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Preface

It is our greatest pleasure in editing this traditional

monograph following the successful 12th Interna-

tional Symposium on Intracranial Pressure (ICP) and

Brain Monitoring (16th–21st August, 2004), a 30 year-

tradition since the 1972 Hannover Symposium. De-

spite the one year delay by the SARS epidemic in

2003, this Hong Kong International Symposium had

attracted 240 delegates from 30 countries: in addition

to the original neurosurgeon, clinical physicist and

intensivist supporters from Europe, USA and Japan,

we began to see quality original research presentations

from Asia, notably Mainland China, Taiwan, Malay-

sia and Singapore. This monograph on ICP and Brain

Monitoring is consisted of 88 short papers selected

from the 115 oral and 88 oral-poster presentations af-

ter a peer-review process by the International Advisory

Board members. I am grateful to all the editors (Cees

Avezaat, Matthew Chan, Marek Czosnyka, Keith

Goh, Peter Hutchinson, Yoichi Katayama, Joseph

Lam, Anthony Marmarou, Stephanie Ng and John

Pickard) for their untiring e¤orts in reviewing and

proof-reading these manuscripts for timely publication

in 2005.

The theme of this Hong Kong Symposium is to

bring research findings into clinical practice. Anthony

Marmarou’s keynote lecture at the conclusion of the

symposium underlined the importance of translational

research of brain injury. A significant number of qual-

ity presentations have illustrated their scientific value

and clinical relevance. The organization of these pa-

pers into nine sections in the sequence of their original

presentation is kept as follows: ICP management in

head injury, neurochemical monitoring and intracra-

nial hypertension, neuroimaging, hydrocephalus, clin-

ical trials, brain compliance, biophysics and experi-

mental aspects. We have introduced cash prizes for

three best oral and one best oral-poster presentations:

Noam Alperin (on the importance of extracranial ve-

nous flow in idiopathic intracranial hypertension),

Guohua Xi (on brain oedema and neurological deficits

induced by thrombin), Mark O’Connell (on glucose

metabolism in traumatic brain injury, a study combin-

ing microdialysis and PET) and Peter Smielewski (on

ICP pattern after infusion study in hydrocephalic pa-

tients). Seven review papers of the Satellite Symposium

on Neurochemical Monitoring occupy the final section

of this monograph.

I hope the timely publication of this monograph will

expedite dissemination of research findings, ask more

questions and engage in more basic and clinical re-

search. We look forward to the 13th International

Symposium on ICP and Brain Monitoring in San

Francisco in the year 2007.

Wai S. Poon

On behalf of the editors
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Summary

Progress in the understanding of the pathophysiologic process

and management of brain injury provides a unique challenge to the

young investigator. Currently, there are teams both in the laboratory

and clinical settings which may or may not interact as a result of the

depth and breadth of the problems before them. For example, labo-

ratory teams may be focused on cellular or molecular mechanisms of

injury while the clinical investigator is attempting to deal with refrac-

tory ICP and it’s treatment. It is clear that many aspects of biological

research must indeed be approached using molecular techniques of

neuroscience and much has been learned. However, the translational

aspect of this e¤ort may be elusive as it is unclear at present how

these molecular techniques translate into the intensive care unit and

the patient. For many, the research paths taken in the laboratory and

ICU will always remain independent. For those who desire a more

direct pathway to treatment, the ‘‘bench to bedside’’ approach is

one which is more likely to yield results. Several examples will be

given to strengthen the notion that we must not abandon the transla-

tional aspect of research but to embrace the process if we are to fur-

ther improve outcome from brain injury.

Keywords: Brain injury; translational research; bench to bedside

studies.

Introduction

I have been asked by Dr. Poon to lecture on the

topic of the importance of translational research. This

certainly is a broad assignment and it is hardly neces-

sary to emphasize this topic to the investigators who

attend the ICP symposiums. Most if not all are clinical

scientists who merge data from laboratory and clinical

settings in order to better understand the pathophysi-

ology and develop better diagnostic and management

techniques. In fact, this is perhaps one of the most

important aspects of the ICP symposiums in that

the ‘‘Bench to Bedside Investigator’’ is welcome and

clinical data can be presented to an audience who

understands both laboratory and clinical aspects of

the problem in question. I thought that the best way

to illustrate this interaction is to provide an example

from own work which required both clinical and labo-

ratory interaction in order to arrive at a sound scien-

tific conclusion. It concerns the problem of brain swell-

ing and how we utilized data from the laboratory to

design experiments which we carried out in the clinic.

Methods

Many workers in the field of intracranial pressure were focused on

the issue of brain swelling and it was the dictum at the time that brain

swelling and subsequent rise in ICP was due to vascular engorge-

ment. This notion was developed and promoted by several investiga-

tors among them Thomas Langfitt of the University of Pennsylvania

and Professor Ishii of Japan [1]. Marshall, a neurosurgical resident

in Langfitt’ sta¤ also contributed to the laboratory findings. These

workers studied so called ‘‘vascular engorgement’’ in the laboratory

and concluded this was the cause of pressure rise [2–4]. The engorge-

ment was thought to be caused by a ‘‘vasoparalysis’’ and loss of au-

toregulation associated with the mechanical injury. So strong was

the concept of vasoparalysis and vascular engorgement that all the

ICP workers readily accepted this notion for three decades. At the

same time, the newly developed cryogenic lesion model simulating a

cortical contusion with progressive edema migration was the model

of choice for studying not only traumatic brain edema but also the

accompanying rise in ICP.

Cold injury studies in the laboratory setting

Workers, including our laboratory, utilized this cryogenic lesion

model and attempted to understand the interaction between ICP

and the increase in brain tissue water. We found the following.

a. The model did produce sizeable amounts of edema and ICP rise

b. The most significant finding was the dramatic compromise of the

blood brain barrier which persisted for several days.

We concluded from these observations that the brain could not

resolve the increase in tissue water, vessels were compressed and

ICP increased. Our e¤orts were shifted to better understand how

the brain absorbs the excess fluid. To simplify the experimental

model, an infusion model of edema was developed which deposited

a known amount of fluid within the brain parenchyma at a known

rate via a needle positioned in the white matter of the internal cap-

sule [5]. Using this model for several years we noted that



a. There appeared to be no increased resistance to the resolution of

edema in injured animals

b. The edema resolved spherically and was not restricted to ventric-

ular passage.

c. The resolution of edema was not di¤erent between injured ani-

mals and controls.

Given that the brain did not seem to be a¤ected the increased ex-

tracellular volume and that the resolution proceeded equally in in-

jured and controls, we now questioned wether or not the increased

edema volume secondary to barrier compromise was truly responsi-

ble for the ICP rise in patients. We continued with our laboratory

experiments and developed a model where we could measure both

water and blood volume in the rat [6]. We realized that we had to

be able to measure both edema and blood volume in injured animals,

first to confirm the engorgement concept and secondly to observe

if indeed the edema was responsible for the ICP rise observed in ani-

mals. We confirmed that

a. Blood volume was increased but was reduced following trauma

b. The edema was responsible for the observed brain swelling and

ICP rise.

This completely altered our thinking and although autoregulation

could have been e¤ected in these experiments it was clear that edema

was the culprit and responsible for brain swelling. But how was this

possible, particularly in di¤use injury?

Studies in the intensive care unit

It was clear that we had to measure blood volume and edema con-

tent in injured Man with both di¤use and focal injury to determine if

indeed blood volume was reduced and edema was increased and sec-

ondly, we had to determine if the BBB was altered. In the clinical set-

ting, we decided to utilize stable Xenon for measurement of blood

volume by integrating the product of CBF and transit time. We also

developed our laboratory technique of gravimetric water content

measurement and utilized this method in developing a means of

measuring brain water in absolute terms, non-invasively utilizing

magnetic resonance techniques and confirmed that the values corre-

sponded to values obrained from gravimetric samples of edematous

injured brain tissue harvested from patients [7]. Utilizing the combi-

nation of these methods, blood volume and water measurement, we

studied head injured patients and found that blood volume was

reduced following traumatic brain injury and brain edema was re-

sponsible for brain swelling [8].

Back to the laboratory

At a subsequent ICP congress, I recall vividly a com-

ment made by Graham Teasdale who noted that in

studies of patients, there was not an obvious barrier

leakage as indicated by Gadolinium. Professor Teas-

dale did comment that only in contusion was there a

slight ‘‘halo’’ surrounding the area of necrosis. This

suggested to us that the BBB must close quickly fol-

lowing TBI. In the laboratory, utilizing the MR meth-

odology, we studied the dynamics of the BBB perme-

ability following TBI [9]. We observed that the BBB

in injured animals was compromised soon after injury

but was closed within 1 hour following trauma. Simi-

larly, in studies of patients, we could not demonstrate

any leakage to contrast in studies of head injured pa-

tients thereby confirming the observations by Profes-

sor Teasdale.

In summary

At this point we knew that the swelling was due to

edema and somehow the brain continued to swell de-

spite an early closure to the blood brain barrier. Could

it be that the edema was not vasogenic but cellular

in origin? We then embarked on studies utizing MR

di¤usion weighted imaging to measure the apparent

di¤usion coe‰cient for typing the type of edema that

was present following experimental TBI [10]. We

learned from these studies that the initial form of

edema developing soon after injury was vasogenic but

within twelve hours the predominant form of edema

was cellular. Since that time we have continued to

study edema type in Man utilizing the di¤usion

weighted imaging and and the results are similar. Cur-

rent e¤orts are now focused on determining the cause

of the cellular swelling and the pathways by which

water enters the brain.

Conclusion

This short report is one example of ‘‘translational

research’’ which has led to a better understanding of

the pathophysioloy of brain swelling. Similar studies

by other investigators are now taking place and the

‘‘bench to bedside’’ approach is firmly embedded in

to those participants attending the ICP congress. It

should continue.
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Summary

Objective. Ischaemic brain damage has been shown to be an

important contributing factor causing head injury fatality. Main-

tenance of an adequate cerebral perfusion pressure is di‰cult in

patients with elevated intracranial pressure (ICP) and deranged ce-

rebral vasoreactivity. Thirty-five cases of ventilated moderate-to-

severe head-injured patients were prospectively studied, correlating

their cerebral haemodynamic abnormalities, neurochemical distur-

bances (using microdialysis methodology) and clinical outcome.

Methods. Cerebral haemodynamic abnormalities were defined and

classified by transcranial Doppler ultrasonography (TCD) and

stable xenon-CT cerebral blood flow measurements (XeCT) into

their status of CO2 reactivity, pressure autoregulation, hyperaemia

or non-hyperaemia. Two-hour episodes of these abnormalities with

and without haemodynamic intervention were followed in their

changes in ICP, CPP, intracerebral metabolites and finally their clin-

ical outcome.

Results. Loss of CO2 reactivity was associated with a significantly

higher ICP, increasing intracerebral metabolites (lactate, glutamate

and glycerol) and invariably a fatal outcome. Impaired pressure

autoregulation was also associated with an elevated ICP, but no sig-

nificant di¤erence in intracerebral metabolites and incidence of fa-

vourable clinical outcome. Patients with intact CO2 reactivity and

impaired pressure autoregulation were treated with an elevated

CPP in 32 episodes, resulting in a significant reduction in ICP, intra-

cerebral glutamate and glycerol and non-survival. In patients with

intact CO2 reactivity and impaired pressure autoregulation, eleven

episodes of hyperaemia were identified by XeCT. A modest 20%

blood pressure reduction resulted in a trend towards a reduction of

ICP, intracerebral glutamate and glycerol and non-survival.

Conclusions. The need for haemodynamic intervention in this

group of ventilated patients with moderate-to-severe head inury can

be made logical when these abnormalities are identified daily. The

success of management was reflected by a stable or improved ICP,

CPP, intracerebral metabolic deranagement and survival.

Keywords: Head injury; intracranial pressure; cerebral perfusion

pressure; microdialysis.

Introduction

Ischaemic brain damage is consistently found in the

majority of postmortem series of head injuries [2, 3].

Maintenance of adequate cerebral perfusion pressure

(CPP) has been strongly recommended as ‘‘targeted

therapy of CPP > 70 mmHg’’ and is the key to achiev-

ing favourable clinical outcome [9, 10]. However, in

patients with intractable intracranial hypertension

and deranged cerebrovascular reactivity, an adequate

CPP is impossible to achieve, resulting in death.7 A re-

cent well-conducted randomised trial involving 189

patients did not show an outcome benefit in CPP-

targeted therapy of >70 mmHg [1, 8].

Traumatic brain injury is a heterogeneous group of

patients and therefore both the ICP and CPP-targeted

therapy have their limitations. In this prospective ob-

servational study, we have focused on daily assessment

of cerebral haemodynamic status and its appropriate

intervention. We hypothesise that early intervention

of cerebral haemodynamic abnormalities may be asso-

ciated with a favourable clinical outcome.

Patients and methods

Ethics Committee approval from the Chinese University of Hong

Kong and informed consent from the family of these ventilated

head-injured patients were obtained. Daily CO2 reactivity (cerebral

vasoreactivity, CVR) and pressure autoregulation (PAR) were docu-

mented,5 using transcranial Doppler ultrasonography for the mea-

surement of blood flow velocity (BFV) in each middle cerebral ar-

tery. A preservation of CO2 reactivity or CVR is defined as >1%

change in BFV per unit change (mmHg) in end-tidal CO2. A preser-

vation of PAR is defined as a <1.5% change in BFV per unit change

(mmHg) in mean arterial blood pressure. Induced hypertension of

>20% was achieved by intravenous infusion of phenylephrine.

Parameters that were continuous monitored included heart rate,

arterial blood pressure of the radial artery, ICP by an intraventricu-

lar catheter, arterial oxygen saturation by a pulse oximeter, end-tidal

CO2 concentration by capnography, jugular bulb venous oxygen sat-

uration by Oximetirx 3 System, and hourly monitoring of intracere-



bral extracellular metabolites (glucose, lactate, glycerol, glutamate

and pyruvate) from a intracerebral microdialysis catheter (CMA 70,

CMA, Stockholm, Sweden) placed in frontal lobe 3 cm anterior to

the precoronal burr hole [7]. Cerebral blood flow (CBF) measure-

ments [4, 6] by stable xenon-enhanced computed tomography

(XeCT) (Xe/CT System 2, Diversified Diagnostic Products, Hous-

ton, USA) were carried out on day 1, 3 and 5 following the head

injury. Patient management followed a standard protocol: (1) fully

sedated for normal ventilation to a pCO2 of 35–40 mmHg; muscle

relaxant will be administered for patients with ICP > 20 mmHg;

(2) ICP > 20 mmHg will be treated by intermittent CSF drainageG
bolus mannitol infusion (0.5 G/kg at 4–6 hour intervals); (3)

CPPb 70 mmHg unless hyperemia (CBF > 60 ml/100 g/min) is

documented; (4) thiopentone infusion is considered when all medical

and surgical options have exhausted.

Clinical outcome was assessed at six month after injury using

GlasgowOutcome Scale. Data were analyzed by analysis of variance

and t-test using SPSS. All tests used a 0.05 level of significance.

Results

This group of ventilated head-injured patients had a

management mortality of 40%. The majority of them

were young males (30/35, mean age 39G 19 years)

with an admission Glasgow Coma Scale (GCS) score

of 3–12 (median 8) and a focal to di¤use brain injury

ratio of 25 to 10.

Patients with ICP > 20 mmHg carried a 50% mor-

tality whereas patients with ICPa 20 mmHg had a

zero mortality. Patients with impaired CO2 reactivity

were associated with an elevated ICP, intracerebral

lactate, glutamate and glycerol. Patients with bilateral

loss of CO2 reacitvity, intractable intracranial hyper-

tension and inadequate CPP did not benefit from

induced hypertension and carried a 100% mortality.

Patients with intact CO2 reactivity and impaired

PAR had a significantly elevated ICP compared with

those with intact PAR (20G 3 versus 9G 4 mmHg,

p ¼ 0.05). This group of patients benefited from in-

duced hypertension, resulting in an improved CPP

and a significant reduction in ICP, intracerebral gluta-

mate and glycerol. For patients with intractable in-

tracranial hypertension (ICP > 20 mmHg) and hyper-

aemia (as defined by XeCT CBF > 60 ml/100 g/min)

with intact CO2 reactivity, a therapeutic reduction in

blood pressure resulted in a trend towards a reduction

in ICP, intracerebral glutamate and glycerol.

