each brain were obtained: the ipsilateral cortex and
basal ganglia, the contralateral cortex and basal ganglia, and cere-
bellum. Brain water content was measured by the wet/dry weight
method and sodium ion content was measured by flame photometry
[15].

Western blot analysis

Western blot analysis was performed on days 1, 3, and 7 after
thrombin infusion using previously described methods [16]. In brief,
protein concentration was determined by Bio-Rad protein assay
kit. Samples (50 pg protein) were run on a polyacrylamide gel and
then transferred to pure nitrocellulose membrane (Amersham
Biosciences, Piscataway, NJ). For ceruloplasmin measurements,
membranes were probed with 1:2500 dilution of rabbit anti-human
ceruloplasmin antibody (Dako Cytomation, Carpinteria, CA), fol-
lowed by a 1:2500 dilution of the secondary antibody (peroxidase-
conjugated goat anti-rabbit antibody, Vector Laboratories, Burlin-
game, CA). The antigen-antibody complexes were visualized with a
chemiluminescence system (Amersham) and exposed to photosensi-
tive film. The relative densities were analyzed using NIH Image soft-
ware, version 1.62 (National Institutes of Health, Bethesda, MD).

Reverse transcription (RT ) and polymerase chain reaction (PCR)

Rats were re-anesthetized with pentobarbital (60 mg/kg, i.p.) and
killed by decapitation. The brains were removed and a 3-mm thick
coronal brain slice was cut with a blade approximately 4 mm from
the frontal pole. The ipsilateral and the contralateral basal ganglia
were sampled for RT-PCR [2].

PCR was performed with 15 pL of the reverse transcriptase reac-
tion mixture (PerkinElmer, Wellesley, MA) containing 25 mmol
MgCly, dNTP, 10x PCR buffer IT and AmpliTaq DNA polymer-
ase in a final volume of 50 pL. The rat GPI-anchored cerulo-
plasmin primers (NIH GenBank database) corresponded to nucleo-
tides 2928 to 2951 (sense primer, 5'-GTA TGT GAT GGC TAT
GGG CAA TGA-3’) and 3355 to 3376 (antisense primer, 5'-CCT
GGA TGG AAC TGG TGA TGG A-3’). Rat GAPDH primers
(5'-CTCAGTGTAGCCCAGGATGC-3’, 5-ACCACCATGGA-
GAAGGCTGG-3’) were used to amplify GAPDH mRNA, a
housekeeping gene used as a control. Amplification was performed
in a DNA thermal cycler (MJ Research, Waltham, MA). Samples
were subjected to 30 cycles (94 °C, 1 minute; 58 °C, 1.5 minutes; and
72°C, 2 minutes). PCR production was analyzed by the use of elec-
trophoresis on a 1% agarose gel. Gels were visualized with ethidium
bromide staining and ultraviolet transillumination. Photographs
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were taken with black and white film (Polaroid Corp., Waltham,
MA) and analyzed using NIH image 1.62.

Statistical analysis

All data are presented as mean + SD. Data were analyzed with
ANOVA using the Scheffe post hoc test or Student ¢ test. Signifi-
cance levels were measured at p < 0.05.

Results

Mean arterial blood pressure, blood pH, PaO,,
PaCO,;, hematocrit, and blood glucose were controlled
within normal ranges.

To test whether thrombin can up-regulate brain
ceruloplasmin, mRNA and protein levels were de-
termined by RT-PCR and Western blot. RT-PCR
analysis followed by scanning densitometry of bands
revealed that brain ceruloplasmin mRNA levels in the
ipsilateral basal ganglia were markedly up-regulated
on the first day after thrombin injection (from un-
detectable to 1847 + 740 pixels, p < 0.05). Cerulo-
plasmin protein levels in the ipsilateral basal ganglia
increased on day 1, peaked at day 3, and were still
higher than normal at day 7 after thrombin infusion.
Compared with saline control, brain ceruloplasmin
levels in the ipsilateral basal ganglia were higher after
thrombin infusion (day 3: 8833 + 1250 vs. 3863 + 961
pixels in the saline control group, p < 0.01) (Fig. 1).

Brain edema developed in the ipsilateral basal gan-
glia 24 hours after intracerebral infusion of 50 puL
0.2 mmol ferrous iron (80.6 + 0.9% vs. 78.2 + 0.6%
in the contralateral side; n=7) but not 50 uL
0.2 mmol ferric iron (78.4 + 0.4% vs. 78.1 + 0.6% in
the contralateral side, n = 7). Co-injection of ferrous
iron with ceruloplasmin reduced ferrous iron-induced
brain edema (79.0 + 1.2 vs. 80.9 + p < 0.05), so-
dium ion accumulation (213 + 22 vs. 294 + 80 uEq/g
dry wt, p < 0.05) and potassium loss (393 + 22 vs.
354 + 22 pEq/g dry wt, p < 0.05) in the ipsilateral
basal ganglia.

Discussion

Our results demonstrate that TPC increases brain
ceruloplasmin levels and that exogenous ceruloplas-
min reduces ferrous iron-induced brain edema, sug-
gesting that up-regulation of ceruloplasmin may con-
tribute to thrombin-induced brain tolerance to ICH
by limiting the injury caused by ferrous iron released
from the hematoma.
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Fig. 1. Brain ceruloplasmin protein levels ( Western blot) in the
ipsilateral basal ganglia (ipsi-BG) and contralateral basal ganglia
(cont-BG) 3 days after saline and thrombin infusion. Values are
mean + SD. #p < 0.01 vs. other groups

Iron accumulates in the brain after ICH and
an iron chelator, deferoxamine, reduces ICH-and
hemoglobin-induced brain edema, suggesting that
iron plays an important role in perihematomal brain
edema formation [4, 9, 14]. We demonstrated that
TPC reduces brain edema induced by intracerebral in-
fusion of iron or lysed erythrocytes [3]. It is important
to understand the mechanisms behind the thrombin-
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induced brain tolerance against iron-induced brain in-
jury because they may represent naturally-occurring
pathways that can be manipulated pharmacologically
to limit brain injury associated with iron overload. It
should be noted that iron overload in the brain is asso-
ciated with many neurodegenerative disorders [12].

Although the mechanisms of thrombin-induced
brain tolerance against iron are still not well under-
stood, our present study indicates that ceruloplasmin
may be involved. The brain can produce ceruloplas-
min [7] and we found that thrombin up-regulates ceru-
loplasmin in the rat brain at both mRNA and protein
levels. Ceruloplasmin is an a2-glycoprotein that oxi-
dizes toxic ferrous iron to less-toxic ferric iron. Our
study demonstrates that ceruloplasmin can reduce
ferrous iron-induced brain edema. In addition, cerulo-
plasmin is involved in iron efflux from cultured astro-
cytes [5]. An important question is whether thrombin-
induced ceruloplasmin up-regulation enhances iron
efflux from brain after ICH. Ceruloplasmin also pos-
sesses antioxidant functions and prevents free radical
injury [10, 11]. Mice lacking ceruloplasmin have iron
deposition in areas of the brain and have increased
lipid peroxidation [10], while mice lacking both cerulo-
plasmin and its homolog hephaestin have increased
retinal iron and retinal neurodegeneration [1].

In addition to ceruloplasmin, other iron handling
proteins including transferrin and transferrin receptor
may contribute to thrombin-induced brain tolerance
to iron. We have shown that brain transferrin and

Fig. 2. Brain water content in the basal ganglia 24
hours after intracerebral injection of 50 pL of
0.2 mmol ferric iron, 0.2 mmol ferrous iron, or
0.2 mmol ferrous iron plus 10 pmol ceruloplasmin
(Cp). Values are mean + SD. *p < 0.05 vs. other
groups
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transferrin receptor levels are increased after intracere-
bral thrombin infusion [3]. Many studies implicate
transferrin and transferrin receptor in the transport of
iron from blood to brain across the blood-brain bar-
rier, but a recent investigation indicates that there
also is rapid efflux of transferrin from brain to blood,
suggesting that transferrin may help iron clearance
[19].

In summary, thrombin increases brain ceruloplas-
min levels and induces brain tolerance to iron. Manip-
ulating brain ceruloplasmin content may limit iron-
mediated brain injury.
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Summary

The aims of the current study were 1) to establish an adult rat
model of intraventricular hemorrhage (IVH) and post-hemorrhagic
ventricular dilatation, and 2) to examine the role of alterations in
cerebrospinal fluid (CSF) drainage and parenchymal injury in that
dilatation.