Discussion and conclusions

This prospective observational study attempted to

classify moderate-to-severe head injury according to

their cerebral haemodynamic abnormalities, corre-

lating intracerebral metabolic derangements and six-

month clinical outcome. The widely held belief that

CPPb 70 mmHg did not pass a well conducted rand-

omised trial [8], comparing CPPb 70 mmHg with

CPP of 50 mmHg. In our group of 35 patients, seven

were shown to have an ICPa 20 mmHg and intact

vaso-reactivity: these patients did not require any

treatment other than normal blood pressure and oxy-

genation to achieve favourable outcome in the major-

ity (5 out of 7). The other extreme were another seven

patients with intractable intracranial hypertension and

bilateral loss of vaso-reactivity: a CPP of 70 mmHg

could not be achieved despite maximum ICP therapies

(induced hypertension and thiopentone infusion) and

these patients were invariably fatal. In this small pro-

spective study of 35 ventilated head-injured patients,

we have identified two groups of patients with elevated

ICP (>20 mmHg), intact CO2 reactivity and impaired

pressure autoregulation (PAP): the non-hyperaemic

group benefits from induced hypertension to a CPP >

70 mmHg, whereas the hyperaemic group (as defined

by XeCT CBF > 60 ml/100 g/min) may benefit from

a lower level of CPP. The non-hyperemic group of

patients that benefited from induced hypertension re-

acted to an elevated CPP of >70 mmHg by a signifi-

cant reduction of ICP: this suggested that at this ele-

vated level of CPP, the pressure autoregulation was

preserved. A significant reduction of intracerebral glu-

tamate and glycerol (the two-hour average after CPP

treatment) suggested that appropriate treatment had

been delivered. For the hyperemic group of patients, a

reduction of CPP to <70 mmHg resulted in stabilisa-

tion of ICP and a trend towards an improvement of

intracerebral glycerol.
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Summary

This study examined the relationship of cumulative percent time

that cerebral perfusion pressure (CPP) fell below set thresholds to

outcome in individuals with traumatic brain injury (TBI). The sam-

ple included 157 patients (16 to 89 years of age, 79% male) admitted

to an intensive care unit at an academic medical center who under-

went invasive arterial blood pressure and intracranial pressure mon-

itoring. CPP levels were recorded continuously during the first 96

hours of monitoring. Initial neurologic status was assessed using the

post-resuscitation Glasgow Coma Scale. Outcome was evaluated at

hospital discharge and at six months post-injury using the Extended

GlasgowOutcome Scale (GOSE). The relationship of cumulative pe-

riods of low CPP to outcome was evaluated using hierarchical and

binary logistic regression analysis, controlling for age, gender, and

injury severity.

Patients experiencing less cumulative percent time below specific

CPP thresholds were more likely to have better outcome at discharge

(55 mm Hg, p ¼ .004; 60 mm Hg, p ¼ .008; 65 mm Hg, p ¼ .024;

70 mm Hg, p ¼ .016). Although di¤erences in GOSE scores at six

months were not significant, those with less time below CPP thresh-

olds were more likely to survive. Accumulated episodes of low CPP

had a stronger negative relationship with outcome in patients with

more severe primary brain injury.

Keywords: Traumatic brain injury; cerebral perfusion pressure;

outcome.

Introduction

Maintaining optimal cerebral perfusion in the acute

period following traumatic brain injury (TBI) is a key

goal of management directed at preventing secondary

ischemic brain injury. Cerebral perfusion pressure

(CPP), calculated as the mean arterial blood pressure

(ABP) minus the mean intracranial pressure (ICP), is

a clinically relevant parameter that reflects the driving

force of blood and metabolic substrates to brain cells.

Inadequate CPP is linked with unfavorable neurologic

outcome but there has been ongoing debate regard-

ing the optimal level at which to maintain CPP [6, 8–

10]. Recent evidence has resulted in a revision of the

Guidelines for the Management of Severe Traumatic

Brain Injury in adults to recommend maintaining a

minimum CPP of 60 mm Hg, down from 70 mm Hg

in the previous Guidelines [4, 5].

The purpose of this study was to examine the rela-

tionship of the cumulative percent time that CPP fell

below fixed threshold levels to outcome at hospital dis-

charge and at 6 months post-injury in a TBI sample.

Materials and methods

The study was approved by the local Institutional Review Board.

Data were obtained from all subjects enrolled in a randomized con-

trolled clinical trial examining the impact of a highly visible display

of CPP on outcome in patients with TBI. Inclusion criteria were

patients 16 years of age or older with a TBI admitted to an intensive

care unit at an academic medical center who underwent invasive

ABP and ICP monitoring. Exclusion criteria included bilateral fixed

pupils and impending death. Medical management of patients with

TBI at the institution where the study was carried out includes ag-

gressive treatment of increased ICP with sedation and mannitol,

and use of fluid volume and pharmacologic agents to maintain

CPP. Demographic, diagnostic, and treatment data were recorded.

Initial neurologic and injury severity status were assessed using the

post-resuscitation Glasgow Coma Scale (GCS-PR) and the Injury

Severity Scale. CPP levels were recorded during the first 96 hours

of monitoring. ABP and ICP analog signals from the bedside moni-

toring system were input to a study computer through an analog-to-

digital converter and saved on the computer in five-second sum-

maries. CPP was calculated as mean ABP minus mean ICP. The

primary outcome measure was the Extended Glasgow Outcome

Scale (GOSE), assessed at hospital discharge and at 6 months post-

injury.

The relationship of cumulative periods of low CPP to outcome

was evaluated using hierarchical regression and binary logistic re-

gression analyses, controlling for age, gender, and primary injury

severity.



Results

A total of 157 patients were enrolled. The sample

was primarily younger males (Table 1). The most com-

mon cause of TBI in this sample was motor vehicle

crashes (46%), followed by falls (21%), and motorcycle

crashes (12%). Post-resuscitation GCS scores (Table 1)

reflected moderate to severe TBI, with 73% having

a post-resuscitation GCS score of eight or less. The

mean (SD) Injury Severity Scale score was 29.1 (9.6).

Initial computed tomography findings included con-

tusion (68%), subdural hematoma (45%), epidural

hematoma (26%), traumatic subarachnoid hemor-

rhage (61%), intraventricular hemorrhage (28%), and

shear injury (33%). Hospital mortality for this sample

was 13%. Almost one half of hospital survivors were

discharged to an acute inpatient rehabilitation unit,

one quarter went to skilled nursing facilities, and 10%

were discharged home. The mean GOSE score at dis-

charge was 2.7 and increased to 4.3 at six months

post-injury (Table 1). The mean levels of CPP, ABP,

and ICP over the first four days of monitoring are pre-

sented in Table 1. On average, CPP levels were kept

well above the currently recommended minimum of

60 mm Hg. The percent time that CPP was below the

threshold levels over the first four days of monitoring

ranged from 5% for the 55 mm Hg threshold to 29%

for the 70 mm Hg threshold (Table 1).

The impact on GOSE scores of the percent time that

CPP was below the set threshold levels was modeled

using multivariate analysis, controlling for age, gen-

der, and initial injury severity (Table 2). Patients expe-

riencing less cumulative percent time below fixed CPP

thresholds ranging from 55 mm Hg up to and includ-

ing 70 mm Hg were significantly more likely to have

better outcomes at discharge as reflected by higher

GOSE scores. Di¤erences in outcome based on per-

cent time below any of the CPP thresholds, however,

were not significant at six months post-injury when

considering the full GOSE score as the outcome vari-

able.

To assess the e¤ect of time below the set CPP thresh-

old levels on survival and on GOSE, dichotomized to

greater than 4 versus 4 or less, binary logistic regres-

sion analyses were carried out for each CPP threshold

level, again controlling for age, gender, and initial in-

jury severity (Tables 3 and 4). In these models, for all

CPP thresholds, greater percent time below the thresh-

old was significantly associated with higher mortality,

both at hospital discharge and at six months post-

Table 1. Demographic, clinical, and physiologic data

Age, years, mean (SD) 37.1 (18.1)

Sex, male/female, % 79/21

GCS, post-resuscitation, mean (SD) 7.3 (2.8)

Injury Severity Scale score, mean (SD) 29.1 (9.6)

GCS, discharge (survivors), mean (SD) 13.0 (2.0)

CPP over first four days, mm Hg, mean (SD) 79 (12)

ABP over first four days, mm Hg, mean (SD) 95 (11)

ICP over first four days, mm Hg, mean (SD) 16 (7)

Percent time CPP less than 55 mm Hg 5

Percent time CPP less than 60 mm Hg 10

Percent time CPP less than 65 mm Hg 18

Percent time CPP less than 70 mm Hg 29

Mortality at discharge, N (%) 21 (13.4%)

GOSE score at discharge, mean (SD) 2.7 (.8)

Percent GOSE > 4 at discharge 0%

Mortality at six months, N (%) 27 (17.2%)

GOSE score at six months, mean (SD) 4.3 (2.1)

Percent GOSE > 4 at six months 56.7%

Table 2. E¤ect of percent time CPP below thresholds on extended

Glasgow Outcome Scale Score

CPP threshold GOSE: discharge GOSE: six months

Beta p value Beta p value

55 mm Hg �.185 .004 �.072 .228

60 mm Hg �.170 .008 �.065 .277

65 mm Hg �.145 .024 �.055 .359

70 mm Hg �.156 .016 �.046 .447

Table 3. Odds ratios for survival predicted by the percent time CPP

below thresholds

CPP threshold Discharge Six months

Odds ratio p value Odds ratio p value

55 mm Hg .080 .001 .097 .001

60 mm Hg .122 .003 .122 .001

65 mm Hg .168 .008 .191 .007

70 mm Hg .143 .005 .158 .004

Table 4. Odds ratios for GOSE > 4 predicted by the percent time

CPP below thresholds

CPP threshold GOSE > 4: six months

Odds ratio p value

55 mm Hg .614 .426

60 mm Hg .455 .118

65 mm Hg .593 .268

70 mm Hg .607 .317
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injury. However, greater percent time below CPP

thresholds was not significantly associated with recov-

ery to a GOSE category of 5 or greater.

To determine if cumulative excursions of CPP below

the specific thresholds had a di¤erential e¤ect on

survival depending on TBI severity, binary logistic re-

gression analyses were carried out with the sample di-

vided into subgroups of GCS-PR scores of seven or

greater, or less than seven. In the subgroup with lower

GCS-PR scores, the odds ratio for survival was .200

(p ¼ .006) for greater time CPP below 60 mm Hg and

.222 (p ¼ .010) for greater time below the 70 mm Hg

CPP threshold. However, for those with GCS-PR

scores of greater than 7, the odds ratio for survival

was .600 (p ¼ .684) for greater time below 60 mm Hg

and .943 (p ¼ .983) for 70 mm Hg.

Discussion

The critical role of ischemia in outcome following

TBI and evidence of low global cerebral blood flow

early following TBI and further focal reductions sur-

rounding cerebral contusions and subdural hema-

tomas provide a basis for elevating CPP in an attempt

to prevent or minimize secondary ischemic brain in-

jury [2, 7]. Although inadequate CPP is associated

with poorer outcome following TBI, there is ongoing

debate as to the minimum level at which CPP should

be maintained to prevent or minimize secondary brain

injury. The Guidelines for the Management of Severe

Traumatic Brain Injury, published in 1996 and revised

in 2000, recommended maintaining CPP at a mini-

mum of 70 mm Hg [3, 4]. In 2003, an update to the

CPP Guidelines reduced the recommended minimum

CPP level from 70 mm Hg to 60 mm Hg and recom-

mended against the aggressive use of fluid and vaso-

pressors to maintain CPP above 70 mm Hg if cerebral

ischemia is not present due to the risk of ARDS [5].

Nonetheless there is still not definitive evidence as to

what the adequate minimum CPP threshold is follow-

ing TBI.

This study examined the association with outcome

of percent time CPP was below a range of thresholds

from 55 mm Hg to 70 mm Hg during the first four

days post-TBI. Greater percent time below all thresh-

olds was associated with significantly poorer GOSE

scores at hospital discharge, particularly for those

who had a GCS-PR score of less than seven. This sta-

tistically significant di¤erence, however, was not main-

tained at six months, nor was it present when GOSE

was dichotomized to levels of greater than 4 versus 4

or less. In relation to survival, greater periods of CPP

below each threshold from 55 mm Hg to 70 mm Hg

were significantly associated with higher mortality at

hospital discharge and this e¤ect was maintained at

six months post-injury. Thus the greatest impact of

low CPP was in relation to hospital mortality and in

those with more severe TBI.

This study and others demonstrate an association

between CPP and outcome, most strongly between

survival at discharge and 6 months post-injury. The as-

sociation of CPP and quality of survival is not as clear.

It is unlikely that there is one CPP threshold that

ensures optimum perfusion for all injured brains, or

even for all parts of one injured brain. Although re-

search shows that CPP can be elevated without causing

significant elevations in ICP [1], use of fluid volume

and vasopressor drugs to elevate CPP is not without

risk, particularly of ARDS [9]. The challenge is thus

to identify the subgroups with TBI who require an

elevation of CPP to prevent secondary ischemic brain

injury and the corresponding optimum CPP level, and

to individualize CPP management accordingly as part

of their overall management. Further study designed

to specifically examine the impact of CPPmanagement

at di¤erent levels on maintaining cerebral oxygenation

to the injured brain and on long-term outcome is

needed.
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Summary

In volunteers, hyperventilation improves autoregulation. How-

ever, in head-injured patients, hyperventilation-induced deteriora-

tion and improvement of autoregulation have been reported. We

have re-examined this question using an index of pressure reactivity.

Thirty patients with severe or moderate head-injury were studied.

Arterial blood pressure, cerebral perfusion pressure (CPP), and

intracranial pressure (ICP) were recorded over 20 minute epochs

separated by ten minutes of equilibration at baseline and during

moderate (>3.5 kPa) hyperventilation. End-tidal CO2 was constant

during each phase of data acquisition. Pressure reactivity was as-

sessed using an index ‘PRx’ based on the response of ICP to sponta-

neous blood pressure changes. Hyperventilation decreased PaCO2

from 5:1G 0:4 to 4:4G 0:4 kPa (p < 0.0001). ICP decreased by

3:7G 2:2 mmHg (p < 0.001). CPP increased by 5:9G 8:2 mmHg

(p < 0.001). Overall, PRx did not change significantly with hyper-

ventilation. However, there was a significant negative correlation be-

tween baseline PRx and the change in PRx (r ¼ �0:71, p < 0.0001).

This suggests that patients with disturbed pressure-reactivity may

improve, whereas patients with intact pressure reactivity remain

largely unchanged. Our data suggest that the response of pressure

reactivity to hyperventilation is heterogeneous. This could be due

to hyperventilation-induced changes in cerebral metabolism, or the

change in CPP.

Keywords:Head injury; autoregulation; hyperventilation.

Introduction

Intact cerebrovascular pressure autoregulation is as-

sociated with favourable outcome after head injury [5,

6, 8, 13]. The cerebral perfusion pressure (CPP) orien-

tated approach that is used on many units aims at re-

storing autoregulation [12]. However, CPP augmen-

tation is not without side e¤ects [3], and it may be

beneficial to optimise autoregulation by other means

than CPP manipulation. In volunteers, autoregulation

is improved by hyperventilation, as hypocapnia in-

creases vascular tone, and therefore increases the range

of CPP where pressure autoregulation is e¤ective [10,

11]. However, after traumatic brain injury, the interac-

tion between vascular tone and pressure autoregula-

tion seems less straightforward, as both an improve-

ment [7] and a deterioration [2] of autoregulation

during hyperventilation have been reported. We used

an index of pressure-reactivity in head-injured patients

to re-examine the relationship between change in

autoregulatory status and hyperventilation. Pressure-

reactivity is a key component of autoregulation and

disturbed pressure-reactivity implies autoregulatory

failure.

Methods

Data were prospectively collected during routine CO2-reactivity

testing in adult head-injured patients (ageb 16 years) with severe

(GCSa 8) or moderate (GCSa 12) traumatic brain injury with sec-

ondary neurological deterioration necessitating sedation and me-

chanical ventilation. Exclusion criteria included respiratory failure,

and a baseline PaCO2 < 4:30 kPa. Mean arterial blood pressure

(MAP) was monitored from the radial artery using a standard kit

(Edwards Lifesciences, Irvine, CA, USA). ICP monitoring was per-

formed using an intraparenchymal probe (Codman MicroSensors

ICP Transducer, Codman& Shurtle¤, Raynham,MA, USA).Main-

stream end-tidal CO2 (ETCO2) monitoring was used (Marquette So-

lar 8000M,GEMedical Systems, UK). For measurements of arterial

partial pressure of CO2 (PaCO2), an AVL Omni blood gas analyser

(AVL Omni, Graz, Austria) was used. All patients were treated ac-

cording to a CPP orientated protocol aiming to keep CPP above

70 mmHg and ICP below 20–25 mmHg [9]. All patients were se-

dated with propofol (2–5 mg/kg/h) and fentanyl (1–2 mg/kg/h), arti-

ficially ventilated, and when necessary, paralysed with atracurium.

Where appropriate, surgical removal of space occupying lesions,

drainage of cerebrospinal fluid, osmotic agents, and moderate hypo-

thermia (33–36 �C) were used. During the studies all physiological

parameters were maintained within the limits specified in the treat-

ment guidelines of our unit.



After recording baseline data at constant ETCO2 for 20 minutes

and obtaining a baseline value for PaCO2, the minute volume of the

ventilator was increased by 15 to 20%. If this intervention resulted in

standard treatment guidelines being contravened, the protocol was

abandoned. These limits included a PaCO2 a 3:5 kPa and/or jugu-

lar bulb oxygen saturation (SJO2)a 55%. After a stabilisation pe-

riod of 10 minutes ETCO2 was kept stable for the next 20 minutes

and data were acquired during this time. PaCO2 was measured at

the middle of this phase. Infusion rates of vasoactive drugs were not

changed and body temperature was kept stable throughout the study

period. Autoregulation was assessed continuously with methods de-

veloped in house that have been described in detail elsewhere [4]. An

index of pressure-reactivity (PRx) was calculated every minute based

on the responses of ICP to spontaneous slow waves of MAP during

the preceding four minutes. PRx is zero or negative if autoregulation

is intact, whereas disturbed autoregulation is reflected by positive

values. This method has recently been validated against cerebral

blood flow (CBF) measurements made with PET [15]. Analogue

signals were sampled at 30 Hz and digitised. Using waveform time

integration [16], averaged 6-second values for ICP, MAP and CPP

were calculated and data were stored continuously on a computer

for o¤-line analysis. For the final analysis all values were averaged

for baseline and for the 20 minutes of the stable hyperventilation

phase. All data are presented as meanG standard deviation. Linear

regression methods were used for assessment of associations. P-

values < 0.05 were considered to represent statistical significance.

Calculations were performed using SPSS 11.0 for Windows (SPSS

Inc, Chicago, IL, USA).

Results

We investigated 30 head-injured patients (age:

38G 15 years, 5 women, 25 men, median admission

GCS 6, range 3–12) for 3:6G 2:6 days after injury.

Hyperventilation reduced PaCO2 from 5:1G 0:36

to 4:4G 0:35 kPa (p < 0.0001). MAP did not change

significantly due to hyperventilation (97G 9 vs.

100G 12 mmHg; p ¼ 0.13). ICP decreased by

3:7G 2:2 mmHg (p < 0.0001), CPP increased by

5:9G 8:2 mmHg (p < 0.001). The ICP change per

kPa (ICP-reactivity) was 6:4G 5:3 mmHg�kPa�1

(range 0.4–20.7 mmHg�kPa�1). There was no signifi-

cant di¤erence between PRx at the two levels of

PaCO2. Responses of individual patients are shown in

Fig. 1. It could be argued that an improvement in au-

toregulation can only be achieved when PaCO2 reac-

tivity is retained. However, there was no relationship

between ICP-reactivity and the change in PRx. How-

ever, PRx during hypocapnia was significantly corre-

lated with baseline PRx (r ¼ 0.56, p ¼ 0.001). More-

over, the change in PRx was inversely correlated to

baseline PRx (r ¼ �0:71, p < 0.0001) suggesting that

patients with impaired pressure-reactivity improved

autoregulatory e‰ciency whereas patients with intact

pressure-reactivity remained largely unchanged or, in

individual cases, showed worsening (Fig. 2).

Discussion

In contrast to earlier studies that showed either an

improvement or a deterioration we have not found a

uniform response of autoregulation to hyperventila-

tion in this group of head-injured patients.

Ideally, the question of hyperventilation-induced

changes in autoregulatory e‰ciency should be ad-

dressed by dynamic or static autoregulation measure-

ments at identical CPP levels before and after a change

in PaCO2. However, this is di‰cult to achieve due to

the hyperventilation-induced increase in CPP, and the

use of vasoactive drugs to achieve identical CPP levels

Fig. 1. Individual responses (hexagons and error bars represent

meanG standard deviation) of PRx to a reduction in PaCO2. Over-

all no significant change was found and increases as well as decreases

in PRx, i.e. improvement and deterioration of pressure reactivity,

were found

Fig. 2. This figure shows the change of PRx (y-axis) in response to a

moderate reduction in PaCO2 in relation to baseline PRx (x-axis).

Patients with high PRx at baseline, i.e. disturbed pressure reactivity

tended to improve (PRx decreases) whereas patients with low PRx at

baseline, i.e. intact pressure reactivity tended to change little
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will possibly compound measurements. PRx is a global

index of pressure-reactivity that gives a dynamic as-

sessment of a key component of autoregulation. The

strength of this index is that it reflects the status of the

vascular system at a particular CPP and in contrast to

the static rate of autoregulation no vasopressors are

needed to perform the measurement. The method is

however limited by the fact that if the two pressures

at which measurements are made lie far apart, the

comparison will only be valid if both measurements

are made on the plateau of the autoregulatory curve.

However, all our patients were managed at a compara-

ble CPP and excluding patients with large increases in

CPP (>10 mmHg) does not change our results. We

therefore think it unlikely that the heterogeneity we

observed is caused by the fact that we compare data

obtained from di¤erent positions of a patient on his

or her autoregulatory curve.

There are three hypothetical explanations to explain

our results. First, as outlined above, the e¤ect could be

due to the change in CPP: patients who are shifted

from below the lower threshold of autoregulation

onto the autoregulatory plateau show an improve-

ment, i.e. a decrease in PRx whereas those who are

shifted from the plateau to above the upper threshold

deteriorate. Those who move along the plateau remain

unchanged. While we cannot exclude this mechanism

in individual patients, based on subgroup analysis

that did not show a systematic e¤ect of high or low

baseline CPP or large increases in CPP, we do not

think that this is the prevailing mechanism responsible

for the observed heterogeneity of responses. A second

explanation arises from the possible independent e¤ect

of the oxygen extraction fraction (OEF) on PRx. We

have shown previously that there is a significant rela-

tionship between global OEF and PRx [14], and the

consistent increases in OEF produced by hyperventila-

tion may be the cause of the observed changes in PRx.

According to this model patients who become less

hyperaemic due to hyperventilation would show an

improvement in PRx whereas those who are shifted

from the physiological range into the range of high

OEF deteriorate. Those who are shifted within the

physiological range of OEF remain unchanged. Anec-

dotal support for this hypothesis comes from an obser-

vation in a patient in whom the protocol had to be

abandoned at a PaCO2 of 4.2 kPa due to low SJO2.

In this patient we observed a rapid deterioration of

PRx as SJO2 approached 55% that was reversible

upon normalisation of SJO2. Finally, the fact that

hyperventilation improves autoregulation in healthy

volunteers is due to the fact that all segments of the

vascular tree are equally a¤ected. It is possible that

this is not the case in head-injured patients. If the prox-

imal increase in resistance is di¤erent from the distal

response this could lead to a change of the autoregula-

tory reserve that is di‰cult to predict. For example, a

constriction of proximal resistance vessels will result

in a decrease in downstream perfusion pressure, and

could trigger changes in resistance in distal vessels

that result from the physiological consequences of hy-

pocapnic vasoconstriction, rather than from the hypo-

capnia itself. This would potentially result in vasodila-

tation in the distal resistance vessels with a possible

shift of the autoregulatory curve to the right. However,

if hypocapnic vasoconstriction dominated this would

result in constriction of the distal vessels, and could

shift the autoregulatory curve to the left.

There are several di¤erences between our study and

earlier work on the same topic. Cold et al. [2] investi-

gated eight patients on the first or second day after

injury. They determined static autoregulation using

angiotensin to control CPP and the 133Xe method to

measure CBF. The range of PaCO2 they investigated

was lower than ours. On average, PaCO2 was reduced

from 4.6 to 3.1 kPa. Responses at these lower PaCO2

values are more likely to have been influenced by is-

chaemia resulting from intense hypocapnic vasocon-

striction. The range over which autoregulation was

tested was not comparable as during the higher level

of PaCO2 CPP increased from 60 to 85 mmHg where-

as during hyperventilation CPP increased from 65 to

93 mmHg. The results reported by Newell et al. are

more comparable to ours as far as PaCO2 is con-

cerned. They reduced PaCO2 from 5.0 to 3.8 kPa in

ten patients with severe head injury (GCSa 8) and

used the leg-cu¤ test [1] to determine dynamic auto-

regulation. Their patients had substantially lower

values of autoregulatory e‰ciency at baseline than

volunteers examined with the same methods, which

perhaps explains the improvement they found. Meas-

urements were performed at a CPP of 80 mmHg. In-

terestingly, hyperventilation did not lead to a signifi-

cant increase in CPP in their group of patients despite

an average normal CO2-reactivity. This suggests that

in this study the increase in CPP was not responsible

for the improvement of autoregulation.

In summary, we report a non-uniform behaviour of

pressure-reactivity in response to moderate hyperven-

tilation. The expected improvement was only observed
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in patients with disturbed pressure-reactivity at base-

line. Changes in PaCO2 are not a reliable means of im-

proving autoregulation in head-injured patients.
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Summary

Severe head injury in childhood continues to be associated with

considerable mortality and morbidity. Early surgical decompression

may be beneficial and the objective of this study was to examine the

relationship between age-related thresholds of mean intracranial

pressure (ICP) and cerebral perfusion pressure (CPP) over the first 6

hours and age outcome in paediatric head injury patients.

A total of 209 head injured children admitted to five UK hospitals

were studied. Patients aged 2 to 16 years were included if they had a

minimum of six hours of invasive pressure monitoring. Mean values

of ICP and CPP over this period were calculated and compared to

those with independent (good recovery and moderate disability)

and poor outcome (severe disability, and death) for di¤erent age

groups.

There were 148 children with independent outcome (92 good

recovery, 56 moderately disabled), and 61 with poor outcome (30

severely disabled, 31 deaths). There was a significant di¤erence be-

tween those with independent compared to poor outcome in relation

to ICP (p < 0.001) and CPP (p < 0.001). Patients were divided into

three groups according to age. The sensitivity of ICP and CPP in pre-

dicting outcome was similar for all groups but the specificity di¤ered

between groups. At a CPP of 50 mmHg the specificity varied be-

tween the age groups (2 to 6 years: 0.47, 7 to 10 years: 0.28 and 11

to 16 years: 0.10) and similarly for an ICP of 25 mmHg (2 to 6 years:

0.53, 7 to 10 years: 0.44 and 11 to 16 years: 0.38).

Younger children may be able to tolerate lower perfusion pres-

sures and still have an independent outcome. Our threshold values

for young children are likely to be important in the identification of

patients who might benefit from new treatments such as surgical de-

compression.

Keywords: Decompression; craniectomy; paediatric head injury;

intracranial pressure; cerebral perfusion pressure; outcome.

Introduction

Severe head injury in childhood is associated with

considerable mortality and morbidity. There is evi-

dence that in head-injured adults, those with cerebral

perfusion pressure (CPP) greater than 70 mmHg have

better outcome and standardised protocols have been

designed to maintain CPP above this level [1]. How-

ever, children have lower blood pressure when well

and there are few data on optimal CPP for this age

group [5, 4]. A randomized controlled trial (RCT)

of early craniectomy after paediatric head trauma

showed a clear benefit, with 7/13 independent after

craniectomy compared with 2/14 randomised to con-

ventional management [6]. This trial was stopped

early, but has raised many questions, particularly con-

cerning the intracranial pressure (ICP) and CPP levels

at which randomization to craniectomy might be justi-

fied in di¤erent age groups. The objective of our study

was to examine the relationship of ICP and of CPP to

outcome related to age. This was achieved by examin-

ing the relative value of using mean ICP and mean

CPP over the first 6 hours of monitoring to predict

poor outcome (death, vegetative state or severe dis-

ability) in a large population of children with head

injury.

This would provide grounds for a randomised con-

trolled trial of craniectomy versus medical manage-

ment.

Materials and methods

Monitoring data were available from 209 head-injured children

admitted to five hospitals in the UK, with a median first recorded

Glasgow Coma Score of 6 (range 3–15) and who required ICP mon-



itoring. Patients were included if they were aged between 2 to 16

years of age and had a minimum of six hours of invasive monitoring

(patients with non accidental injury were excluded). Mean values of

mean arterial pressure (MAP), ICP and CPP over the first six hours

of monitoring were calculated. After follow up of survivors for at

least 6 months, no patients remained in a vegetative state. Mean

ICP and CPP were compared between the independent (good recov-

ery and moderate disability) and the poor (severe disability and

death) outcome groups. Forward stepwise logistic regression was

used to examine the prediction of poor outcome and the correspond-

ing sensitivity and specificity of ICP and CPP in relation to indepen-

dent or poor outcome calculated.

Results

There were 133 boys and 76 girls with a median age

of 10 (range 2–16) years; 92 made a good recovery, 56

had moderate disability (148 independent outcome),

30 were severely disabled and 31 died (61 poor out-

come). There was a significant di¤erence between the

independent and poor outcome groups in relation

to ICP (p < 0.001) and CPP (p < 0.001) in the first

6 hours of monitoring. Patients were divided into three

groups according to age, 2–6 years (Group A, n ¼ 49),

7–10 years (Group B, n ¼ 68) and 11–16 years (Group

C, n ¼ 92).

In predicting independent outcome, the sensitivity

of ICP and CPP were similar for all age groups but

in the younger children, 50% specificity for ICP was

higher (Table 1) (Fig. 2). At a CPP of 50 mmHg

the specificity varied between the groups (A ¼ 0.47,

B ¼ 0.28, C ¼ 0.10).

Discussion

Intracranial hypertension is common after head

injury in childhood and mean CPP is an important

determinant of outcome [2, 4]. Our data provide

some guidance on CPP thresholds above which to

maintain CPP in di¤erent age groups. However, in

adults, a controlled trial of treatment to maintain

CPP > 70 mmHg showed no benefit in terms of out-

come [3]. From adult studies, age has been frequently

found to be one of the best predictors of good out-

come, but this has not been confirmed for di¤erent

paediatric age groups. A small trial of surgical decom-

pression in children has suggested benefit, and there-

fore an RCT, stratified by age, should be considered.

Our data may play a role in the identification of target

levels for ICP and CPP in controlled treatment trials in

severe paediatric head trauma.
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Summary

Objective. To investigate the relationships between slow vasogenic

waves (‘B waves’) of intracranial pressure (ICP), pressure-reactivity

and outcome after traumatic brain injury.

Material and method. 193 head-injured patients (age 34G 16:7

years; median GCS 6) were monitored from 1997 to 2002. ICP, arte-

rial blood pressure (ABP) were continuously monitored. Pressure-

reactivity index (PRx) and magnitude of ICP slow waves were eval-

uated using the bed-side computers.

Results. Distribution of PRx in di¤erent outcome groups indicated

that pressure-reactivity was significantly worse in patients with fatal

outcome. A magnitude of spontaneous slow waves of ICP was grad-

ually decreasing in poorer outcome grades.

Mortality indicated threshold rise from 20% to 70% when aver-

aged PRx increased above 0.3 (p < 0:01). There was no threshold

for mortality observed along distribution of magnitude of ICP slow

waves. Mortality gradually increased when the magnitude of slow

waves decreased (R ¼ �0:26; p < 0:0001).