Rats underwent infusion of 200 pl of autologous blood over 15
minutes. The rats were used to measure hematoma mass, ventricular
dilatation, and cortical mantle volume (with T2 imaging), resistance
to CSF absorption, and brain edema (as a marker of brain injury).
IVH resulted in ventricular dilatation peaking at day 2 but persisting
for at least 8 weeks. Although there was an increased resistance to
CSF absorption at 3 days, it returned to normal at day 7. Long-
term ventricular dilatation was not associated with an alteration in
cortical mantle volume, although there was evidence of cortical dam-
age (edema). It is possible that initial ventricular distension (due to
the hematoma and the impaired CSF drainage) in combination
with periventricular white matter damage results in structural
changes that prevent total recoil once the hematoma has resolved
and CSF drainage is normalized, leading to long-term hydrocepha-
lus.

Keywords: Intraventricular hemorrhage; hydrocephalus; CSF
absorption.

Introduction

In adults, parenchymal cerebral hematomas close to
the ventricular system often extend into the ventricles.
Indeed, it has been estimated that about 40% of in-
tracerebral hemorrhage cases have an intraventricu-
lar component [1]. Such intraventricular hemorrhage
(IVH) is a predictor of poor outcome following intra-
cerebral hemorrhage [2]. IVH can also result from in-
traventricular vascular malformations, aneurysms, or
tumors, as well the insertion or removal of ventricular
catheters [3]. In some cases of IVH there is long-term
post-hemorrhagic ventricular dilatation. Such dilata-
tion is also a predictor of poor outcome [6, 9]. How-

ever, the underlying cause of the dilatation is still
uncertain.

The aims of the current study were, therefore, to
establish an adult rat model of IVH with post-
hemorrhagic ventricular dilatation. This was then
used to examine the effects of IVH on cerebrospinal
fluid (CSF) drainage and parenchymal injury in order
to examine the potential role of altered CSF dynamics
and hydrocephalus ex vacuo in post-hemorrhagic ven-
tricular dilatation.

Methods

In all the experiments in this report, adult male Sprague Dawley
rats (300 to 400 g) were anesthetized with pentobarbital (50 mg/kg;
i.p.) and a femoral artery cannula was inserted. The rats were then
placed in a stereotactic frame and 200 pl of arterial blood or CSF
was infused over 15 minutes into the right lateral ventricle, 1.7 mm
lateral to the sagittal suture, 0.6 mm posterior to the coronal suture
and at a depth of 4.5 mm. The animals were then allowed to recover
from anesthesia.

In preliminary experiments, other potential IVH models were
tested. Blood was infused at a faster rate (200 pl/4 min) with or with-
out prior infusion of thrombin (1 unit) or activated Factor VII (2
units). These experiments did not produce a well-defined intraven-
tricular hematoma and blood gathered in the cisterna magna and
on the base of the brain. These models were, therefore, not em-
ployed.

Utilizing the 200 pl/15 min infusion regimen, the following mea-
surements were made:

1) Hematoma size was assessed 1 hour, 3 days, and 1 week after
IVH. Animals were re-anesthetized and sacrificed at each time point.
The intraventricular clot was dissected out and weighed.

2) Ventricular dilatation was assessed by T2 imaging using a 7T
small animal MRI scanner with serial thin cut slices (Fig. 1). Six
rats with IVH and 6 rats with CSF infusion were followed up to 8
weeks by performing serial brain MRI scans to assess ventricular
volume.

Cortical mantle volume was measured in 3 normal (no operation),
3 IVH, and 3 CSF-infused rats. All volume measurements were cal-
culated from serial coronal T2 images using MRI volumetric analy-
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Fig. 1. Serial magnetic resonance imaging of a control rat (A), and a rat 2 days after IVH (B). Note the marked ventricular dilatation in (B).
The degree of dilatation was greater ipsilateral (right) to the site of blood injection

sis software. Measurements were taken rostral-to-caudal from the
anterior commissure to the splenium of the corpus callosum, and
superior-to-inferior by measuring from 1.5 mm lateral to the mid-
sagittal plane around the periphery to the mid-equatorial line in the
coronal plane. Full thickness of the mantle was measured all the way
to the periventricular surfaces in all sections.

3) Resistance to CSF absorption was measured at day 3 and day 7
in IVH and CSF-infused controls (n = 4 per group). Resistance was
measured by the method of Jones and Gratton [4]. CSF was infused
into the right lateral ventricle at 0, 2, 5, 10, 15, and 20 pl/min while

CSF pressure was monitored. CSF plateau pressures were plotted
against CSF infusion rate and the resistance to absorption calculated
as the slope of this relationship using linear regression analysis.

4) Brain edema was measured at 3 days after IVH (n = 5) or CSF
(n = 4) infusion. The ipsi- and contralateral anterior and posterior
cortices were dissected and weighed before and after drying at
100 °C. The water content per g dry weight was then calculated.

Values presented in the text are given as means + SE. Compari-
sons were made by #-test or analysis of variance with a Newman-
Keuls post-hoc test for multiple comparisons.
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Fig. 1 (continued)

Results

Infusing 200 pl of autologous blood over 15 minutes
produced a sizeable hematoma within the ventricular
system. One hour after infusion, the extractable hema-
toma volume was 58 + 4 mg. By 3 days, hematoma
volume was 15 + 2 mg and by 1 week, there was al-
most complete hematoma resolution (1 + 1 mg).

By MRI, the lateral ventricular volume after IVH
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peaked on day 2 (62.9 + 9.6 mm? vs. 7.7 + 0.2 mm?
in controls; n =6 per group, p < 0.01). This post-
hemorrhagic ventricular dilatation (Fig. 1) was usually
bilateral, and there was still dilatation after 8 weeks
although to a reduced degree (28.6 + 10.4 mm? vs.
6.7 + 0.2 mm? in controls; p < 0.05). Cortical man-
tle volume at 8 weeks was similar in normal, IVH-
and CSF-infused sham rats (126 + 1, 124 + 4, and
127 + 3 mm?, respectively).
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The IVH caused an increase in the resistance to CSF
absorption at 3 days (16.0 +4.7 vs. 5.3 + 0.5 mm
H;O/min/uL in controls; n = 4 per group; p < 0.05).
By 7 days, however, the resistance in the IVH group
had dropped (p < 0.05 vs. day 3) to a level not unlike
that of controls (6.3 + 0.7 vs. 5.3 + 0.4 H,O/min/pL;
n=4).

IVH also induced brain edema at day 3 in the poste-
rior cortex ipsilateral (4.09 + 0.04 vs. 3.76 + 0.03 g
water/g dry weight in controls; n=35 and 4 per
group, p < 0.001) and contralateral (4.00 + 0.05
vs. 3.68 + 0.04 g water/g dry weight in controls;
p < 0.01) to the site of injection. There was also ipsi-
and contralateral anterior cortex edema after IVH, al-
though this was less than found in the posterior cortex.

Discussion

The slow infusion of blood employed in this model
produced a reliable intraventricular hematoma that re-
solved over the first week. This rate of resolution is
faster than is found in human IVH [10] or in porcine
models of IVH [5], where clot resolution occurs over
weeks. This is probably the result of differences in
absolute hematoma volumes in the different species.

The IVH model used in this study resulted in ven-
tricular dilatation, peaking at day 2. There was some
resolution of the hydrocephalus by 8 weeks, but this
was still incomplete. In a porcine model, Pang et al.
[8] also reported long-term hydrocephalus after intra-
ventricular blood infusion. However, Mayfrank ez al.
[5], in another pig model, found that the ventricular di-
latation resolved within 6 weeks. The reason for this
difference is uncertain.

In rat, early dilatation appears to be due to the pres-
ence of the hematoma and impairment in the CSF flow
pathways (a 3-fold increase in the resistance to absorp-
tion). However, dilatation remained even when CSF
outflow dynamics returned to normal and the intra-
ventricular hematoma was resolved. Mayfrank et al.
[5], in a porcine IVH model, also found that the resis-
tance to CSF absorption was elevated early after IVH
but returned to normal by day 7, even though the pigs
continued to have ventricular dilatation at that time
point.

Given that the long-term post-hemorrhagic hydro-
cephalus in the rat model does not appear to be caused
by altered CSF absorption, it might represent ex vacuo
changes secondary to brain parenchymal atrophy.