Conclusion. Inadequate pressure-reactivity and low magnitude of

slow vasogenic waves of ICP are associated with fatal outcome after

head injury. Based on brain monitoring data, di¤erentiation between

favourable outcome and severe disability is more problematic than

di¤erentiation between survivors and non-survivors.

Keywords:Head injury; pressure reactivity; slow waves; outcome.

Introduction

Starting from September 1991, a bedside computer-

supported system has been used [2] in University of

Cambridge (UK) Neurosciences Critical Care Unit

(NCCU). Its purpose is to monitor continuously phys-

iological parameters such as ICP, ABP and CPP. The

system provides one-minute averaged values for the

monitored variables and calculates indices, which are

potentially useful for the interpretation of cerebral

haemodynamics after brain trauma.

While information about association between mean

ICP, CPP and outcome is more readily available, sec-

ondary indices derived from ICP have not been su‰-

ciently investigated. The spectral components of the

ICP waveform, such as pulse amplitude, slow waves

(e.g. Lundberg’s B waves), plateau waves, etc., have

been described in the past [1, 9], but not always with

convincing proof about their value in the management

and prognostication of head injury. In our previous

study [1] we compared pressure reactivity and slow

ICP waves in patients with intracranial hypertension

who died and achieved a favourable outcome. In this

study, based on a much larger population (193 versus

93), we investigated the relationship between slow

waves, PRx and outcome following head injury.

Material and methods

This retrospective analysis was based on 193 head injured patients

admitted to the NCCU between January 1997 and December 2001.

Only patients with invasive monitoring of ICP and ABP over a pe-

riod 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 was not representative for all admissions to this

unit. Patients, who had been admitted and discharged promptly,

or died soon after admission, admitted and discharged during or

soon after the weekend or public holidays were not included in this

analysis.

Patients were sedated, mechanically ventilated and paralyzed in

order to maintain the ICP below 25 mmHg. Systemic hypotension

was treated with fluids and vasoactive drugs. CPP was maintained



above 70 mmHg to avoid secondary ischaemic insults. Episodes of

intracranial hypertension were treated with mild hyperventilation

(PaCO2 > 4:0 kPa), moderate hypothermia, boluses of mannitol

and thiopentone.

ICP was monitored by an intraparenchymal probe (Codman

ICP MicroSensors). ABP was monitored invasively. Signals were

sampled from the analogue output of the monitors at 30 Hz, digi-

tized (12 bits analogue-to-digital converter) and subsequently ana-

lyzed as 8 seconds averages. Two derived variables, an index charac-

terizing pressure reactivity and the amplitude of spontaneous slow

waves of ICP were selectively studied. The pressure-reactivity index

(PRx) was calculated as previously described [4]. Briefly, the correla-

tion coe‰cient between 30–40 consecutive time-averaged samples

of ABP and ICP (from four to little longer than five minute

time-window); PRx > 0 is indicative of impaired pressure reactivity.

The amplitude of slow waves of ICP was calculated as the square

root of the power of the signal in the frequency range between 0.05

and 0.0055 Hz (20 second to 3 minute epochs).

Data from every patient were summarized as mean values of

the derived indexes (PRx and slow wave amplitude). Outcome was

graded six months after injury according to the Glasgow Outcome

Scale (GOS) [6]. Mean values were compared with t-tests when data

were normally distributed; the Mann-Whitney U-test was used to

compare medians of parameters that were not normally distributed.

Results

Demographic characteristics of this population were

comparable to other studies: mean age was 36 (G 17

years) and median admission GCS was 7 (range 3 to

15; 25% of patients had initial GCS above 8; and the

deteriorated later requiring full intensive care); 19.5%

of these patients were female.

Overall fifty-two patients (27%) had a good out-

come, 41 (21%) were moderately disabled, fifty (26%)

severely disabled and 50 (26%) died. In patients who

died compared to those who survived there pressure-

reactivity was worse (0:2G 0:26 versus 0:05G 0:18,

p < 0:0004). The magnitude of slow ICP waves

was lower (0:64G 0:31 mmHg versus 0:855G 0:41,

p < 0:00007) – see Fig. 1. There was a significant cor-

relation between PRx, ICP, CPP and GOS, however,

these parameters were powerful for di¤erentiating

between non-survivors and survivors and less so for

discriminating between favourable and unfavourable

outcome. The only exception is the magnitude of slow

waves that was able to separate the group of severely

disabled patients from the group with favourable out-

come (p < 0:03).

Mortality rate was distributed unevenly along PRx

and slow waves axis – see Fig. 2. PRx indicated the

threshold value of 0.3 above which mortality was

69%, below only 19% (chi-square; p < 0:0001). Mor-

tality rate was related to slow waves of ICP in rather

non-threshold fashion. Correlation between slow

waves and the mortality was significant (R ¼ �0:26,

p < 0:0001), however no threshold was found. Figure

3 examplified a patient who died on the second day

after a severe head injury: PRx deteriorated shortly

after admission at relatively adequate level of CPP;

slow waves increased and then decreased secondarily

at very low CPPs.

Discussion

In this retrospective analysis we have considered all

the patients included in our multimodality neuromoni-

toring program over the past ten years, which repre-

sent 30–40% of the total number of the severely head

injured patients admitted to the NCCU. Every patient

admitted to the NCCU and receiving invasive moni-

toring of ICP and ABP was potentially eligible to be

studied with our monitoring system. A 20% of patients

had a GCS > 8 on arrival, but all of them developed

a severe neurological deterioration at some stage of

Fig. 1. Mean values and 95% confidence intervals (individual) for monitored parameters in di¤erent outcome groups (G – good,M –moderate,

S.D. – severe disability, D – dead). Slow-slow waves of ICP and PRx-pressure reactivity index
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their admission requiring invasive monitoring and

active medical treatment according to our guidelines.

Patients whose monitoring period was short were ex-

cluded from the analysis.

The result of this analysis reconfirms PRx as one of

the most important predictors of mortality after brain

trauma [12, 13], but it also points out the limitation of

this parameter as a tool to di¤erentiate between pa-

tients who survive with favourable outcome and pa-

tients who survive with severe disability. In contrast,

the only parameter that showed a clear trend in di¤er-

ent outcome groups was the magnitude of slow waves

of ICP that was able to di¤erentiate the good recovery

group from the severe disabled group.

Despite our improved knowledge of pathophysiol-

ogy after head injury, untreatable intracranial hyper-

tension remains one of the most important causes of

mortality in the studied group of patients [14, 15]. Sev-

eral protocols and therapies are in use [5, 7, 10, 11].

The higher values of PRx in patients who died, indicat-

ing an impaired cerebral autoregulation, were often re-

ported throughout the monitoring period, suggesting a

relationship between the degree of dysfunction of pres-

sure reactivity and severity of the injury. The inability

Fig. 2. Mortality rate expressed as a function of pressure-reactivity and magnitude of slow waves of ICP

Fig. 3. Example of monitoring of ICP, CPP, PRx amd Slow waves in a patient who died on the second day after severe head injury. PRx

deteriorated shortly after admission but at relatively good level of CPP. Slow waves increased and then decreased secondarily at very low CPPs
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of these patients to maintain a constant CBF could be

the trigger that initiates the secondary ICP rise.

In conclusion, impaired pressure-reactivity and low

content of vasogenic ICP waves are associated with

fatal outcome.
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Summary

This paper describes and validates a new Cumulative Pressure-

Time Index (CPT) which takes into account both duration and de-

gree of cerebral perfusion pressure (CPP) derangement and deter-

mines critical thresholds for CPP, in a paediatric head injury dataset.

Sixty-six head-injured children, with invasive minute-to-minute

intracranial pressure (ICP) and blood pressure monitoring, had their

pre-set CPP derangement episodes (outside the normal range) identi-

fied in three childhood age-bands (2–6, 7–10, and 11–16 years) and

global outcome assessed at six months post injury.

The new cumulative pressure-time index more accurately pre-

dicted outcome than previously used summary measures and by

varying the threshold CPP values, it was found that these physiolog-

ical threshold values (a48,a52 anda56 mmHg for 2–6, 7–10, and

11–16 years respectively) best predicted brain insult in terms of

subsequent mortality and morbidity.

Keywords: Paediatric head injury; cumulative pressure-time index;

critical CPP thresholds; outcome.

Introduction

Cerebral perfusion pressure (CPP) has been shown

to be the best predictor of outcome in both adult and

paediatric head injuries [1, 2, 4–6]. Previously a num-

ber of di¤erent summary measures of CPP, (e.g. means

over hourly recordings or other time-frames, maxi-

mum or minimum values, percentage duration of de-

rangement etc.), have been used as predictors of out-

come. These are pragmatic and loose much of the

detail by virtue of averaging the peaks and troughs of

the perfusion pressure recording.

A measure is required that incorporates more than

one dimension (duration and degree), to give a more

accurate quantification of the total burden of second-

ary insult. It should be equally applicable to children

and adult monitoring.

This paper describes a novel Cumulative Pressure-

Time index (CPT) that has been applied to a paediatric

head injury dataset, and has been used to help deter-

mine critical thresholds for CPP in children.

Materials and methods

Sixty-six head-injured children (aged 2–16 years) from two re-

gional UK centres had minute-to-minute recordings of physiological

parameters including intracranial pressure (ICP), systolic, diastolic

and mean arterial blood pressure (MAP), with automatically calcu-

lated CPP. Data were downloaded from bedside monitors and ana-

lysed o¤-line. Entry to this study included i) a post-resuscitation, pre-

intubation Glasgow Coma Score (GCS) of 12 or less, or an Injury

Severity Score of b16 in association with a GCS of 13–15 after

head injury; ii) monitoring within 24 hours from the time of injury

until removal of the ICP monitor.

Demographic data including age, gender, cause of injury, data and

time of injury were collected, and a modified Glasgow Outcome

Scale score was assigned at 6 months post-injury from a postal ques-

tionnaire completed by parents/carers or General Practitioners. Out-

come was dichotomised into independent (GOS 4 & 5) and poor

(GOS 1, 2 & 3) outcome, and alive vs. dead.

Pre-set levels of CPP derangement (i.e. values that were outside

the normal range) were used for each year of age [4]. The 66 children

were then grouped into 3 practical age-bands (2–6, 7–10, 11–16)

such that the mean CPP for each band was within a 5 mmHg span,

giving mean CPP threshold values ofa48 mmHg for the 2–6 year

olds, a54 mmHg for the 7–10 year olds, and a58 mmHg for the

oldest group (11–16 years of age).



Method for calculating the CPT

Figure 1 outlines the steps in calculating the Cumulative Pressure-

Time Index. Using the Edinburgh Browser6 program [3] the minute-

by-minute time series data were first validated to remove artefact and

identify derangements lasting>5 minutes (Fig. 1a). Figure 1b shows

a continuous trace of the resulting CPP data, with the selected

threshold level. Each episode was identified and the summated areas

between the CPP tracing and the threshold calculated.

This produced a single value representing both severity and dura-

tion of derangements. This can be shown mathematically by the

following formula, where the greater the CPT value, the more CPP

derangement was evident.

CPT ¼
X

ðCPPthreshold � CPPÞ � tsample interval

The relationship between this new summary measure, and some

alternative summary measures for CPP calculated from this dataset

[i.e. the overall mean value for CPP (in mmHg); the accumulated

total duration of all episodes of CPP derangement as specified by

Browser as absolute time and as a percentage of the total CPP mon-

itoring time] and outcome was explored.

Using the above, Receiver Operator Characteristic (ROC) curves

were constructed. To test if there were significant di¤erences between

the ROC curves, 6 pairwise comparisons were made for each dichot-

omous outcome to establish which of the above summary measures

were the best predictors of outcome.

The pre-set threshold levels for CPP for each age-band were then

reduced by 10% and 20%, and the CPT recalculated for each, and

related to outcome to identify which of the chosen thresholds were

best discriminators of outcome.

Results

Of the 66 children, 47 su¤ered a severe head injury,

17 a moderate and 2 a mild head injury according to

the entry criteria. There were 41 boys and 25 girls. Fif-

teen children were aged 2–6 years, 24 aged 7–10 years

and 27 were in the oldest group (11–16 years). At 6

months outcome, 11 had died, none were vegetative,

6 were severely disabled (17 poor outcome), 19 were

moderately disabled and 30 had made a good recovery

(49 independent outcome).

CPT vs. outcome

The mean CPT values for those with poor and inde-

pendent outcome were 31785 (mmHg�min) and 3391

respectively, and for the dead and alive were 48126 and

3220 respectively. Both were significantly predictive of

outcome (p < 0:001). When the ROC curves were ex-

amined the areas under the curve for poor vs. indepen-

dence and dead vs. alive were 0.839 (95% C.I. 0.731,

0.9470) and 0.957 (95% C.I. 0.901, 1.013) respectively.

CPT values by age vs. outcome

The CPT values for the 3 childhood age bands

were also separately highly predictive for mortality

(p < 0:001), and morbidity (p ¼ 0:027, p ¼ 0:014,

and p ¼ 0:001 for the 2–6, 7–10 and 11–16 year old

groups respectively). The CPT derangement value was

not significantly di¤erent (ANOVA) across the 3 child-

hood age bands for mortality and morbidity.

All summary measures related to outcome

A comparison of the other summary measures de-

scribed above with the CPT index has been assessed

utilising multiple ROC constructions (Fig. 2). The

areas under the ROC curves for poor vs. independent

outcome for the 4 measures were: – overall mean CPP

Fig. 1. Schematic representation of CPP and CPT: (a) The Edinburgh Browser6 screen shows the recorded physiological values minute-by-

minute below, and deranged physiology (i.e.>5 minutes) as horizontal black bars above. (b) A sample of the CPP trace from Fig. 1a is enlarged

to illustrate the Cumulative Pressure-Time Index, shown as the area below the pre-selected threshold for CPP for age (horizontal line)
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0.717; CPP insult duration 0.764; percentage CPP in-

sult 0.776, and CPT at threshold 0.839.

Pairwise comparison of ROC curves for poor vs.

independent outcome

The 6 possible pairwise comparisons were made

of these ROC curves (MedCalc). This showed the

CPT index was a significantly better measure than

overall mean CPP (p ¼ 0:008), CPP insult duration

(p ¼ 0:02), and percent duration of CPP (p ¼ 0:055).

None of the other possible paired comparisons were

significant.

Pairwise comparison of ROC curves for dead vs. alive

Although all summary measures were highly predic-

tive of mortality at 6 months, the area under the ROC

curve for CPT index was 0.957, slightly greater than

for the percentage insult duration (0.909), mean CPP

(0.907) and CPP insult duration (0.886), but not statis-

tically significant.

Threshold alteration and outcome

Although our chosen threshold levels above provide

impressive ROC values, we considered whether a dif-

ferent CPP threshold might even better relate to out-

come. Accordingly we carried out similar analyses of

CPT and ROC curves when the CPP threshold value

was reduced by 10% and 20% (Table 1). For indepen-

dent and poor outcome the area under the ROC curve

for our threshold value was 0.839, greater than the

value 0.818 for threshold minus 10%, and the value

0.809 for threshold minus 20%, but not significantly

di¤erent.

For non-survival the area under the ROC curve

did not improve prediction by reducing the threshold

values.

Discussion

The CPT index that we have described takes into ac-

count both the severity and the duration of the physio-

logical derangement of CPP and this index is highly

Fig. 2. ROCs for two dichotomised outcomes (death vs. survival on the left hand graph, and poor vs. independent outcome on the right hand

graph) for CPP derangement when measured by i) overall Mean CPP in mmHg, ii) duration of CPP derangement; iii) derangement as a per-

centage of the acute monitoring time (% CPP derangement), and iv) using the Cumulative Pressure Time Index (CPT) for CPP

Table 1. Values of the ‘area under the ROC curves’ for the cumulative

pressure-time (CPT) at ‘threshold CPP for age-band’, ‘threshold

minus 10%’, and ‘threshold minus 20%’ levels of CPP for mortality

and morbidity

Area under the

ROC curve poor vs.

independent outcome

Area under the

ROC curve death

vs. survival

CPP at ‘threshold level’ 0.839 0.957

Threshold minus 10% 0.818 0.974

Threshold minus 20% 0.809 0.975
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significantly related to outcome (classified as either in-

dependent vs. poor or alive vs. dead). This relationship

to outcome also applies to children of di¤erent ages

(2–6, 7–10 and 11–16 years of age). Our results show

that there is a similar insult burden, measured by CPT,

in young as in older children with head injury.

Previous studies on the relationship between CPP

and outcome in head injury have normally used a uni-

dimensional measure of the CPP insult, such as calcu-

lating the mean CPP value from the whole record, or

the duration of reduced CPP, or the percentage time

of the CPP reduction to the whole record, all of which

we have similarly used. We have created a new index

and demonstrated that the use of the CPT index at

our threshold levels for children was a significantly

better predictor of outcome.

Although CPT and the other indices were all signifi-

cantly predictive of mortality, because of the absolute

prediction of mortality with progressively lowered

CPP values, there was no additional benefit from any

one measure.

The threshold values chosen were inferred from

physiological normative data [4] and it was not known

at the outset whether those chosen values would prove

to be definitive thresholds for sustaining brain ‘‘insult’’

(and be crucial to the determination of outcome). We

therefore investigated alternative threshold levels of

CPP, (of minus 10% and minus 20% below the physio-

logical threshold), however these were not more pre-

dictive of outcome, indicating that the physiological

threshold (after appropriate homeostatic compensa-

tion) best approximates the secondary brain insult

threshold.

The brain insult may be acquired by either an exag-

gerated ICP or low MAP, and the CPT as a total CPP

insult measure, will not recognise which is the major

contributing cause. This is a common di‰culty with

any CPP measure.

Clearly the CPT index is a retrospective tool for use

in future clinical trials and retrospective studies, al-

though it could theoretically be applied after 24 hours

or other epochs of patient monitoring. It is likely that

the age-specific critical threshold CPP value will be

the practical value which will guide the clinician in the

bedside care of the head injured child.

The CPP threshold values described are particularly

useful for discriminating brain insult, but ‘‘treatment’’

or ‘‘intervention’’ thresholds, which would be arbi-

trary, would probably require higher target levels of

CPP for treatment intervention in any formal clinical

trial.
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Summary

Introduction. An open collaborative international network has

been established which aims to improve inter-centre standards for

collection of high-resolution, neurointensive care data on patients

with traumatic brain injury. The group is also working towards the

creation of an open access, detailed and validated database that will

be useful for hypothesis generation. In Part A, we describe the under-

lying concept of the group and it’s aims and in Part B we describe the

current status of the groups development.

Methods. Four group meetings funded by the EEC have enabled

definition of a ‘‘Core Dataset’’ to be collected from all centres re-

gardless of specific project aim. A form based feasibility study was

conducted and a prospective data collection exercise of core data us-

ing PC and hand held computer based methods is in progress.

Findings.A core-dataset was defined and can be downloaded from

the BrainITweb-site (go to ‘‘Core dataset’’ link at: www.brainit.org).

A form based feasibility study was conducted showing the overall

feasibility for collection of the core data elements was high. Software

tools for collection of the core dataset have been developed. Cur-

rently, 130 patient’s data from 16 European centres have been

recruited to the joint database as part of an EEC funded proof of

concept study.

Interpretation. The BrainIT network provides a more standardised

and higher resolution data collection mechanism for research

groups, organisations and the device industry to conduct multi-

centre trials of new health care technology in patients with traumatic

brain injury.

Keywords: Head injury; multi-centre network; health technology

assessment; neurointensive care; ICP monitoring; cooperative net-

work.

Part A: BrainIT group concept

Head injury has devastating economic and social

consequences both to the victim and to the society

that supports the victim [1]. When assessing head in-

jured patients’ outcome from new therapies or the ap-

plication of new monitoring devices, a large number of

patients are required [4]. Recruiting patients from mul-

tiple centres will significantly reduce the time to assess

new therapy and monitoring. However, despite the ex-

istence of guidelines for the management of severely

head injured patients [2], this group of patients is sub-

ject to considerable variability in care [3]. As a first step

towards improving management standards in this

population, both the inter and intra-centre variability

in the management and treatment of these patients

needs to be assessed on a multi-national basis, and to

do so requires a more standardised and higher resolu-

tion methodology for acquiring patient management

and monitoring information.

Group formation

The idea for the Brain Monitoring with Information

Technology (BrainIT ) group came from discussions

arising during the 10th International Symposium on

Raised Intracranial Pressure and Neuromonitoring in

Brain Injury held in Williamsburg, USA in May 1997.

A few participants at this meeting, with a specific inter-

est in neuro-monitoring, agreed that a more open

and collaborative approach to the assessment of new

monitoring technology would be a more e‰cient

approach then continuing our current practice of con-

ducting small scale, single centre studies. From those

initial meetings in Williamsburg, a web site was setup

(www.brainit.org) and from the interest generated, it

became clear that many were interested in the concept

of an open collaborative approach to developing stan-

dards in this area. Currently there are over 100 mem-

bers from 25 countries who have registered interest in

the group via the website. It is possible to summarise

the interests of the group into three main aims:



The main aims of the group are:

1. To develop and disseminate improved standards

for the collection, analysis and reporting of inten-

sive care monitoring data collected from brain in-

jured patients.

2. To provide an e‰cient multi-centre infra-structure

for generating quality evidence on the utility of new

forms of intensive care monitoring and methods for

improving the care and outcome of brain-injured

patients.

3. To develop and use a standardised database as a

tool for hypothesis generation and the develop-

ment, testing and validation of new data analysis

methodologies.

The BrainIT group approach – what are the

di¤erences?

The Ethos of the BrainIT group is one of foster-

ing open and free collaboration. The approach used,

which we believe is novel in this field of medicine in-

volves the following key elements:

1. Only high-resolution minute-by-minute monitoring

and detailed management data is collected using

computer based data collection tools. A basic set

of data collection software tools are provided to all

data contributing members free of charge. In addi-

tion to the free tools o¤ered, the group is collabo-

rating with industry on the development of more

sophisticated data collection technology. A techni-

cal sub-group works towards developing tools and

methods to assist with standardising data collec-

tion, analysis and database tools across centres.

2. A project-by-project based collection of data,

where members voluntarily donate their time and

e¤ort towards collection of data for specific projects

in which they are enrolled. The BrainIT group In-

ternet based facilities (Web page and Forum) allow

members either individually or in groups to form

their own projects, enlist interest from other mem-

bers, attract grant funding and manage their own

project. Individual project PI’s are responsible for

project management, funding and publication of

their results.

3. The data model used di¤ers from previous collabo-

rative groups working within the field of traumatic

brain injury in that data collected as part of indi-

vidual projects is also donated to a joint database.

Data collection tools used in projects collect, as a

minimum, a ‘‘Core Dataset’’ which once collected

and anonymised is added to a common database.

The common database will be openly accessible,

through the Internet, to all ‘‘Data Contributing’’

centres. The database will be able to be queried

over the Internet and datasets of interest can be

downloaded to any member who has also contrib-

uted data to the database.

4. A steering group with overall responsibility for

group management, does not dictate project selec-

tion but can help with project design if required.

An important function of the steering group is

to track data analyses being performed on the

joint database to ensure a high level of analysis

is maintained. Only o‰cially registered and

planned analyses conducted on ‘‘validated’’ data

can lead to publication and presentation at meet-

ings. The steering group will ensure that database

access, analysis and publication criteria are adhered

to.

5. An important element of the BrainIT group ap-

proach is to continuously work towards the devel-

opment of improved ‘‘standards’’ for multi-centre

collection and analysis of data in this patient

population. We have achieved a key first step in

this process by defining minimum data validation

standards and have developed a mechanism for

checking the validity of data against original docu-

mentation using regionally hired ‘‘data validation’’

sta¤. The BrainIT network provides an infrastruc-

ture supporting data quality control for trials of

management or monitoring similar to that required

by the Pharmaceutical industry in the conduct of

trials of new drugs.

A detailed BrainIT Group ‘‘Operational Strategy’’

document can be viewed and downloaded from the

group web-page (www.brainit.org ! go to Operating

Strategy Link). A sub-set of this document is sum-

marised below. Database access and joint publication

criteria can be viewed and downloaded from the group

web-page (www.brainit.org ! go to Operating Strat-

egy Link) (Fig. 1).

Regional coordination

Each region (usually one but occasionally more

than one country sharing a common language) with

more than one neuro-intensive care centre contribu-

ting data to the BrainIT database has a regional coor-
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dinator providing coordination support for centres

within their region. They also hire, train and support

‘‘Data Validation’’ sta¤ (funding dependant), used to

travel to local centres to train local centre sta¤ in the

use of BrainIT data collection and analysis tools, as

well as, conducting data validation exercises. See the

Operational Strategy Document for an overview of

BrainIT Data Validation Approach.

Group funding

The major resource cost of the BrainIT group is for

the hiring and travel support of Data Validation Sta¤.

These sta¤ are currently grant funded. Grant funding

will, for the most part, remain the predominate source

of support, however, other sources of support are be-

ing considered including by industry and public dona-

tion. As the group expands and more project groups

form and bring in their own funding, it may be possible

to create a central DV sta¤ resource fund based upon a

fixed percentage of project funding.

Part B: current status 2004

Paper-based feasibility study

A paper form based feasibility study was conducted.

Eighteen centres (82%) returned completed forms by

the set deadline. Overall the feasibility for collection

Fig. 1. Graphical Representation of BrainIT Group Concept. Using the Internet as a mechanism linking individual investigators, the BrainIT

group provide web resources (mailbase forum, discussion forum and free access to common data collection tools) to foster formation of project

groups. Project groups are responsible for managing, funding and publishing their own work. Collected data is anonymous and donated to a

common database for the benefit of the entire network. Any data-contributing centre can access the entire common database useful for post-hoc

hypothesis testing and generation. Only ‘‘Validated’’ data can lead to publication and the BrainIT group provides a region-by-region based

mechanism for hiring and managing Data Validation (DV ) sta¤ to validate project group data. Validation costs will be generated from a range

of resources, including a contribution from grant funding sourced from individual project group grants. Project and analysis duplication is

prevented by a Steering group maintaining and managing a project and analysis register. A technical group helps develop data collection, anal-

ysis and database tools
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of the core data elements was high with only 10 of the

64 questions (16%) showing missing data. Of those 10

fields with missing data, the average number of centres

not responding was 12% and the median 6%. An SQL

database to hold the data has been designed and imple-

mented Software tools for collection of the core data-

set have been developed. Ethics approval has been

granted for collection of multi-centre data as part of a

pilot data collection study.

Proof of concept pilot data collection study

In October 2002, the BrainIT group received 3 year

EEC research infrastructure support under the Quality

of Life and Management of Living Resources Pro-

gramme. This support enabled:

– Creation of a ‘‘Regional’’ Coordination Structure

consisting of 6 country-specific coordinating centres

via which data validation sta¤ are hired and re-

gional project and data acquisition is coordinated.

– Hire sta¤ to Develop, Install and Train local centres

in new IT tools to collect core dataset

– Prospectively collect (and Validate using specially

hired and trained sta¤ ) at least 5 patients/year of

core data from 30 centres across 13 EEC countries:

– UK (7), Germany (4), Italy (4), Sweden (3), Spain

(3), Lithuania (2), Belgium (1), Netherlands (1),

France (1), Denmark (1), Switzerland (1), Czech

(1), Romania (1)

Figure 2 above shows the current status of patient re-

cruitment.

Discussion

This paper has outlined the concept underlying

the BrainIT group approach to collaboration and de-

scribes the group’s e¤orts to define and test the feasibil-

ity for collection of a core-dataset. The current status

of a prospective proof of concept data collection study

is described. Collectively working towards raising data

collection and analysis standards is a critical aim of the

BrainIT group and the current work towards defining

minimum data validation standards and developing a

mechanism for checking the validity of data against

original documentation using regionally hired ‘‘data

validation’’ sta¤ will provide an infrastructure sup-

porting data quality control for trials of management

or monitoring similar to that required by the Pharma-

ceutical industry in the conduct of trials of new drugs.
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Summary

Background. BrainIT is a multi centre, European project, to col-

lect high quality continuous data from severely head injured patients

using a previously defined [6] core data set. This includes minute-by-

minute physiological data and simultaneous treatment and manage-

ment information. It is crucial that the data is correctly collected and

validated.

Methods. Minute-by-minute physiological monitoring data is

collected from the bedside monitors. Demographic and clinical in-

formation, intensive care management and secondary insult manage-

ment data, are collected using a handheld computer. Data is trans-

ferred from the handheld device to a local computer where it is

reviewed and anonymised before being sent electronically, with the

physiological data, to the central database in Glasgow. Automated

computer tools highlight missing or ambiguous data. A request is

then sent to the contributing centre where the data is amended and

returned to Glasgow. Of the required data elements 20% are ran-

domly selected for validation against original documentation along

with the actual number of specific episodic events during a known

period. This will determine accuracy and the percentage of missing

data for each record.

Conclusion. Advances in patient care require an improved evi-

dence base. For accurate, consistent and repeatable data collection,

robust mechanisms are required which should enhance the reliability

of clinical trials, assessment of management protocols and equip-

ment evaluations.

Keywords:Head injury; data collection; database; validation.

Introduction

The incidence of serious head injury is estimated at

1500 per 100,000 population per annum which equates

to over one million head injuries per year in Europe.

The long term care of these patients bears a great bur-

den on society and has both social and economic impli-

cations for the injured person and carers involved [1].

The incidence and e¤ects of secondary insults play a

significant part in the outcome of patients. Prompt,

and better medical management of these insults has

improved the outcome in these patients [3]. The Trau-

matic Coma Databank used a common data collection

protocol and provided information on patient recov-

ery and outcome [5]. Recent pharmaceutical studies

have endeavoured to protect the injured brain from

further secondary insults therefore aiming to improve

the outcome of a predominately young population. In

neither case has high resolution monitoring data been

recorded. Therefore the precise relationship between

outcome and the deviation of physiological variables

made. Clinical Trials of this sort have proved largely

inconclusive, and a critical analysis of the possible rea-

sons for this failure is given in an article by Maas

[4]. With advances in monitoring and information

technology interest has now shifted towards the accu-

rate minute-by-minute monitoring of severely injured

patients with a view to observing momentary second-

ary insults as they occur. Because of the relatively

low number of head injuries seen in any one centre,

and the number required to produce robust evidence

based studies, it is necessary to pool data from several

centres. This can only be achieved if the data from

di¤erent centres can be combined in a standardised

format.

The BrainIT Group http://www.brainit.org/ is a

collaboration of Healthcare Professionals who came

together during the 10th International Symposium on

Raised Intracranial Pressure and Neuromonitoring

in Brain Injury in Williamsburg, USA in May 1997.

From this meeting and subsequent discussions, an

EEC grant was obtained to fund the development of a

network infrastructure that culminated in the forma-

tion of the BrainIT Group. The Group currently con-

sists of 30 European Centres and led by a Steering



Group. The aim is to collect high quality continuous

data from severely head injured patients and store it

in a database that is available for analysis and review.

The group strive to standardise data collection for this

group of patients and also to establish and populate

data for analysis. Each participating country has been

assigned a data validator to help co-ordinate the set-

ting up of centres each in their own country. A core

data set has previously been defined [6] that in-

cludes minute-by-minute physiological data and si-

multaneous treatment and management information.

Collected data is transferred via the BrainIT website

to the Central Database in Glasgow where automated

computer tools are used to highlight missing or ambig-

uous data. Of the required data elements 20% are ran-

domly selected for validation against original docu-

mentation along with the actual number of specific

episodic events during a known period. This will deter-

mine accuracy and the percentage of missing data for

each record.

Methods

The defined core data set consists of four aspects of data collec-

tion: minute-by-minute physiological monitoring data, demographic

and clinical information, intensive care management data and sec-

ondary insult management data. All these aspects of data collection

are essential for the completion of each patient data file. Eligible

patients for this study may be of any age with the inclusion criteria

being insertion of an intracranial pressure monitoring device and ar-

terial line. The minimum amount of time a patient may be monitored

for is four hours. Data collection in the United Kingdom may begin

as soon as the patient is admitted to intensive care as approved by the

Multi Research Ethics Committee, Scotland, with written assent be-

ing obtained as soon as is practical after admission. In cases where

assent is not given for any reason, then the previously collected data

will not be retained.