K. R. Lodhia et al.

IVH did induce damage to the cortex as evinced by
brain edema and periventricular white matter damage
(data not shown). However, our cortical mantle vol-
ume measurements failed to support the hypothesis
that the post-hemorrhagic dilatation represented ex
vacuo hydrocephalus. No brain atrophy was found in
the IVH group at 8 weeks. It is possible that the initial
ventricular distension (due to the hematoma and the
impaired CSF drainage) in combination with peri-
ventricular white matter damage results in structural
changes that prevent total brain recoil once the hema-
toma has been resolved and CSF drainage is normal-
ized, leading to long-term hydrocephalus.

There are ongoing trials of fibrinolytics to assess
their potential for removing intraventricular blood
and, thus, diminishing mass and neurotoxic effects of
the IVH and improving CSF drainage [7]. There are
concerns, however, that fibrinolytics, such as tissue
plasminogen activator (tPA), may have adverse paren-
chymal effects. The current rat model should provide a
setting in which to study the effects of tPA treatment or
other therapeutic interventions.
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Summary

Neurological deterioration during the first day after intracerebral
hemorrhage (ICH) is associated with early hematoma growth in
18 to 38% of patients. While clinical studies continue to evaluate
efficacy of activated recombinant factor VII (rFVIla) for reducing
frequency of early hematoma growth, there have been no studies in-
vestigating the effect of rFVIla on early hematoma growth. We used
a collagenase-induced ICH model in the rat to evaluate the effects of
rFVIla on early hematoma growth.

Two hours after injection of 0.14 U of type IV bacterial collage-
nase in 10 pL of saline into the basal ganglia, a small amount of
blood collected in the striatum. The ICH gradually increased
in size, extending posteriorly to the thalamus by 24 hours after
injection. Intravenous administration of rFVIIa immediately after
collagenase injection decreased average hematoma volume at 24
hours compared with vehicle-treated group (168.1 + 13.4 mm3 vs.
118.3 + 23.0 mm?, p < 0.01). There was also a decrease in total he-
moglobin content in rats treated with rFVIIa compared with vehicle-
treated rats (optical density at 550 nm: 0.87 + 0.08 vs. 0.71 4+ 0.09,
p < 0.05). There was no difference in cortical brain water content
overlying the hematoma between the rFVIla- and vehicle-treated
groups (81.4 + 0.7% vs. 81.7 + 0.4%). Our study indicates that treat-
ment with rFVIIa may be useful in reducing the frequency of early
hematoma growth in ICH patients.

Keywords: Factor VII; brain edema; hematoma; intracerebral
hemorrhage.

Introduction

Intracerebral hemorrhage (ICH) represents approx-
imately 15% of stroke cases in the United States and
20% to 30% in Asian populations [30]. The 30-day
mortality rate is 35% to 50%, and most survivors are
neurologically disabled, with only 20% of patients be-
coming fully independent at 6 months [3]. In contrast
to the successful therapeutic advances for ischemic
stroke and subarachnoid hemorrhage, there remains a
lack of effective treatment for ICH. Neurological dete-

rioration frequently begins during the first day and is
attributed to the development of brain edema and
mass effect surrounding the hematoma [16]. Deteriora-
tion during the first day after bleeding is also strongly
associated with early hematoma growth, and hema-
toma volume is an important predictor of 30-day mor-
tality [2, 4, 10, 11, 17]. Studies involving patients
scanned within 3 hours of the onset of ICH have
shown that early hematoma growth, documented by
subsequent CT scans, occurs in 18% to 38% of patients
[4,9,12,17].

The mechanism by which hematomas enlarge is
unclear. Bleeding has been thought to be completed
within minutes of onset and hematoma growth has
been assumed to be the result of rebleeding from the
initial site of arterial or arteriolar rupture [14]. Al-
though this may be true in many cases, several lines of
recent evidence have suggested that hematoma growth
is due to bleeding into the congested and damaged tis-
sue in the regions around the hematoma [24, 25]. As
hematoma growth is a dynamic process in acute ICH,
intervention with ultra-early hemostatic therapy could
minimize, and possibly even prevent, early hematoma
growth. The rapid action of recombinant activated
factor VII (rFVIIa) at the local bleeding site, coupled
with its low risk of systemic adverse effects, makes
this agent a potentially valuable hemostatic treatment
during the high-risk stage of ICH [8].

One of the key prerequisites for identifying an effec-
tive therapy for ICH is the development of an animal
model that accurately mimics the dynamic processes
involved in human ICH. Infusion of bacterial collage-
nase into the striatum disrupts vasculature and causes
bleeding in the surrounding brain tissue [29]. Magnetic
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resonance imaging and histopathological examination
have shown that hematoma enlargement occurs for up
to 4 hours after the collagenase injection in this model
of ICH [6]. We slightly modified the procedure re-
ported by Rosenberg et al. [29] by increasing the
amount of solution and decreasing the concentration
of collagenase in the solution. This allowed slower
hematoma development in animals, and enabled eval-
uation of the effects of rFVIla on early hematoma
enlargement. Although no experimental studies inves-
tigating the effect of rFVIla on ICH have been pub-
lished, a clinical study is currently underway to evalu-
ate its efficacy in reducing the frequency of early
hematoma growth in patients with acute ICH [8, 23,
24].

Materials and methods

The Ethics Committees for Animal Experiments at Kagawa
University approved the experimental protocols used in this study.
Animals were allowed free access to food and water before the exper-
iment.

Experimental model

A total of 66 male Sprague-Dawley rats were used in this study.
The rats were anesthetized with intraperitoneal sodium pentobarbi-
tal (60 mg/kg). A polyethylene (PE-50) catheter was introduced into
the femoral artery to obtain blood samples for analysis of blood
gases, blood pH, hematocrit, and blood glucose concentration. Rec-
tal temperature was maintained at 37.5 °C during the surgery using a
feedback-controlled heating system.

The rat was positioned in a stereotactic frame and the scalp was
incised along the midline. Using sterile technique, a I-mm burr hole
was opened in the skull near the left coronal suture 3-mm lateral to
the midline. A blunt 26-gauge needle was inserted into the left cau-
date putamen (striatum) under stereotactic guidance (coordinates:
0.2 mm anterior, 5.5 mm ventral, and 3 mm lateral to the bregma).
Solutions containing 0.14 U of bacterial collagenase (Type 1V,
Sigma-Aldrich, St. Louis, MO) in 10 pL of saline were infused into
the brain over a period of 10 minutes using a microinfusion pump
(Eicom EPS-26, Kyoto, Japan). The stereotactic needle was re-
moved 5 minutes after completion of infusion. The burr hole was
sealed with cyanoacrylate glue and the incision was closed with
sutures. The rats were placed in a warm box and allowed to recover
from the anesthesia and given free access to food and water.

Experimental protocols

This study was divided into 3 parts. The first part examined hem-
atoma growth after the collagenase infusion. Animals received an in-
fusion of 10 pL of collagenase solution (0.14 U) into the left basal
ganglia. Hematoma volume was evaluated at 2, 4, 6, 12, and 24
hours after collagenase infusion (n = 5 for each time point). Control
animals received 10 puL of saline into the basal ganglia and were sac-
rificed at 24 hours (n = 5).

The second part of the study investigated whether general
administration of rFVIIa reduces hematoma enlargement. Treated-
animals received an intravenous injection of 120 pg/kg of rFVIla
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(NovoSeven, Novo Nordisk, Denmark) in 200 uL. water immedi-
ately after collagenase infusion. Control animals received vehicle
(200 pL of water) immediately after collagenase infusion. Recombi-
nant human VIla was reported to inhibit the bleeding tendency in-
duced by warfarin treatment in rats [7]. The dose of rFVIla used in
this study (120 pg/kg) was chosen based on a previously determined
range used in an experimental study (50 and 250 pg/kg) [7] and in a
randomized clinical trial for patients with ICH (10- to 120-ug/kg
bolus dose) [8]. At 24 hours after collagenase infusion, animals were
sacrificed for measurements of hematoma volume (n = 6 in each
group) or brain hemoglobin content (n = 6 in each group).

The third part of the study evaluated the effect of general ad-
ministration of rFVIla on brain edema formation 24 hours after
collagenase infusion. Treated-animals (n = 6) received an intrave-
nous injection of 120 pg/kg of rFVIla in 200 pL water immediately
after collagenase infusion. Control animals (n = 6) received vehicle
(200 pL of water) immediately after collagenase infusion.

Analytical methods
Morphometric measurement of hematoma volume

Animals were sacrificed by decapitation under deep sodium pento-
barbital anesthesia (100 mg/kg), and the brains were rapidly re-
moved and sectioned coronally at 2-mm intervals. After taking
photographs using a digital camera, the hemorrhage area for each
slice was measured with the use of a computerized image analysis
system (Imagel, version 1.32, National Institutes of Health, Be-
thesda, MD). Total hematoma volume was calculated by summing
the clot area in each section and multiplying the distance (2 mm) be-
tween sections.

Spectrophotometric hemoglobin assay

A modified spectrophotometric assay was used to determine blood
volume (hemoglobin) in the brain after ICH [5]. The ipsilateral cere-
bral hemisphere was collected from each animal. Distilled water
(3 mL) was added to each hemisphere, followed by homogenization
for 30 seconds, sonication on ice with an ultrasonicator for 1 minute,
and centrifugation at 13000 rpm for 30 minutes. The hemoglobin
containing supernatant was collected, and 400 pL of Drabkin’s solu-
tion was added to a 100-pL aliquot. Fifteen minutes later, the optical
density of the solution at 550-nm wavelength was measured to assess
hemoglobin content.

Measurement of brain water content

After sacrificing the rats by decapitation, the brains were rapidly
removed and 2 coronal slices of 4-mm thickness were cut 4 mm
from the frontal pole. The brain slices were divided along the
midline and the cortex was separated from the basal ganglia bilater-
ally. Tissue samples were immediately weighed on an electronic
analytical balance to the nearest 0.1 mg to obtain the wet weight
(WW). Tissue samples were then dried in an oven at 110°C for 24
hours and weighed again to obtain the dry weight (DW). The
formula (WW — DW)/WW x 100 was used to calculate the brain
water content and expressed as a percentage of WW.

Data analysis

All data in this study are presented as mean + SD. Data were an-
alyzed using Student ¢ test or analysis of variance (ANOVA) with
Fisher PLSD test using StatView version 5.0 (SAS Institute, Chi-
cago, IL). A 2-tailed probability value of less than 0.05 was used to
indicate a significant difference.
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Fig. 1. Time course of hematoma growth after intracerebral infusion of type IV bacterial collagenase solution into the striatum. The average
hematoma volume at 24 hours after collagenase injection was significantly larger compared with the values at 2, 4, and 6 hours after the colla-
genase injection (A) (#p < 0.001). The hematoma mainly increased in size in slices posterior to the collagenase injection site (arrow) (B)

Results

There were no significant differences in the values of
arterial blood pressure, blood gas tension, blood pH,
hematocrit level, body temperature, or blood glucose
concentration between the 2 groups.

Hematoma enlargement

Two hours after collagenase injection, a small
amount of blood had already collected in the striatum
extending along with the external capsule, and the av-
erage hematoma volume was 90.5 + 21.3 mm? (Fig.
1A). At4 hours after collagenase injection, the amount
of blood that had collected in the striatum had become
larger and roughly spherical in shape; the average
hematoma volume was 103.3 + 12.9 mm? (Fig. 1A).
The clot occupied almost the entire area of the stria-
tum, extending to the ventricular wall medially and
corpus callosum superiorly. The amount of blood
gradually increased in size and extended to the thala-
mus posteriorly by 24 hours after collagenase injec-
tion (Fig. 1B); the average hematoma volume was
112.7 + 23.5 mm? at 6 hours, 149.8 + 17.0 mm? at
12 hours, and 168.4 + 14.9 mm? at 24 hours (Fig.
1A). When comparison was made with the value at 2
hours after collagenase injection, the average hema-

toma volume was larger at 12 hours (p < 0.001) and
24 hours (p < 0.001). When comparison was made
with the value at 4 hours, the average hematoma vol-
ume was also larger at 12 hours (p < 0.01) and at 24
hours (p < 0.001). When comparison was made with
the value at 6 hours, the average hematoma volume
was larger only at 24 hours (p < 0.001).

Effects of rFVIla on hematoma enlargement

Blood collection in the basal ganglia was assessed
morphometrically 24 hours after collagenase injection
in rats receiving either rFVIIa or vehicle. Intravenous
administration of rFVIla immediately after collage-
nase injection significantly decreased the average
hematoma volume compared with vehicle-treated rats
(168.1 4+ 13.4 mm? vs. 118.3 & 23.0 mm?, p < 0.01)
(Fig. 2A). Brain hemoglobin content was also used to
assess hematoma mass. Again, there was a decrease in
hemispheric total hemoglobin content in rats treated
with rFVIIa compared with vehicle-treated rats (OD
at 550 nm: 0.87 +0.08 vs. 0.71 +0.09, p < 0.05)
(Fig. 2B). Since the hemoglobin concentration in the
blood was the same in the rFVIIa and vehicle groups,
this indicates that the clot mass was significantly
smaller in the rFVIla-treated rats.
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Fig. 2. Hematoma volume (A) and brain hemoglobin (optical density) (B) 24 hours after intracerebral infusion of collagenase solution. Imme-
diately after collagenase injection, rats received an intravenous infusion of rFVIIa (120 pg/kg) or vehicle (water). Values are mean + SD.

**p < 0.01 and *p < 0.05 compared with vehicle

Effects of rFVIla on brain water content

Brain water content in the cortex overlying the hem-
atoma was determined 24 hours after collagenase in-
jection using the drying/weighing method in rats re-
ceiving either rFVIla or vehicle. In spite of reduced
hematoma volume by administration of rFVIIa, there
were no differences in ipsilateral cortical water content
between rFVIla-treated and vehicle-treated groups
(anterior: 81.4 +0.7% vs. 81.7 + 0.4%, posterior:
81.7 + 0.6% vs. 81.7 + 0.5%).

Discussion

Early hematoma growth after ICH

Neurological deterioration during the first day after
ICH is strongly associated with early hematoma
growth, and the volume of the hematoma is an impor-
tant predictor of 30-day mortality [2, 4, 10, 11, 17]. The
time course for progression of ICH in humans is con-
troversial. Herbstein and Schaumburg [14] injected
I Cr-labeled erythrocytes into 11 patients with hyper-
tensive ICH between 1 to 2 and 4 to 5 hours after on-
set. Postmortem examination revealed no significant
radioactivity in the primary hematoma, suggesting
that bleeding had ceased within at least 2 to 5 hours af-

ter onset [14]. On the other hand, cerebral angiography
performed 1.5 to 7 hours after onset showed extravasa-
tion of the contrast medium from perforating arteries
in 7 patients with ICH [27]. An association between
early hematoma growth and irregular clot morphol-
ogy, which is presumably the result of multifocal
bleeding, has also been reported [18]. Initial bleeding
has been thought to be completed quickly in many
cases as a result of clotting and tamponade by sur-
rounding brain tissue. Hematoma growth has been as-
sumed to result from rebleeding from the initial site of
arterial or arteriolar rupture. Although this may be
true in many cases, there have been several case reports
in which active bleeding seemed to last more than 6
hours after onset of ICH. Recent studies suggest that
early hematoma growth may also result from second-
ary bleeding into perilesional tissue in the periphery of
the initial clot [24, 25]. Simultaneous CT and single-
photon emission CT studies have demonstrated in-
stances in which ICH growth results from the addi-
tion of discrete hemorrhages within the no-flow zone
around the existing clot [24, 25]. These clinical data
suggest that early hematoma growth is a dynamic pro-
cess in acute ICH and in some cases may result from
bleeding into a “penumbra” of damaged and con-
gested brain tissue immediately surrounding a hema-
toma.
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Collagenase-induced ICH model in rats

In the collagenase-induced ICH model, histopatho-
logical studies have shown that erythrocytes appear
around blood vessels at the needle puncture site within
the first hour and there is an extensive hematoma 4
hours after collagenase infusion with tissue disruption
by extravasated erythrocytes [29]. Enlargement of the
hematoma was observed for up to 4 hours after colla-
genase injection in this model of ICH using magnetic
resonance imaging and examining comparable histo-
logical sections [6]. We have slightly modified the pro-
cedure reported by Rosenberg ez al. [29] by increasing
the amount of solution and decreasing the concentra-
tion of collagenase in the solution. In our model, there
was already a small amount of hemorrhage in the stria-
tum spreading along the external capsule 2 hours after
collagenase injection. The relatively large amount of
injection solution used in this study readily spread
through the white matter. By 4 hours, the extravasated
blood in the striatum was almost contiguous with the
external capsule and became roughly spherical, occu-
pying almost the entire area of the striatum, extending
to the ventricular wall medially and corpus callosum
superiorly. ICH gradually increased in size and ex-
tended to the thalamus posteriorly by 24 hours after
collagenase injection. Our modification has the benefit
of producing a slow-growing ICH of uniform shape
and reproducible size in the basal ganglia. In this
model, the effects might be caused by tissue compres-
sion and ““infusion edema’ because of the relatively
large amount of solution injection. However, rats that
received 10 pL of vehicle (saline) injection did not ex-
hibit an increase in brain water content in the basal
ganglia and overlying cortex (data not shown).