Physiological data collection on such a large scale has never previ-

ously been attempted and various methods exist for collection of

such data. Some centres use their own specifically devised data col-

lection programmes, whilst others have enlisted commercial help

to install and set up equipment to collect the required minute-by-

minute data. Data from several areas (Intensive Care Unit, High De-

pendency Unit, Neurotheatre) may either be collected centrally via a

networked system or at each bedside using a computer connected to

the physiological monitor. Data from these systems is transferred to

Glasgow via the BrainIT website. Collection of physiological data

involves very little input from the ICU nursing and medical sta¤

and requires one or two designated persons to be responsible for

downloading and sending each patient’s data to a dedicated research

data server at the BrainIT Co-ordinating Centre in Glasgow.

Collection of demographic and clinical information, and intensive

care treatment and management data is by use of handheld devices

(PDAs). Specialist software developed by Kelvinconnect Limited

enables the user to enter information relating to the patient’s head

injury and subsequent management whilst the patient is in intensive

care. Secondary insult management data is also collected with a list

of named target therapies and targets to which these therapies are

aimed. All data is collected as long as the patient has arterial and

intracranial pressure monitoring. Data is then transferred from the

handheld device to a local computer, where it is stored in a database,

therefore providing a list of recruited patients for each local centre.

Prior to transfer to Glasgow the data collector will obtain a unique

eight digit number from the BrainIT website and attach it to each

patient’s file.

Software on the local computer allows review of the data and all

personal details are removed leaving the BrainIT number only as a

means of patient identification. Data is then transferred to Glasgow

to the central database. Data conversion tools convert data to the

BrainIT standard format and it is then added to the central database.

A web interface has been designed to allow members of the BrainIT

Group access to the database and the information it provides.

Once the data has been received in Glasgow, automated computer

tools convert data to a common file format, standardise units, parse

the data and highlight missing or ambiguous data. A missing data

request is sent to the local centre. Missing data, if available, is en-

tered and the file is returned to Glasgow. This process continues until

as much of the missing data as possible is found. Of the required data

elements 20% are randomly selected for data validation against orig-

inal documentation along with the actual number of specific episodic

events during a known period. This part of the process requires assis-

tance of the country data validator. A list of requested data for vali-

dation is sent to the data validator who will then visit the local centre

from where the data was originally sent. Using the patient’s notes

and charts the data validator will check the list of data against the

original documentation. A validation file will be created in the con-

tributing centre using the BrainIT Core Data Collection tool which

will then be exported and sent to Glasgow via the internet. Again

missing or incorrectly entered data is identified and a new validation

request is sent to the data validator. These steps are repeated until all

of the missing validation data has been collected. It will be possible

to search within the database for both validated and non-validated

data. Only validated data should be used in analyses intended for

publication or submission, whilst non-validated data may be ac-

cessed and used in analyses intended for hypothesis generation.

Data validation procedures are as follows. First of all fully anony-

mised raw data transferred to Glasgow is kept on the BrainIT group

server which is separate from the common database. For all data

entered to the common database one of four levels of data vali-

dation are progressively applied. Validation level one is a ‘‘well-

formed’’ data check used to ensure that the data conversion stage

functioned correctly, in particular the time-stamp format (YYYY-

MM-DD HH:MM) is valid. Data validation level two checks all

non-numeric categorical core dataset data for transcribing errors.

Validation at this level di¤ers depending on whether monitoring or

non-monitoring data is being validated. Validation of monitoring

data requires a start and end time for each particular monitoring

channel, also that the di¤erence between the range of monitored

data values of the two methods (collected versus archived original

source) compared with the average of the two methods does not

show a significant bias and this will be achieved in a standard means

by the application of a Bland and Altman form of statistical analysis

[2]. Level three validation involves the conversion of units to BrainIT

units if required whilst level four validation involves the data valida-

tors to check the accuracy of data collected against source docu-

ments. Of the four levels of validation, only the last (level four)

requires human resources and so to cope flexibly with periods of

low funding, the BrainIT group has also defined three ‘‘types’’ of

level four validation: type one or self validation where the Principal

Investigator validates his own data. Type two is cross validation and

involves colleagues in nearby BrainIT centres validating each other’s

data whilst type three is independent validation and involves the data

validator who has no link with the BrainIT centre. Each patient
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record in the database is sortable on both level and type of validation

allowing individual investigators to prescribe their own validation

security level. For example, for hypothesis generation studies levels

1–4 can be used, but for analysis intended for publication only level

four data can be used but with a choice of validation types 1–3 (self

validation ! independent data validators).

Results

The project o‰cially started in September 2002, al-

though sta¤ were not employed until January 2003.

The first year of the project was spent developing hard-

ware and software methods and in training sta¤. Cur-

rently 30 centres have agreed to participate and con-

tribute data. Full data recruitment started in January

2004. A total of 115 patients from 15 centres currently

have been recruited to the study of which all of the

minute-by-minute physiological data, clinical manage-

ment and demographic raw data have been transferred

to Glasgow. To date, 50 patients’ data has been con-

verted to the common data format and entered into

the project database (Table 1).

Twenty one requests for missing data were sent out

from Glasgow to the relevant centre giving an average

number of requests per patient of two. Some centres

have still not recruited patients and there are several

reasons for this. Out of range data will also be high-

lighted and requests for verification of such data will

be sent to the contributing centre.

Discussion

The aim of this study is to standardise the collection

of data from head-injured patients in a previously de-

fined set format. This approach ensures that all those

involved are collecting data in the same format. Using

this approach, data from di¤erent centres can be com-

bined together to provide a larger better standardised

data set than would normally be available from a sin-

gle centre. We have set up systems so data transfer can

be done over the internet and tools for data validation

produced and evaluated. The project is still developing

and the techniques still require to be evolved into an

automated process. However we have demonstrated

that our data transfer process is successful and that

missing data can be readily identified and requests

made to local centres for such data. The production

of a reliable fully populated database from head in-

jured patients provides, for the very first time, a means

to access data that can be used for analysis and hy-

pothesis testing. Storage of validated data in this way

ensures a firm evidence base which contributors may

draw upon and use to ensure standardised practice for

head injuries.
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Table 1. Data collected from centres

Data sent to Glasgow

Number of centres contributing data 15

Total number of patients recruited 115

Number of patients on database 50

Requests for missing data 21

Average number of requests per patient 2

Accurate data collection for head injury monitoring studies: a data validation methodology 41



Acta Neurochir (2005) [Suppl] 95: 43–49

6 Springer-Verlag 2005

Printed in Austria

ICMB: software for on-line analysis of bedside monitoring data
after severe head trauma

P. Smielewski1,2, M. Czosnyka1, L. Steiner1, M. Belestri1, S. Piechnik1, and J. D. Pickard1,2

1Academic Department of Neurosurgery, Addenbrooke’s Hospital, Cambridge, UK

2Wolfson Brain Imaging Centre, Addenbrooke’s Hospital, Cambridge, UK

Summary

ICM software was developed in 1986 in Warsaw, Poland and has

been in use at the University of Cambridge Neurocritical Care

Unit for 10 years collecting data from bed-side monitors in nearly

600 severely head injured patients and calculating secondary indices

describing cerebral autoregulation and pressure-volume compensa-

tion. The new software ICMþ includes a much extended calculation

engine that allows easy configuration and on-line trending of com-

plex parameters.

The program records raw signals, and calculates time trends of

summary parameters. Configuration and analysis utilises arithmetic

expressions of signal processing functions to calculate various statis-

tical properties for each signal, frequency spectrums and derivatives,

as well as correlations/cross-correlations between signals. The soft-

ware allows configuration of several levels of analysis before calcu-

lating the final time trends. The final data are displayed in a variety

of ways including simple time trends, as well as time window based

histograms, cross histograms, correlations etc. All this allows com-

plex information coming o¤ the bed-side monitors to be summarized

in a concise fashion and presented to medical and nursing sta¤ in a

simple way that alerts them to the development of various patholog-

ical processes.

The system provides a universal tool for clinical and academic

purposes. Its flexibility and advanced signal processing is specialized

for the needs of multidisciplinary brain monitoring.

Keywords: Brain monitoring; multimodal monitoring; on-line

data analysis; cerebral autoregulation; head trauma; intensive care;

neuro-monitoring.

Introduction

In an established environment of Clinical Neuro-

science Department enormous quantities of data can

be captured from bed-side monitors per each patient

[5]. From that data information regarding cerebral

autoregulation, cerebrospinal compensatory reserve,

oxygenation, metabolite production and function can

be obtained [1, 3, 6]. However, continuous assessment

of changing cerebrovascular haemodynamics and oxy-

genation demands not only reliable monitoring techni-

ques, but also sophisticated and time consuming signal

analysis. This can be provided by dedicated computer

support.

The intensive care multimodality monitoring system

adopted in the Cambridge Neurosurgical Unit is based

on software for a standard PC, equipped with a digital

to analogue converter and RS232 serial interface, run-

ning Windows 2000/XP. First version of the software

was introduced into clinical practice in Poland, Den-

mark and the UK in the middle 1980s and has subse-

quently been extended into a system for multimodal

neuro-intensive care monitoring (ICM) and waveform

analysis of intracranial pressure [1, 8] used in Cam-

bridge, UK, and other centres in Europe (Goteborg,

Toulouse) and United States (Detroit). Most data has

been derived from head injured [3] and hydrocephalus

patients [2]. However, the same or similar techniques

are being increasingly applied to those su¤ering from

severe stroke, subarachnoid haemorrhage, cerebral

infections, encephalopathy, liver failure, benign intra-

cranial hypertension, etc. In addition to monitoring of

multiple variables describing dynamics of the studied

pathology [5], some secondary indices have proved to

be useful in clinical neurosciences [6]. The best known

example is the cerebral perfusion pressure, calculated

as a di¤erence between mean arterial pressure and

ICP. More sophisticated indices describing cerebrospi-

nal compensatory reserve, pressure autoregulation and

vascular reactivity were introduced to clinical practice

recently and proved to be useful in head injury [3, 5]

or poor grade subarachnoid haemorrhage. The aim of

this paper was to present and discuss the concepts im-

plemented in the new version of the monitoring soft-



ware ICMþ and to show its applications in research of

Neurosurgical diseases and head traumas.

Methods

The ICMþ software extends the ideas included in the original

ICM program for DOS [1] as well as in the cerebrovascular reactivity

test analyser CVRTest [8] by the same authors. In particular, the

principle of multistage analysis of the bed-side monitors signals has

been carried through (Fig. 1). It has however been extended heavily

based on the authors experience over the years of using the soft-

ware in the neuro-intensive care unit in the Addenbrookes Hospital,

Cambridge.

The software is composed of several modules of which the core

are:

1. Sampler module – collects data from variety of sources includ-

ing analogue/digital converter and RS232 serial port. Configuration

of the analogue input involves specifying sampling frequency, actual

analogue channel to be used for particular signal as well as the

voltage amplifier gain and the voltage-signal units conversion. Con-

figuration of the serial input involves communication protocol, spec-

ifying record and data field separators as well as the position of the

particular data field in the data record. All the signals are provided to

sampler clients as one list with their respective sampling rates, hiding

the actual signals sources. There is also an o¤-line version of the

sampler that uses a data file (several formats are supported) instead

of directly reading the data from bed-side monitors.

2. On-line Data Analysis module – collects signal samples from the

Sampler and processes them according to requested analysis config-

uration (Fig. 2) producing time trends of calculated parameters.

3. Display module – allows viewing of the time trends using a se-

lection of various charts, data browsing and analysis tools.

4. Diagnostic manoeuvres analysis module – provides a mecha-

nism for plugging in optional analysis tools for various intervention

tests like for example transient hyperaemic response test, CO2 reac-

tivity test or cerebrospinal fluid infusion study [2, 4, 9].

Results

The software has been used in a variety of applica-

tions covering various neurological pathologies rang-

ing from hydrocephalus, stroke to severe head injury.

For the last two years it has been used routinely in the

neuro-intensive care unit in the Addenbrookes Hospi-

tal, Cambridge, UK. Total number of 78 patients has

been monitored/diagnosed using this software. Case

studies exemplifying the software application in di¤er-

ent neurological condition are presented in Figure 3.

More examples of research and clinical applications

of the software can be found on the web site http://

www.neurosurg.cam.ac.uk/icmplus.

Discussion

Data from various monitoring equipment used in an

intensive care unit contains a wealth of information

about the patient’s state. Some of the signals coming

from the monitors are more complex than others, i.e.

include complex waveforms. Instantaneous values of

those signals are often di‰cult to interpret. Trends

of minute by minute time averages travel far to aide

in interpretation of the monitoring data but they com-

pletely dispose of information carried by the wave-

forms. Also, it is often the strength and character of as-

sociation between di¤erent signals that provides extra

information rather than the signals themselves.

The first specialised computer-based systems for

neuro-intensive care were introduced at the beginning

of the 1970s. Initially these systems were oriented to

the monitoring of ICP and ABP allowing calculation

of CPP and a basic analysis of the pulse waveform. In

contrast, contemporary systems, like the one presented

here, are highly sophisticated multi-channel digital

trend recorders with built-in options for complex sig-

nal processing [1, 8]. The considerable flexibility of

such systems allows almost unlimited signal analysis,

which can generate a state of data chaos. Thus the

modern user is faced with the problem of which pa-

rameters should be considered, and how the data

should be interpreted. The information should then

be presented in a manner that is comprehensible to

medical and nursing sta¤. Decision on which calcu-

lated parameters are clinically most relevant should

be made by the clinical stu¤ in collaboration with their

research colleagues. Those carefully selected parame-

ters, and only those, should then be presented continu-

ously on the computer screen. Flexible configuration

of data views implemented in ICMþ software allows

for designing a clear summary view page for the

clinically relevant parameters and additional, readily

available pages containing all the other calculated pa-

rameters for more advanced clinical users or research

fellows.

Multiple data sources

In a research orientated intensive care unit there

may be several other monitors available in addition

to the standard bed-side monitors of ABP and ICP.

Those devices, e.g. TCD, Neurotrend, NIRS etc, are

often used only during certain time periods rather

than for the whole time of patient’s stay in the ICU.

Rather than creating new file with each configuration

change ICMþ can accommodate those changes in its

native file format and presents the whole patient data

across di¤erent configuration as one time strip.
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Fig. 1. (A) A symbolic diagram of a busy intensive care monitoring environment with various bed-side monitors hooked up to the data collec-

tion PC using either analogues or serial outputs. (B) A concept of multistage processing: raw data samples are first scaled using Virtual Signal

Processor (VSP); the next stages (Primary Analysis Processor – PAP and Final Analysis Processor – FAP) operate on bu¤ers of samples from

the previous calculation stage – each bu¤er produces one intermediate result value at a time. The length of the bu¤er and how frequently the

calculations are performed is fully configurable as are the calculation formulas

ICMþ: software for on-line analysis of bedside monitoring data after severe head trauma 45



Fig. 2. Example of configuration of the on-line data analysis module. (A) The whole analysis prescription presented in its native XML format.

(B) Snapshot of the graphical user interface for building up the analysis configuration
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Fig. 3. Examples of ICP andABPmonitoring patients after head injury: (A) Patient admitted with GCS of 5. Initial ICP was around 40 mmHg

and normalized after removal of large left subdural haematoma. Analysis of Pressure-reactivity (right panel) indicated ‘optimal CPP’ [10] for

this patient of around 74 mm Hg; (B) Patient with multiple injuries. ICP was at first moderate but unstable, pressure-reactivity (PRx) was

good. ICP deteriorated after abdominal surgery on the fourth day after accident. Pressure-reactivity index indicated permanent haemodynamic

failure (see changing colour of bottom risk-chart: from green-light grey to red-dark grey). Patient died on day 6 after injury; (C) Day-by-day

assessment of non-invasive CPP (eCPP) [7] after head injury. Correlation between non-invasive CPP and ‘real’ CPP is presented in right bottom

corner
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Clinical observations and comments

From the clinical research perspective the collected

data is largely useless unless accompanied by the clini-

cal picture of the patient. In order to decipher various

episodes seen in the recorded time trends a scrupulous

list of clinical observations should accompany the re-

cording. Those observations can be recorded by the

ICMþ software using three di¤erent methods: a notes

tool, a system of user-definable events marking, and an

annotation tool. The first two methods are used in an

on-line mode with the event/note being stamped with

the current time. Annotations are used o¤-line and

get inserted at the point of time cursor, anywhere

within the recording. These can be used to annotate

the recording post-factum and can be modified/deleted

at any time, unlike the notes and events which, once in-

serted, are read only.