Effects of rFVIla on hematoma enlargement

Because hematoma growth is a dynamic process
during an acute ICH, intervention with ultra-early he-
mostatic therapy could minimize and possibly even
prevent early hematoma growth. FVIIa is an impor-
tant natural initiator of hemostasis exerting its primary
effects locally in regions of endothelial disruption and
vascular injury [13]. Factor VII forms a complex with
exposed tissue factor at local bleeding sites, activating
the hemostatic cascade locally to form a hemostatic
plug. A pharmacological dose of rFVIIa amplifies this
process. Long-term clinical use for the treatment of
hemophilic patients with inhibitors, rFVIIa has been

N. Kawali et al.

associated with low risk of systemic coagulation and
thromboembolic complications and has shown good
clinical results for treating intracranial hemorrhage [1,
22, 31]. Clinical trials also indicate that rFVIla pro-
motes hemostasis in neurosurgical patients with nor-
mal coagulation activity [15, 28]. Clinical studies are
currently ongoing to evaluate its efficacy for reducing
the frequency of early hematoma growth in patients
with acute ICH [8, 23, 24]. Arrest of early hematoma
growth might reduce the frequency of neurological de-
terioration by preventing early worsening related to
hematoma growth, as well as late deterioration from
perihematomal edema and mass effect.

The ideal animal model has not been established
for early hematoma growth and prevention of hema-
toma enlargement using pharmacological interven-
tion. While our model does not faithfully mimic the
complex and dynamic nature of human ICH, it does
resemble human ICH dynamics and enables evalua-
tion of the effect of rFVIIa on early hematoma growth.
As a clotted hematoma forms, plasma rich in thrombin
quickly seeps into surrounding tissue [32]. Thrombin
causes blood-brain barrier disruption and enhances
brain edema formation in rats [20, 21]. In spite of re-
duced hematoma volume by rFVIla administration,
there was no reduction in the brain water content in
the overlying cortex between the rFVIla-treated and
vehicle-treated groups in our experiment. A pharma-
cological dose of rFVIIa amplifies thrombin formation
at the clot-brain interface and may exacerbate brain
edema formation in rFVIla-treated animals. However,
results from phase II trials have shown that there was
no dose-related effect of rFVIla on edema-to-ICH vol-
ume ratio and even a high dose of rFVIla (160 pg/kg)
did not exacerbate brain edema formation around
ICH [26]. A recent study has shown that the thrombin
inhibitor argatroban can reduce ICH-induced edema
formation in rats [19]. Further studies are necessary
to evaluate the effect of combined treatment using
rFVIla and argatroban on ICH growth and perihema-
tomal brain edema formation in rats. While we ad-
ministered the rFVIla immediately after collagenase
injection into the brain, studies of delayed treatments
of rFVIIa on hematoma growth should also be per-
formed before endorsing the clinical use of rFVIIa in
patients with acute ICH.

In conclusion, the present experimental study indi-
cates that treatment with rFVIIa may be useful in
reducing the frequency of early hematoma growth in
patients with ICH. Our experimental results further
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justify the ongoing clinical trial of rFVIIa on human
ICH.
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Summary

The present study examined differences in intracerebral hemor-
rhage (ICH)-induced brain injury in male and female rats, whether
delayed administration of 17B-estradiol can reduce ICH-induced
brain damage, and whether these effects are estrogen receptor (ER)-
dependent.

Male and female Sprague-Dawley rats received an infusion of
100-pL autologous whole blood into the right basal ganglia. The
effects of 17p-estradiol (5 mg/kg, i.p.) on ICH-induced brain injury
were examined by measuring brain edema and neurological deficits
24 hours later. Heme oxygenase-1 (HO-1) was investigated by
immuno-analysis. Brain edema was significantly less in female com-
pared to male rats. The ER antagonist ICI182,780 exacerbated ICH-
induced brain edema in female but not in male rats, suggesting that
ER activation during ICH is protective in female rats. Administra-
tion of 17B-estradiol to male (but not female) rats significantly re-
duced brain edema, neurological deficits, and ICH-induced increases
in brain HO-1 levels when given 2 hours after ICH. This study
showed that female rats have less ICH-induced injury than male
rats. ER is involved in limiting ICH-induced injury in female rats.
ICH-injury in male rats can be reduced by 17f-estradiol. Since 1783-
estradiol treatment was effective in male rats, it could be a potential
therapeutic agent for ICH.

Keywords: Cerebral hemorrhage; brain edema; estrogen receptor.

Introduction

Evidence suggests that estrogen is both a natural
neuroprotectant and a potential therapeutic agent
for cerebrovascular disease. Several mechanisms may
contribute to the effect of estrogen on brain injury.
Estrogen is known to be vasoactive in the cerebral cir-
culation under normal and ischemic conditions [5].
Harder and Coulson [3] showed that estrogen recep-
tors (ERs) are present in vascular smooth muscle cells.
There are, however, direct effects of estrogen on neu-
rons, as evidenced by the fact that estrogen protects

neuronal cultures from a variety of stresses including
oxidative stress and excitotoxicity [2]. Estrogen exerts
protective effects in ischemic stroke through ER acti-
vation [10]. There is also evidence that estrogens can
protect via ER-independent mechanisms [4].

Many patients with an intracerebral hemorrhage
(ICH) deteriorate progressively because of secondary
edema formation [6]. We have shown that pretreat-
ment with 17B-estradiol attenuates brain edema after
ICH in male mice [§8]. Whether delayed treatment
would be beneficial after ICH is unknown, however,
there is a paucity of data on the underlying neuropro-
tective mechanisms of estrogen in ICH and, in particu-
lar, whether those mechanisms involve ER activation.
The present study examined whether there are dif-
ferences in ICH-induced brain injury in male and
female rats, whether delayed administration of 17f3-
estradiol can reduce ICH-induced brain damage, and
whether these effects are ER-dependent.

Materials and methods

Animal preparation and intracerebral infusion

Animal protocols were approved by the University of Michigan
Committee on the Use and Care of Animals. Male and female
Sprague-Dawley rats (Charles River Laboratories, Portage, MI),
each weighing 300 to 400 g, were used in the experiments. Rats
were allowed free access to food and water. The animals were anes-
thetized with pentobarbital (40 mg/kg, i.p.) and the right femoral
artery was catheterized to monitor arterial blood pressure and to
sample blood for intracerebral infusion. Blood pH, PaO,, PaCO,,
hematocrit, and glucose levels were monitored. Rectal temperature
was maintained at 37.5°C using a feedback-controlled heating pad.
The rats were positioned in a stereotaxic frame (David Kopf Instru-
ments, Tujunga, CA) and a cranial burr hole (I mm) was drilled near
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the right coronal suture 3.5 mm lateral to the midline. A 26-gauge
needle was inserted stereotaxically into the right basal ganglia (coor-
dinates: 0.2 mm anterior, 5.5 mm ventral, and 3.5 mm lateral to the
bregma). Autologous whole blood (100 pL) was infused at a rate of
10 pL/min with the use of a microinfusion pump (Harvard Appara-
tus, South Natick, MA). The needle was removed, the burr hole was
filled with bone wax, and the skin incision closed with suture.

Experimental groups

This study was performed in four parts. With the exception of 1
experiment in part 2, all rats received an intracaudate injection of
100 pL autologous whole blood and were sacrificed 24 hours later.
Part 1 evaluated ICH-induced changes in brain water content in
male and female rats (n = 5 each group).

Part 2 investigated the effect of ER inhibitor IC1182,780 (Tocris
Cookson Inc., Ellisville, MO) on ICH-induced brain edema (n = 5
each group) in male and female rats. IC1182,780 (10 pg dissolved in
10 pL saline plus 2.5% ethanol and 1% gelatin) was mixed with
100 pL autologous whole blood. Twenty rats had an intracaudate in-
jection of 100 pL autologous blood with either 10 pg ICI182,780 or
vehicle (2.5% ethanol and 1% gelatin in saline). The animals were
divided into the following 4 groups: (1) ICI182,780 or (2) vehicle
treatment in ICH male rats. (3) ICI182,780 or (4) vehicle treatment
in ICH female rats. Animals were anesthetized and sacrificed 24
hours after ICH for brain edema measurement (n = 5 each group).

To examine whether the differential effect of ICI182,780 might re-
flect differences in the level of ERa expression between sexes, normal
male and female rats were sacrificed for Western blot analysis and
immunohistochemistry (n = 3 per gender).

Part 3 examined the effect of exogenous 17B-estradiol (Sigma-
Aldrich, St. Louis, MO) as a therapeutic agent for ICH-induced
brain damage in male rats. Thirty rats had an intracaudate injection
of 100 pL autologous whole blood and were treated with either 1783-
estradiol (5.0 mg/kg dissolved in saline plus 1% gelatin) or vehicle
(1% gelatin in saline) subcutaneously.

The animals were divided into the following 6 groups according to
sex and time of treatment after ICH: (1) 17B-estradiol or (2) vehicle
administered 2 hours after ICH in male rats. (3) 17f-estradiol or (4)
vehicle administered 6 hours after ICH in male rats. (5) 17B-estradiol
or (6) vehicle administered 2 hours after ICH in female rats. Animals
underwent behavioral testing before ICH, and 24 hours after ICH
(n =5 each group). Animals were then anesthetized and sacrificed
for brain edema measurement (n = 5 each group).

Involvement of ER in the protective effects of exogenous 17f-
estradiol given after 2 hours in male rats was examined using
ICI182,780. Ten rats had an intracaudate injection of 100 pL auto-
logous whole blood mixed with ICI182,780 (10 pg). Animals were
treated with either 17f-estradiol (5.0 mg/kg dissolved in saline plus
1% gelatin; n = 5) or vehicle (1% gelatin in saline; n = 5) 2 hours
later. Animals were re-anesthetized and sacrificed 24 hours after
ICH for brain edema examination (n = 5 each group).

Part 4 examined the effect of 17B-estradiol (given 2 hours after
ICH) on heme oxygenase-1 (HO-1) levels 24 hours following ICH
in male rats. HO-1 levels were investigated by Western blot analysis
and immunohistochemistry (n = 3 each group).

Brain water content

Animals were re-anesthetized (pentobarbital 60 mg/kg, i.p.) and
decapitated 24 hours after ICH for brain water measurements. The
brains were removed, and a coronal brain slice (approximately
3 mm thick) 4 mm from the frontal pole was cut with a blade. The
brain slice was divided into 2 hemispheres along the midline, and
each hemisphere was dissected into cortex and basal ganglia. The

cerebellum served as a control. Five samples from each brain were
obtained: ipsilateral and contralateral cortices, ipsilateral and con-
tralateral basal ganglia, and the cerebellum. Brain samples were im-
mediately weighed on an electric analytical balance (Model AE 100,
Mettler Instrument, Highstown, NJ) to obtain the wet weight. Brain
samples were then dried at 100°C for 24 hours to obtain the dry
weight. The formula for calculation was as follows: (Wet Weight —
Dry Weight)/Wet Weight.

Western blot analysis

Animals were anesthetized before undergoing transcardial perfu-
sion with saline. The brains were then removed and a 3 mm thick co-
ronal brain slice was cut approximately 4 mm from the frontal pole.
The slice was separated into ipsilateral and contralateral basal gan-
glia. Western blot analysis was performed as previously described.
Briefly, 50 pg proteins for each were separated by sodium dodecyl
sulfate polyacrymide gel electrophoresis and transferred to a
Hybond-C pure nitrocellulose membrane (Amersham, Piscataway,
NJ). The membranes were blocked in Carnation nonfat milk.
Membranes were probed with a 1:2000 dilution of the primary anti-
body (rabbit anti-ERa antibody or rabbit anti-hemeoxygenase-1 an-
tibody) and a 1:3000 dilution of the second antibody (peroxidase-
conjugated horse anti-rabbit antibody, BIO-RAD Laboratories,
Hercules, CA). The antigen-antibody complexes were visualized
with a chemiluminescence system (Amersham) and exposed to film
(Kodak X-OMAT, Rochester, NY). The relative densities of bands
were analyzed with NIH Image (Version 1.61, National Institutes of
Health, Bethesda, MD).

Behavioral tests

ICH-induced neurological deficits were assessed using forelimb-
placing and corner-turn tests [11]. In the vibrissae-elicited forelimb-
placing test, animals were held by their bodies to allow their fore-
limbs to hang free. Independent testing of each forelimb was induced
by brushing the respective vibrissae on the corner of a table top once
per trial for 10 trials. A score of 1 was given each time the rat placed
its forelimb onto the edge of the table in response to the vibrissae
stimulation. Percent successful placing responses were determined
for impaired forelimb and non-impaired forelimb.

For the corner-turn test, each rat was allowed to proceed into a
30° corner. To exit the corner, the animal could turn either to
the left or right, and this was recorded. This was repeated 10 to
15 times, and the percentage of right turns was calculated. Both
forelimb-placing and corner-turn tests were performed and scored
by an investigator blinded to treatment conditions.

Statistical analysis

All data are presented as mean + SD. Data from water and ion
contents, Western blot analysis, and behavioral tests were analyzed
using Student ¢ test or analysis of variance (ANOVA), followed by
Scheffe post hoc test for multiple comparisons. Significance levels
were measured at p < 0.05.

Results

Female rats had less brain edema in the ipsilateral
basal ganglia 24 hours after ICH compared to male
rats (80.1 +0.3% vs. 81.7 + 0.4%, p < 0.05). Co-
injection of the ER inhibitor ICI 182,780 along with
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the blood had no significant effect on ICH-induced
brain edema formation in male rats (ipsilateral basal
ganglia water content 81.3 + 1.0% vs. 81.7 + 0.4%
in vehicle-treated rats). In contrast, ICI 182,780 co-
infusion in female rats resulted in an increase in
brain water content in the ipsilateral basal ganglia
(81.4 + 0.5% vs. 80.1 £+ 0.3% in vehicle-treated rats,
p < 0.05). Interestingly, in the presence of ICI
182,780, ICH-induced brain edema was similar in
male and female rats.

Whether the sex-dependent effects of ICI 182,780
were associated with differences in basal ganglia ER-a
levels was examined by immunohistochemistry and
Western blot. By Western blot analysis, ER-a levels
in the ipsilateral basal ganglia were higher in fe-
male compared to male rats (2198 + 228 pixels and
1487 + 327 pixels, p < 0.05).

In male rats, subcutaneous administration of 17f3-
estradiol 2 hours after ICH reduced water content in
the ipsilateral basal ganglia at 24 hours compared to
vehicle-treated controls (79.1 + 0.6% vs. 81.8 + 0.9%,
p < 0.05). 17B-estradiol treatment 2 hours after ICH
also reduced ICH-induced neurological deficits. The
forelimb-placing score was improved 24 hours after
ICH compared with the vehicle group (32 + 13% vs.
0 + 0%, p < 0.05). There was also an improvement in
ICH-induced corner-turn test scores compared with
vehicle-treatment (82 + 13% vs. 98 + 4%, p < 0.05).
Unlike males, 17f-estradiol treatment in female rats
did not reduce brain edema in the ipsilateral basal
ganglia when given 2 hours after ICH (brain water
content 79.5 + 0.3 vs. 80.1 + 0.1% in vehicle-treated
controls). Similarly, delaying 17p-estradiol treatment
in male rats until 6 hours after ICH did not reduce
ICH-induced edema in the ipsilateral basal ganglia
(81.2 +£ 0.7% vs. 81.7 £+ 0.6%).

As described above, 17B-estradiol treatment 2 hours
after ICH markedly reduced brain edema formation in
male rats. This was still the case when the ER inhibi-
tor, ICI 182,780, was co-injected with blood. Thus,
even in the presence of this inhibitor, 17p-estradiol
treatment reduced brain water content in ipsilateral
basal ganglia (79.0 + 0.3%) compared with vehicle-
treated animals (81.4 + 0.5%, p < 0.05). Indeed the
degree of 17B-estradiol-induced protection was similar
in ICI 182,780 and vehicle-treated male rats.