Artefacts treatment

To ensure high quality of data analysis artefacts

have to be dealt with. One cannot for example calcu-

late mean value of ICP in the first 24 hours after injury

without first taking out periods where ICP signal was

lost or distorted. We feel strongly that rather than au-

tomatically substituting artefact periods with values

predicted from the past and/or future history of the

signal it is better to treat those as missing values.

However in order to reduce influence of artefacts on

the calculations they are divided into three categories

depending on the where the fault occurred. Firstly

there are global artefacts – i.e. reflected in all the sig-

nals. These are caused by events which involve tempo-

rary disconnection of the patient from all the monitor-

ing devices and a¤ect all the parameters. Then there

are device related artefacts. These arise when a partic-

ular input device, like A/D converter, or a monitor us-

ing serial port for data transmission, gets temporarily

disconnected, malfunctions or gets suspended. Here

only parameters dependent on signals coming from

the particular device will be a¤ected. Other parameters

will have valid values in those periods, unless of course

a¤ected by other overlapping source of artefact. And

finally, there are artefacts that arise from temporary

disturbance in measurement of individual signals.

These can be for instance arterial line flushing, ICP

calibration etc. As before, only parameters dependent

on the particular signal are a¤ected. The signal specific

artefacts periods can be automatically detected and

marked up during on-line analysis depending on the

user configuration. Each of the calculation formula

used in the analysis has a minimum and maximum

value specified by the user. When the formula value

falls outside of the specified region, signal(s) that con-

tribute (directly or indirectly) to the calculations will

have the period from which that value was calculated

marked as an artefact. Such an automated processing

will in no way cause data loss due to misclassification

since it is only the artefact mark up that is being cre-

ated. The data itself is recorded continuously and is

not modified. The artefact mark up can later be modi-

fied manually, if necessary, in an o¤-line mode. Such

an approach allows for cautious treatment of artefacts

in the recording but yet provide a flexible tool for auto-

mated artefact recognition and treatment.

Optional diagnostic tools

In addition to continuous assessment provided by

the calculated time trends of indices it is sometimes

necessary to introduce external excitation to the mea-

sured system and quantify its response to it. This

could be an increase of the ventilator rate to induce

change in arterial CO2 content, brief compression of

the common carotid artery to induce momentary

drop in the cerebral perfusion pressure, or controlled

infusion of saline into the cerebrospinal fluid space in

order to challenge the compensatory reserve [2, 4, 9].

Such an intervention provides an opportunity for

more accurate assessment of the queried system char-

acteristics than the analysis of spontaneous fluctua-

tions originated from it. Tools available on-line for

assessment of these diagnostic tests help to gain addi-

tional insights into the developing pathology as well

as allow for cross calibration of the continuous time

trends.

Reuse of data

With the ongoing research on signal processing of

data from the bed-side monitors it is important to

build a data bank of raw signals for testing new hy-

pothesis. The ICMþ software allows storing those in

addition to time trends of calculated parameters. The

raw signals can then be fed back into the software

times and times again, with a di¤erent analysis config-

uration. This facilitates verification of new ideas for

on-line data processing.
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Data protection act

In order to comply with the Data Protection Act,

all the data stored in the native ICMþ file format is

strongly encrypted. In addition, the patient description

data, i.e. information identifying the patient, is en-

crypted separately using a key individually selected by

each research centre. That means that another centre

will not be able to identify the patient without knowing

the secret key but they will be able to browse the data

and use it for the research purposes. That approach

facilitates collaborative data exchange without worry-

ing about violation of the Data Protection Act.

In conclusion, the system provides a universal tool

for clinical and academic purposes. Its flexibility and

advanced signal processing is specialized for the needs

of multidisciplinary brain monitoring.
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Summary

Background. The aim of this study was to obtain basic knowledge

about the current local conditions and neurointensive care of

traumatic brain injury (TBI) in the new multi-centre collaborative

BrainIT group.

Materials and methods. The survey comprised a background part

on local policies (Part A), and a case study section (Part B). The

information was gathered by questionnaire followed by telephone

interviews. Twenty-three BrainIT centres participated in the survey

and answers from two respondents were available from 18 of the

sites.

Results. The average proportion of agreement between duplicate

respondents was 0.778 (range 0.415–1.00). All BrainIT centres

monitored ICP. The treatment protocols seem to have a pattern

concerning escalation of treatment of intracranial hypertension: 1/

evacuation of mass lesions and head elevation; 2/ increased seda-

tion and mannitol; 3/ hyperventilation; 4/ ventricular drainage; 5/

craniectomy and barbituates.

Conclusions. There seemed to be an agreement on neurointensive

care policies within the BrainIT group. The suggested order of

treatment was generally in accordance with published guidelines al-

though the suggested order and combinations of di¤erent treatments

varied. Variation of treatment within the range of prescribed stan-

dards provides optimal conditions for an interesting future analysis

of treatment and monitoring data in reality using the BrainIT data-

base.

Keywords:Head injury; survey; management.

Introduction

The BrainIT (The Brain monitoring with Informa-

tion Technology) group is an open collaborative or-

ganisation that was created to enable evaluation of

neurointensive care. With the advent of powerful com-

puters in most units the group felt that some kind of

system should be set up to use this hardware for: test-

ing new monitoring devices, collecting minute-by-

minute care data and creating a databas where it

would be possible to pool this data [1]. The database

will contain prospectively collected data from patients

in the BrainIT centers.

The present study was undertaken as an initial step

in analysing treatment of patients with traumatic brain

injury (TBI) in BrainIT centres. The goal was to see if

there was agreement on treatment within centres and

if there were great di¤erences between the di¤erent

BrainIT centres.

Materials and methods

The survey was comprised of a background part on local policies

and conditions (Table 1, Part A), and a case study section (Table 2,

Part B) focused on discerning di¤erences in treatment tradition for

specific clinical situations in traumatic brain injury. The informa-

tion was obtained by written questionnaire followed by telephone in-

terviews a few days later. Twenty-four BrainIT centres participated

in the survey and answers from two respondents were available

from 18 of the sites. The complete questionnaire has been published

[2].



Results

The average proportion of agreement between du-

plicate respondents was 0.778 (range 0.415–1.00). All

Brain IT centres monitored ICP and other cerebral

monitoring techniques were available in most centers.

Part B case study

Questions based on a fictuous case admitted with

traumatic brain injury including information on how

the radiology, neurology and intracranial pressure de-

veloped:

The treatment routines seem to have a pattern con-

cerning escalation of treatment of intracranial hyper-

tension: evacuation of mass lesions and head elevation

[1]; increased sedation and mannitol [2]; hyperventila-

tion [3]; ventricular drainage [4]; craniectomy and bar-

bituates [5].

Discussion

This survey of TBI treatment is di¤erent than those

earlier carried out in the USA; UK and Ireland [3–7].

The earlier surveys have tried to establish what rou-

Table 1. Part A local policies and conditions

Question Predominating answer Proportion with

this answer

Prehospital care ‘‘Scoop and run policy’’ i.e. basic life support 60%

Primary admission to NSU <25% primary admission 55%

Reason for referral to NSU from primary hospital TBI, unconscious and pathological CT 93%

Acute neurosurgery in primary hospital (without NS) no neurosurgery in local hospitals 88%

What kind of ICU exist at the center separate NICU 76%

Where are TBI patients admitted (BrainIT center) NICU, irrespective of other injuries 44%

Are there written protocols for treatment local or published guidelines are used 78%

NS Neurosurgery, NSU Neurosurgical Unit, ICU Intensive Care Unit, NICU Neurointensive Care Unit.

Table 2. Part B case study

Initial information Glasgow coma sum score 8 (motor score 5), spontaneous breathing and circulatory stable

Question Predominating answer Proportion with this answer

ATLS principles applied yes 95%

Intubate patient for neurological reasons yes 83%

Neurological indication for intubation GCSM 5a 51%

Goal for ventilation maintain ventilationb 4 kPa 75%

New additional information CT scan: Di¤use edema. Small kontusion right temporal lobe. Ventricles and basal cisterns slightly compressed

Indication for ICP monitoring yes 90%

Type ICP monitor intraparenchymal monitors 60%

Neurological indication for ICP monitoring Glasgow motor score 5a 51%

New additional information Glasgow motor score decreases to 4. New CT scan: Acute subdural hematoma 5 mm thick right side. 7 mm midline

shift

Is GCSM 4, ASDH and 7 mm shift clear indication for surgery yes 80%

New additional information Glasgow motor score still 4. New CT scan: Acute subdural removed, increase of right temporal contusion. Still 7 mm

midline shift

Is GCSM 4, contusion and 7 mm shift a clear indication for surgery no 60%

New additional Information After 2 days. ICP increases to 25 mmHg and occasional plateau waves. New CT scan: No mass lesion, no midline

shift. Ventricles and basal cisterns slightly compressed

Mannitol as part of treatment yes 71%

CSF drainage as part of treatment yes 56%

General policy questions on treatment of refractory high ICP

Are barbituates used in centre yes 86%

Are decompressive craniectomies sometime used yes 88%

Is active hypothermia used never 62%
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tines were used in TBI care. This survey has been de-

signed to gather basic information on organisation of

care in the di¤erent BrainIT centres and on what the

di¤erent centres believe that they are doing with the

TBI patients [2].

There were 2 respondent from most centers and

their answers concurred to a large extent on treatment

strategies. There also seemed to be an agreement on

indicatons for intubation, ventilation levels and ICP

monitoring within the BrainIT group. The suggested

order of treatment was generally in accordance with

published guidelines [8, 9].

All centres in Brain IT are interested in NIC which

means that the findings were not representative of all

european centres. What is important is that the centres

have been characterised as to what they think they are

doing with their patients. This is an important basis for

future analysis within the BrainIT network of what

is actually going on with the patients. The BrainIT

network should also give valuable information on the

e¤ects of the di¤erent treatment traditions that exist

between centres.
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Summary

Neurosurgical therapy aims to minimise the secondary brain dam-

age after a severe head injury. This includes the evacuation of an

intracranial space occupying bleeding, the reduction of intracranial

volumes, in hematocephalus an external ventricular drainage, and

the conservative therapy in order to influence an increased intracra-

nial pressure (ICP) and a decreased p(ti)02. When conservative treat-

ment fails to act a decompressive craniectomy might be successful

in lowering ICP. From September 1997 until July 2004 we operated

on 737 patients with severe head injuries. 103 patients (14%) were

treated by means of a decompressive craniectomy.

The prognosis after decompression depends on the clinical signs

and symptoms on admission, the patients age and the existence of

major extracranial injuries. Our guidelines for an indication for de-

compressive craniectomy after failure of conservative interventions

and evacuation of space occupying hematomas include a patients

age below 50 years without multiple trauma, a patients age below

30 years in the presence of major extracranial injuries, a severe brain

swelling on CT scan, the exclusion of a primary brainstem lesion or

injury and the intervention before irreversible brainstem damage and

secondarily while monitoring ICP and p(ti)02 in an interval up to

48 hours after the accident before irreversible brainstem damage or

generalised brain damage has occurred.

Keywords: Severe head injury; brain oedema; decompressive cra-

niectomy; intracranial pressure.

Introduction

Bergmann described in 1880 a decompressive cra-

niectomy and Cushing published in 1908 a case report

about a subtemporal decompressive craniectomy for

relief of intracranial pressure. There is still a contro-

versy going on about the value of operative decom-

pression after severe head injuries with traumatic brain

oedema [1–4].

The aim of neurosurgical therapy after severe head

injuries is the minimisation of the secondary brain

damage. General principles of neurosurgical therapy

are the evacuation of space occupying hematomas,

the reduction of intracranial volume, respectively the

drainage of hematocephalus, and the conservative

therapy focussed on intracranial pressure (ICP), cere-

bral perfusion pressure (CPP) and brain tissue pO2.

In intractable intracranial hypertension which is re-

fractory to conservative interventions a decompressive

craniectomy is indicated in a few patients. Indications

for decompressive craniectomy, course of disease,

prognostic criterias are analysed and compared with

the literature [8–10].

Patients and methods

All patients with a severe head injury at the Unfallkrankenhaus

are treated by the neurosurgical service on the interdisciplinar ICU.

The standard management includes an initial CAT-scan in the emer-

gency room. Patients were included in our prospective study when

we saw an indication for a neurosurgical operation. 737 patients

with severe head injuries were operatively treated in the Department

of Neurosurgery of the Unfallkrankenhaus Berlin between Septem-

ber 1997 to July 2004. The average age of the 534 male and 203

female patients was 39 years. 103 patients (14%) underwent decom-

pressive craniectomy. In 68 patients craniectomy was performed ad-

ditionally with removal of a space-occupying hematoma (subdural

or epidural hematoma, contusion hemorrhage) because intraopera-

tively a generalised brain oedema was evident. The second group in-

cluded 35 patients in who conservative treatment on the intensive

care unit was therapy-resistant under neuromonitoring with ICP-,

CPP-, MAP- and p(ti)02-measurement revealed an intractable brain

oedema. The average age of the group of patients who were decom-

pressed was 30 years and the male/female ratio was 3 :1 (79 male, 24

female). In 93 patients we performed an unilateral craniectomy (right

side 40, left side 53) and in 10 patients a bilateral craniectomy was

necessary.

Results

In accordance with the results of other groups (16)

the majority of head injuries with indication for cra-

niectomy was due to motor vehicle accidents (57%),



followed by falls (27%), violences (7%), attempted sui-

cide (6%) and horse riding accidents (3%). 55 percent

had a craniectomy because of a di¤use brain injury,

25 percent after an acute subdural hematoma, 11 per-

cent with an open head injury and 9 percent after an

acute epidural hematoma. In patients with a di¤use

brain injury the primary operative intervention was

performed with the indication for evacuation of a

space occupying contusion bleeding.

40 patients (39%) died despite decompression, 16

patients (16%) remained in a vegetative state, 21 pa-

tient (20%) had persistent severe neurological deficits,

and 26 patients (25%) reached a GOS of 4 up to 5.

A comparison of the patients’ age and the postoper-

ative results is because of the small number of patients

not su‰cient (Fig. 1). Altogether, patients younger

than 40 years have a better prognosis than the older

ones. But also in the fourth and fifth decade satisfac-

tory results are obtainable in 63 percent. According to

our results a decompression is less favourable in pa-

tients over 60 years of age and of our nine patients in

this group five died and four remained in a vegetative

state.

There is evidence for an important influence on the

outcome when major extracranial injuries are present

in contrast to an isolated head injury (Fig. 2). Mortal-

ity was higher when there was a multiple trauma (47%

versus 34%). Favourable outcome was associated with

an isolated head injury in the absence of any extracra-

nial injury (33% versus 10%). In our series we could

not find a di¤erence in the time span between accident

and surgical decompression.

Discussion

The prognosis after severe head injuries depends on

the clinical status on admission, the intracranial le-

sions, the patients age and the existence of accompany-

ing injuries. Patients with epidural hematomas and

open head injuries have a better prognosis than those

with acute subdural hematomas. A poor prognosis is

given in patients with brain contusions, di¤use brain

injuries, traumatic injuries of the sinuses and/or less

than 8 points on the Glasgow Coma Scale and an ad-

vanced age [8–10].

Contrast to our results referring to the comparison

of patients with severe head injuries and those after

craniectomy (Fig. 2) Polin et al. [11] found signifi-

cantly better results after decompression. This finding

might be a fact of a reduction on patients with di¤use

brain injuries who were not operated. In our compara-

ble group there are all operatively treated patients after

severe head injuries summarised.

The influence of the patients age on the outcome

after severe head injuries and craniectomy (Fig. 2)

was also found by other authors [3, 6, 7, 11, 12]. We

critically have to re-evaluate the indication for de-

compressive craniectomy in those nine patients over

60 years of age. Their postoperative results with a

GOS score of 1 or 2 is one reason for our higher rate

of patients which died or remained in a vegetative state

and we postulate that there should be an age restric-

tion. Like Karlen et al. [5] the prognosis was worse

when there were major extracranial injuries present.