HO-1 protein levels were increased in the ipsilateral
basal ganglia compared with the contralateral basal
ganglia 24 hours after ICH in male rats (6738 + 1231
pixels vs. 1538 + 345, p < 0.05). Two-hour delayed
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17B-estradiol treatment reduced HO-1 protein levels
(2068 + 457 vs. 6738 + 1231 in the vehicle group,
p < 0.05).

Discussion

The greater neuroprotection afforded to females in
cerebral ischemia and trauma is likely due to the effects
of circulating estrogens and progestins [9]. In the pres-
ent study we found that brain injury in female, but not
male, rats was exacerbated in the presence of the ER
inhibitor, ICI182,780. Indeed, in the presence of this
inhibitor there was no difference in brain edema be-
tween females and males, suggesting that reduced in-
jury in female rats after ICH is due to ER activation.
Interestingly, a recent report found that ICI182,780
only exacerbates ischemic injury in female but not
male mice [10]. Western blot analysis and immuno-
histochemistry both indicated that ERa expression
was greater in the basal ganglia of female compared
to male rats. However, in accord with other studies,
the receptor was present in the brain in males [12].
Thus, the absence of the effect of ICI 182,780 on brain
edema in male rats may reflect differences in estrogen
rather than receptor levels.

The current study showed that 173-estradiol treat-
ment 2 hours after ICH in male rats attenuated peri-
hematomal edema. There was, however, no protection
if treatment was delayed for 6 hours. These results in-
dicate that 17p-estradiol could be a therapeutic agent
for ICH during the acute phase after hemorrhage. In
clinical cases, many patients with intracerebral hema-
toma deteriorate progressively because of brain edema
formation [6]. In addition, we also found that 17f-
estradiol reduced neurological deficits when given 2
hours after ICH in male rats. We used several sen-
sorimotor behavioral tests to examine ICH-induced
neurological deficits [7]. 17B-estradiol improved both
forelimb-placing and corner-turn scores in the present
study.

Heme oxygenase is a key enzyme in hemoglobin
degradation, converting heme to iron, carbon monox-
ide, and biliverdin. HO-1 is markedly up-regulated in
the brain after ICH [14] and heme oxygenase inhibi-
tion reduces brain injury after ICH [13]. The current
study demonstrates that 17B-estradiol reduces peri-
hematomal HO-1 levels. Although the reduced HO-1
levels with 17B-estradiol could reflect reduced brain
injury, these results suggest that 17p-estradiol may, in
part, reduce brain injury by limiting the rate of iron
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release from the hematoma, thereby limiting iron-
induced toxicity. Recently, an iron chelator, defer-
oxamine, has been shown to limit ICH-induced brain
injury in the rat [7].

The effects of exogenous 17B-estradiol on ICH-
induced edema in male rats were not inhibited by ICI
182,780; i.e., it does not appear to be mediated by an
ER-dependent mechanism. Evidence suggests that
estrogens can induce neuroprotection by non-ER as
well as ER-mediated mechanisms [4]. Estrogens pos-
sess anti-oxidative properties [1], and neuroprotection
against oxidative damage by estrogens is most likely
caused by the antioxidant properties of these steroids
rather than through ER activation [2]. In contrast to
the protective effect of 17p-estradiol in male rats,
administration of this agent had no protective effect
in female rats after ICH. Because of the high level of
estrogens circulating in female rats, it may be that ex-
ogenous 17f-estradiol can add no further protection
against ICH. The degree of brain edema in male rats
treated with 17B-estradiol was similar to that of nor-
mal female rats.

This study showed that female rats have less ICH-
induced injury than male rats via an ER-dependent
mechanism. ICH-induced injury in male rats can,
however, be reduced by administration of exogenous
17B-estradiol through an ER-independent mechanism.
Since delayed 17B-estradiol treatment was effective in
male rats, it could be a potential therapeutic agent for
ICH.
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Summary

Recent case reports suggest that dopamine (DA) replacement may
reduce behavioral deficits resulting from hemorrhages along the
nigrostriatal tract. In the rat model of intracerebral hemorrhage
(ICH), behavioral deficits are first evident on day 1, with return to
near control levels by day 28. The current study was conducted to
determine if striatal dopamine alterations are correlated with behav-
ioral deficits. Gamma-aminobutyric acid (GABA) levels were mea-
sured to determine selectivity. Striatal DA, DA metabolites, and
GABA were determined at days 1, 3, 7, and 28 after ICH by high-
pressure liquid chromatography with electrochemical detection.
ICH resulted in significant increases above control in DA contrala-
teral to the lesion (177 to 361% above control, days 1 to 28). There
were also significant, but much less marked changes in GABA. In the
ipsilateral striatum, significant DA increases also occurred (~200%
at day 3 and ~275% day 28), while GABA alterations were not sig-
nificant. These results indicate that the striatal DA system is selec-
tively altered after ICH. Further studies will be needed to determine
if regional dopamine alterations occur relative to the location of the
hematoma.

Keywords: Intracerebral hemorrhage; dopamine; y-aminobutyric
acid.

Introduction

Intracerebral hemorrhage (ICH) accounts for
roughly 37,000 cases per year in the United States and
10% of all strokes [3, 11]. Those that survive often ex-
perience severe neurological deficits. Measurable be-
havioral deficits also occur in a prominent rat model
of ICH [8]. While the pathophysiology following ICH
is becoming better understood, effective novel thera-
peutics have yet to be developed to treat persistent neu-
rological deficits [22].

Certain neurodegenerative diseases are character-
ized by damage to specific neurotransmitter systems.
The most prominent is Parkinson’s disease (PD),
where degeneration of dopaminergic nigrostriatal neu-
rons and subsequent striatal dopamine depletion re-

sults. The primary therapy for PD-associated behav-
ioral deficits is dopamine replacement in the form of
L-dopa [15]. Specific neurotransmitter alterations after
ICH in animals or humans have yet to be characterized
and the identification of such alterations could repre-
sent a novel therapeutic approach to ICH.

Iron overload and oxidative stress are pathogenic
features present in both PD and ICH [16, 20, 21]. Mul-
tiple groups have shown that thrombin, a key mediator
of ICH secondary injury, injected into the substantia
nigra results in degeneration of dopaminergic neurons
[4, 5]. Therefore, it is possible that a hematoma along
the nigrostriatal tract could selectively damage dopa-
minergic neurons. Indeed, there are multiple case re-
ports of parkinsonism associated with midbrain hem-
orrhage [7, 9]. Additionally, at least 2 case reports
exist where behavioral deficits after hemorrhage im-
proved with L-dopa. First, after a large right tem-
poral lobe hemorrhage, a patient developed many of
the classic behavioral signs of parkinsonism, which im-
proved significantly with L-dopa [10]. Second, a brief
clinical report described a traumatic subarachnoid
hemorrhage in left dorsolateral midbrain and the right
cerebral peduncle, which the clinician believed to be
affecting the nigrostriatal dopamine system. The pa-
tient remained in a vegetative state during several
months of conservative management, but showed
marked neurological improvement with the adminis-
tration of L-dopa [12]. These findings prompt further
studies regarding the ability of ICH to selectively dam-
age dopaminergic neurons. Because a significant por-
tion of ICHs occur in the basal ganglia, determination
of dopamine levels in that area is warranted. The aims
of the current study were to determine alterations in
striatal dopamine after ICH in the rat, and determine
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if these alterations were specific to the dopamine sys-
tem by evaluation of y-aminobutyric acid (GABA).

Materials and methods

Materials

Adult male Sprague-Dawley rats (300 to 375 g; Charles River
Laboratories, Portage, MI) were used for all experiments. All experi-
ments were approved by the University of Michigan Committee on
Use and Care of Animals. All chemicals were obtained from Sigma-
Aldrich (St. Louis, MO) unless otherwise noted.

Surgery

Animals were anesthetized with pentobarbital (50 mg/kg, i.p.; Ab-
bott Laboratories, Abbott Park, IL) and received striatal injection of
100 pL autologous blood as previously described [8].

Dopamine determination

Animals were deeply anesthetized and decapitated on days 1
m=15),3(m=25),7(n=>5),or 28 (n =4). Normal animals (n = 5)
were also sampled as absolute controls. Both the ipsilateral and con-
tralateral striata were dissected out on ice (0.0 to 0.2 mm, A/P to
bregma). The striata were weighed and stored at —80 °C until sonica-
tion in ice-cold 0.1 N perchloric acid. Samples were then centrifuged
at 16,000 g for 30 minutes followed by the collection of the superna-
tant and storage at —80 °C. The protein pellet underwent a standard
Bradford protein assay (Bio-Rad, Hercules, CA). The supernatant
was then injected into a high-pressure liquid chromatography
(HPLC) pump (Waters, Milford, MA, Model 1525). The mobile
phase consisted of the following: 0.06 mol sodium phosphate,
0.03 mol citric acid, 1.3 mmol 1-octanesulfonic acid, 0.1 mmol
EDTA, 8% methanol in HPLC water, pH 3.5 with a flow rate
of 1.0 mL/min. DA, 3.4-dihydroxyphenylacetic acid (DOPAC),
and homovanillic acid (HVA) were separated on a Symmetry
4.6 x 150 mm C,3 column with a 3.5 umol particle size (Waters).
Catecholamines were measured using an electrochemical detector
with a glassy carbon working electrode set at 750 mV referenced to
an AG/AgCl salt-bridge electrode (Waters, Model 2465) and quan-
tified by comparison of the area under peak to a standard curve.

GABA determination

Following DA analysis, the supernatant was stored at —80°C
until GABA analysis. A portion of the samples were neutralized
with NaOH (final concentration ~0.1 mol) and underwent derivati-
zation with o-phthaldialdehyde as previously described [18]. The
derivatized supernatant was injected into the HPLC unit. The flow
rate was 1.0 mL/min and the mobile phase contained the following:
0.1 mol sodium phosphate, 0.5 mmol EDTA, 25% methanol, pH 4.5
[17]. Amino acids were separated on a SunFire C;g 4.6 x 100 mm
column with a 3.5 pmol particle size (Waters). GABA was measured
using electrochemical detection with a glassy carbon working elec-
trode set at 850 mV.

Statistics

ANOVA was used to determine the presence of significant differ-
ences between groups and the Tukey/Kramer post hoc test was used
to determine specific significant differences. P < 0.05 was deemed
significant for all tests.
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Results

Control DA and GABA

Striatal DA and GABA levels in control ani-
mals were 53.9 +4.2 (ng/ug protein + SEM) and
727.0 + 58.6, respectively. DOPAC and HVA levels
were 13.5 + 1.1 and 5.5 + 0.6, respectively.

Contralateral DA and GABA

Striatal ICH resulted in a significant (p < 0.05) up-
regulation of contralateral DA (Fig. 1A) on days 1
(177 £ 24% of control + SEM), 3 (313 £+ 15%), 7
(220 + 9%), and 28 (361 + 18%). Significant but less-
marked increases were also observed in contralateral
GABA (Fig. 1C) on days 1 (154 + 5%) and 28
(166 + 10%).

Ipsilateral DA and GABA

Significant DA increases also occurred ipsilateral to
ICH (Fig. 1B) on days 3 (212 + 25% of control) and
28 (276 + 12%). Differences in ipsilateral GABA were
not significant (Fig. 1D).

DA metabolites

Significant differences in DOPAC were observed
in the contralateral striatum (Fig. 1E) on day 1
(57 + 4% of control) and in the ipsilateral striatum
(Fig. 1F) on day 7 (29 + 10%). Additionally, signifi-
cant differences in contralateral HVA (Fig. 1G) were
noted on day 7 (268 + 31%) and in ipsilateral HVA
(Fig. IH) on day 1 (180 + 12%) and 7 (175 + 17%)).

Discussion

The case report by Matsuda et al. [12] raised the pos-
sibility that a hematoma along the nigrostriatal tract
could induce behavioral deficits that improve with
dopamine replacement therapy. Further, the report
by Ling et al. [10] suggested that behavioral deficits in-
dicative of parkinsonism associated with intracerebral
hemorrhage improve with dopamine replacement. To
the best of our knowledge, this is the first report exam-
ining alterations in striatal dopamine levels after ICH.

It may have been expected that dopamine levels
would decrease after ICH because of iron release,
oxidative stress, and subsequent damage to termi-
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nals. However, dopamine levels significantly increased
greater than 2-fold above control ipsilateral to ICH
until at least 28 days. Ipsilateral GABA alterations
were not significant, indicating that the DA system is
preferentially affected after ICH. The changes in ipsi-
lateral DA may reflect an attempt to compensate for
damage to cell bodies, axons, or synaptic connections
affecting dopaminergic transmission. Additionally, the
presence of contralateral DA increases may represent
compensation for damage to the ipsilateral striatum.
Interpreting these alterations in DA will clearly require
additional research, as the methods utilized here mea-
sured gross striatal neurotransmitter levels. It may be
that there are regional differences in DA after ICH.
Particularly, differences may exist between the necrotic
core, penumbra, and the non-affected region.

In order to identify both regional and temporal
changes to the DA system after ICH, positron emis-
sion tomography could be employed. The use of a
scanner designed for rodents would provide suffi-
cient resolution (~ 1-2 mm) to discern the hematoma.
Overlay with MRI images would provide additional
anatomical resolution. Specific tracers could be uti-
lized to quantify damage to DA terminals and changes
in DA receptor expression [6, 14]. Results from these
studies would help determine if the DA system is a pos-
sible target for therapeutic modulation after ICH.

In animal models of PD, levels of both of the
DA metabolites, DOPAC and HVA, are altered.
Within the first few hours after 6-hydroxydopamine
lesioning, both DOPAC and HVA increase in a
similar fashion to DA [2]. However, in both the rat
6-hydroxydopamine and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine models of PD, long-term decreases
in striatal DOPAC and HVA occur, but are less
marked than DA depletion [1, 13]. Additionally, these
metabolites are also reduced in the human parkinso-
nian brain [19]. The ratio of DOPAC/DA increases af-
ter lesioning, where it is thought that surviving DA
neurons increase DA production and resulting turn-
over as a compensatory mechanism [23]. Here we re-
port significant decreases in contralateral DOPAC on
day 1 and ipsilateral DOPAC on day 7. Additionally,
significant increases in HVA occurred on day 1 (ipsi-
lateral) and day 7 (ipsilateral and contralateral). While
the neurochemical profile differs significantly from
that in a 6-hydroxydopamine model, it is clear that
long-term alterations in DA metabolism are evident.
Since HVA is generally considered the final metabolite
in DA catabolism, an increase on day 7 associated with
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DA and DOPAC decrease may indicate cell damage
or altered metabolism. By day 28, DA metabolites re-
turn to control levels, with only DA remaining ele-
vated. Here, the nigrostriatal DA system may be able
to maintain long-term viability through increased pro-
duction of DA, which is not the case in PD.

Because those who survive ICH often suffer severe
neurological deficits, the identification of novel thera-
peutics remains a high priority. The current research
has shown that the dopamine system is affected to a
greater degree than the GABA system after striatal
ICH. Further research is needed to determine if these
changes in the DA system are specific and responsible
for observed behavioral deficits.
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Summary

The complement cascade is activated and contributes to brain
damage after intracerebral hemorrhage (ICH). The present study in-
vestigated ICH-induced brain damage in complement C3-deficient
mice.

This study was divided into 2 parts. Male C3-deficient and C3-
sufficient mice received an infusion of 30-pl autologous whole blood
into the right basal ganglia. In the first part of our study, mice were
killed 3 days later for brain water content measurement. Behavioral
assessments including forelimb use asymmetry and corner turn tests
were also preformed before and after ICH. In the second part of the
study, brain heme oxygenase-1 (HO-1) was measured by Western
blot analysis and immunohistochemistry 3 days after the infu-
sion. We found that brain water content in the ipsilateral basal
ganglia 3 days after ICH was less in C3-deficient mice compared
to C3-sufficient mice (p < 0.05). The C3-deficient mice had re-
duced ICH-induced forelimb use asymmetry deficits compared
with C3-sufficient mice (p < 0.05), although there was no significant
difference in the corner turn test score. Western blot analysis showed
that HO-1 contents were significantly lower in C3-deficient mice (day
3: 2024 4+ 560 vs. 5140 4+ 1151 pixels in the C3-sufficient mice,
p < 0.05). We conclude that ICH causes less brain edema and behav-
ioral deficits in complement C3-deficient mice. These results suggest
that complement C3 is a key factor contributing to brain injury fol-
lowing ICH.

Keywords.: Cerebral hemorrhage; complement C3; brain edema;
hemeoxygenase-1; mice.

Introduction

Complement c