Under the influence of the results of Gaab et al. [3, 6,

12] we conclude the following guidelines for an indica-

tion for decompressive craniotomy after severe head

injuries:

Fig. 1. Age of patients versus Glasgow Outcome Scale. GOS 1;

GOS 2/3; GOS 4/5

Fig. 2. SHI with/without additional Major Extracranial Injuries.

GOS 1; GOS 2/3; GOS 4/5
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1. Patients age below 50 years without multiple

trauma

2. Patients age below 30 years in the presence of major

extracranial injuries

3. Severe brain swelling on CT scan

4. Exclusion of a primary brainstem lesion/injury

5. Intervention before irreversible brainstem damage

6. ICP increase up to 40 mm Hg and unsuccessful

conservative therapy

7. Primarily for space-occupying hematomas with

hemispheriel brain oedema

8. Secondarily while monitoring ICP and p(ti)02 in

an interval up to 48 hours after the accident before

irreversible brainstem damage or generalised brain

damage has occurred.
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Summary

Cerebrolysin is used as a neurotrophic agent for the treatment of

ischemic stroke and Alzheimer’s Disease. Exploratory studies in pa-

tients with post-acute traumatic brain injury have shown that this

treatment might help improve recovery. Aim of this study was to

investigate whether addition of Cerebrolysin to the initial treatment

regimen of moderate and severe head injury patients would improve

their outcome.

At 6 months, 67% of the patients (Cerebrolysin group) attained

good outcome (GOS 3–5). The study group was compared with the

historical cohort of patients from the hospital trauma data bank,

with age, sex and admitting GCS matching. More patients tended

to a good outcome in the Cerebrolysin group (P ¼ 0.065). No signif-

icant side-e¤ect requiring cessation of Cerebrolysin was noted.

It can be concluded that the use of Cerebrolysin as part of the ini-

tial management of moderate and severe head injury is safe and well

tolerated. The results suggest that Cerebrolysin is beneficial in regard

to the outcome in these patients, especially in elderly patients.

Keywords: Cerebrolysin; traumatic brain injury; clinical outcome.

Introduction

Traumatic brain injury is an important cause of

morbidity and a costly disorder [5, 7, 12]. It also repre-

sents the most frequent reason for neurological illness

after headache. Compared with other types of brain

insult, traumatic brain injury produces more di¤use

injury and more cognitive and neuropsychiatric dis-

turbances [10]. Various drugs have been used in an

attempt to improve the outcome of these patients.

Cerebrolysin is a peptide preparation produced by

the biotechnologically standardized enzymatic break-

down of purified porcine brain proteins. It consists of

approximately 15% peptides with a molecular weight

not exceeding 10 kD and 85% amino acids, based on

total nitrogen. The solution is free of proteins, lipids

and antigenic properties.

The action mechanism is not clearly understood. It

has been shown in animal studies to improve neuronal

oxygen utilization, reduce cerebral lactic acid concen-

tration and decreases free oxygen radical concentra-

tion. Cerebrolysin has produced significant improve-

ment in cognitive function, non-cognitive psychiatric

symptoms and daily activities in patients with Alz-

heimer’s Disease and stroke [2, 8, 11].

In this study, we hypothesize that Cerebrolysin infu-

sion during the acute phase of moderate and severe

head injury improves functional outcome of patients

[1], and second, our aim was to document its safety

profile in these patients.

Patients and methods

Starting in March 2001, patients aged 18 years or above, with

moderate or severe head injury within 48 hours prior to admission

were recruited. Exclusion criteria included severe renal, liver, lung

or cardiovascular disease, poor mental state due to drug or alcohol

abuse, concomitant stroke, pregnancy or lactation, life-threatening

multiple trauma, signs of brain stem failure, status epilepticus and

grand mal fits. The study conformed to the Helsinki declaration.

Written consent was obtained from suitable patients and their

surrogate/guardian by one of the investigators.

All recruited patients received 50 ml Cerebrolysin through intra-

venous infusion over 15-minute-periods daily for 20 days. Data on

age, sex, admission Glasgow Coma Score, hospital stay, 3-month

Extended Glasgow Outcome Score and 6-month Extended Glasgow

Outcome Score [3, 4] were prospectively collected.

Data were compared with a historical cohort of patients with

moderate and severe head injury from the hospital trauma data

bank. The historical control group was all matched by age, sex and

admitting Glasgow Coma Score. Statistical analysis was carried out

with SPSS for Window Release 10.

Results

Twenty one patients with moderate or severe head

injury were recruited for this study between March



2001 and March 2002. Mean age was 64 years, range

from 28 to 82 years. The male to female ratio was

13 :8. Results are charted in Fig. 1. At 6 months, 67%

of patients had a good outcome as defined by Glasgow

Outcome Score 3–5. They were compared with the

historical cohort of patients from the trauma data

bank of the same hospital. There was a trend of more

patients with good outcome in the Cerebrolysin group

(P ¼ 0.065). No significant side-e¤ects necessitating

cessation of Cerebrolysin nor manifestation of allergy

were noted.

Discussions

Previous studies have demonstrated that an impor-

tant part of the recovery after traumatic brain injury

occurs in the first six months after the injury [6, 7, 12].

A functional recovery is essential for the patient to re-

turn to society. Most of the moderate and severe head

injury patients studied had cognitive and physical def-

icits, which hindered their eventual recovery [10].

The neurotrophic e¤ects of Cerebrolysin are theo-

retically beneficial to traumatic brain injury patients,

in particular when considering the cognitive func-

tion. With these data in mind, we performed this

study to observe and record its clinical e¤ect. The tim-

ing of Cerebrolysin treatment was designed to start

within the first 48 hours and continue for 10 days to

cover possible neuroprotective and neurotrophic ef-

fects. The results were encouraging with more patients

attaining good outcome at six months in the Cerebro-

lysin group as compared to the historical control

group.

No significant side e¤ects were noted, as was also

the case in the treatment of dementia patients [2, 8,

11]. The safety profile in head injury patients is con-

firmed with the current series.

The results suggest a beneficial e¤ect of Cerebrolysin

infusion in patients with moderate or severe head in-

jury during the acute phase. It has also been shown in

other studies to reduce EEG power ratio and enhance

cognitive performance in tasks evaluating attention

and memory functions [1]. This magnitude in terms of

GOS improvement certainly is valuable to the patients

and further studies to evaluate the role of Cerebrolysin

in di¤erent neurological diseases are warranted.
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hort group. The X-axis represents the GOS and the Y-axis represents

the number
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Summary

Neurological change is more likely to occur when jugular venous

oxygen saturation (SjvO2) is less than 50%. However, the value indi-

cating cellular damage has not been clearly defined. We determined

the critical SjvO2 value below which intracerebral extracellular met-

abolic abnormalities occurred in 25 patients with severe head injury.

All patients received standard treatment with normoventilation

and maintenance of intracranial pressure < 20 mmHg. SjvO2 was

measured from the dominant jugular bulb using a calibrated fibreop-

tic catheter. Intracerebral metabolic monitoring was performed by

collecting perfusate from a microdialysis probe placed in the frontal

lobe anterior to the intracranial catheter. Excitotoxin (glutamate)

and other extracellular metabolites (lactate, glucose and glycerol)

were measured frequently using enzymatic and colorimetric

methods.

We observed biphasic relationships between SjvO2 and all intra-

cerebral metabolites. Analysis of variance showed that there were

rapid increases in glutamate, glycerol and lactate when SjvO2

dropped below 40, 43 and 45% respectively. Extracellular glucose de-

creased when SjvO2 dropped below 42%.

Our findings suggested that the ischemic threshold for SjvO2 in

patients with severe head injury is 45%, below which secondary brain

damage occurred.

Keywords: Cerebral ischemia; jugular venous oxygen saturation;

head injury; intracerebral microdialysis.

Introduction

Ischemic brain damage is a common cause of

morbidity and mortality after severe head injury [7].

Monitoring of jugular bulb venous oxygen saturation

(SjvO2) has been proposed as a simple method for de-

tecting cerebral ischemia [14]. However, the utility of

SjvO2 monitoring requires the establishment of an is-

chemic threshold. Such threshold value is important

because it is the lowest acceptable value for assured

cerebral oxygenation, below which cerebral ischemia

is deemed to occur. Therefore, therapy that maintains

SjvO2 above the ischemic threshold should produce

more favorable outcome.

Previous studies have reported a wide range of

threshold values. In volunteers breathing hypoxic mix-

ture, electroencephalographic slowing was noted when

SjvO2 value was less than 35%, while loss of conscious-

ness occurred at 24% [9, 12]. In another study on pa-

tients undergoing carotid endarterectomy with local

anesthesia, neurologic deficits occurred at much higher

SjvO2 values (50%) [10]. There are few studies that

correlate SjvO2 with cerebral metabolism. In patients

undergoing emergency craniotomies for evacuation of

intracranial hematoma, Sapire et al. noted an increase

in arterial to jugular venous lactate di¤erence as SjvO2

decreased below 50%, suggesting the start of anaerobic

metabolism in the brain [13]. Similar results were re-

ported in patients recovering from cardiopulmonary

bypass [6]. However, jugular venous lactate concentra-

tion may be a¤ected by systemic lactate production.

Therefore, the actual point of ischemia may have

been obscured. Recently, it is possible to measure

changes of neurotransmitters and metabolites in the

extracellular space using intracerebral microdialysis.

The purpose of the present study was to define the

ischemic threshold value for SjvO2, below which cere-

bral energy metabolism fails. We correlate SjvO2 value

with extracellular metabolites of the brain in patients

with severe head injury.

Materials and methods

The study was approved by the Clinical Research Ethics Commit-

tee and informed consents were obtained from patient’s relatives.

Patients were eligible for the study if they were 18 years or older suf-

fering from severe traumatic head injury, defined as Glasgow coma



scale score of 8 or less on admission. We excluded patients who are

moribund with fixed dilated pupils, to whom active management was

considered inappropriate. All patients received continuous intracra-

nial pressure (ICP) monitoring, and were treated according to the

protocols published by the Brain Trauma Foundation [1].

After initial resuscitation, a fiberoptic catheter (Opticath, Abbott

Critical Care System, Park, IL) was placed in the dominant jugular

bulb by retrograde cannulation of the internal jugular vein. The

dominant jugular bulb was determined by sequential neck compres-

sion test [5]. This test based upon the principle that dominant jugular

bulb receives the largest proportion of cerebral venous outflow.

Therefore, manual compression of the dominant jugular vein results

in greater rise in ICP. When the response was equivocal, the right

jugular bulb was used. The tip of the catheter was advanced to

the level of mastoid process as confirmed by lateral skull X-ray.

SjvO2 was measured continuously by reflection spectrophotomtery

(Oximetrix-3 System, Abbott Laboratories, North Chicago, IL).

Readings were calibrated twice daily against blood samples drawn

from the same catheter. Venous oxygen saturation was measured by

transmission co-oximetry (IL-482; Instrumentation Laboratories,

Watertown, MA).

Intracerebral microdialysis was performed in the frontal cerebral

cortex of maximal injury. In patients with di¤use head injury, a right

frontal catheter was placed. During initial surgery, a microdialysis

catheter (CMA70; shaft length 60 mm; membrane length 10 mm)

was inserted in the frontal lobe, anterior to the ventricular drain

via a single burr hole. The catheter was perfused with lactate free

Ringer’s solution (Kþ 4 mM, Naþ 147 mM, Ca2þ 2 mM, Cl�

155 mM) at 0.3 mL/min by a microinfusion pump (CMA 106,

CMA Microdialysis, Stockholm, Sweden). Microdialysates were

collected hourly for bedside analysis of extracellular concentrations

of glucose, pyruvate, glutamate and lactate using an enzymatic col-

orimetric method (CMA 600 analyzer, CMA Microdialysis, Stock-

holm, Sweden).

Physiologic data including SjvO2 readings were recorded on a

personal computer using a purposely designed data acquisition pro-

gram. Cerebral perfusion pressure (CPP), defined as the di¤erence

between mean arterial pressure and ICP, was also calculated. Data

files were carefully examined, and artifacts were removed before

analysis. Since microdialysis measured the average concentration of

extracellular metabolites over the preceding hour, we calculated the

hourly average SjvO2 value by an interrupted time series technique

[8]. SjvO2 readings were initially averaged over an epoch of 60 sec-

onds. The SjvO2 value at the end of the hour was predicted according

to the relative changes of the 60 epochs in this hour using the moving

average function.

Changes in extracellular metabolites were correlated with SjvO2

using a nonlinear regression model. The ischemic threshold when

metabolites started to change over a range of SjvO2 values was

defined by analysis of variance (ANOVA) with repeated measures.

The 95% confidence intervals (CI) of the ischemic threshold were

calculated by bootstrap resampling technique with 3,000 replicates.

We compare the di¤erences in the ischemic thresholds among metab-

olites using ANOVA. P < 0:05 was considered statistically signifi-

cant.

Results

Twenty five patients (15 males, 10 females) were re-

cruited for the study. The median (range) age was 26

(18–67) years. The median (range) admission Glasgow

coma scale score was 6 (4–8). At three months after

injury, five patients died, eight were classified as se-

verely disabled. The remaining 12 patients (48%) had

a favorable outcome with good recovery or moderate

disability.

A total of 3,490 patient-hour data were recorded.

They contained epochs of paired SjvO2 values and

concentrations of extracellular metabolites. Nineteen

percent of the SjvO2 data were considered contami-

nated with artifacts, and were eliminated before

analysis. They usually occurred during turning of the

patient, tracheal suctioning and chest physiotherapy.

We analyzed 2,827 hours of data. Figure 1 shows the

relationships between cerebral metabolic changes and

SjvO2 during the course of treatment. Intracerebral

concentrations of glutamate, glycerol and lactate in-

creased rapidly as SjvO2 fell below a breakpoint,

corresponding to the ischemic threshold for meta-

bolic failure and cellular damage. Accordingly, the

ischemic threshold (95% CI) of SjvO2 were 40 (31–

49)%, 43 (32–54)% and 45 (34–56)% for glutamate,

glycerol and lactate, respectively. Similarly, the ische-

mic threshold of SjvO2 was 42 (35–50)%, below which

intracerebral glucose concentration decreased precipi-

tously. The corresponding critical CPP value, below

which cerebral metabolic disturbances occurred, was

63 (58–66) mmHg.

Discussion

Using intracerebral microdialysis, we have defined

the ischemic threshold for SjvO2 values. In patients

with severe head injury, we found that a SjvO2

value less than 45% is associated with neurochemical

changes and energy failure. This value is less than the

commonly quoted critical value of 50% because meta-

bolic abnormalities occurred late in the ischemic cas-

cade [6, 9–11, 13, 14].

A number of factors may have influenced the results.

We compared a global monitor of cerebral oxygena-

tion (SjvO2) with a regional measure of brain metabo-

lism (intracerebral microdialysis). Therefore it is possi-

ble that the microdialysis would have missed critical

ischemia in a region far away from the catheter. We in-

serted the microdialysis catheter in the frontal lobe of

maximal injury. We believe this is an area most suscep-

tible to secondary insult [7]. Therefore, local changes

detected by the microdialysis should reflect, in large

part, the global condition of the brain.

Another important concern of microdialysis moni-

toring is that the neurochemical changes associated

64 M. T. V. Chan et al.



with catheter implantation can be confused with true

secondary insult. In this regard, histological studies in

rats suggested that catheter insertion is rarely associ-

ated with micro-hemorrhage and did not a¤ect the in-

tegrity of blood brain barrier [2, 11]. In the present

study, we allowed 60 min stabilization between collec-

tions of microdiasylates. This should maximize fluid

recovery for online analysis and avoid spurious change

in neurochemistry.

It should be emphasized that SjvO2 is a global mon-

itor [14]. In a group of patients with severe head injury,

critical SjvO2 values of 50% was only achieved when

the ischemic brain volume, as measured by oxygen-15

positron emission tomography, exceeded 170 ml (10%

of total brain volume) [4]. In another study on induced

hyperventilation, SjvO2 decreased by only 17% when

there was over 130% increase in ischemic brain volume

[3]. These data suggested that regional ischemia may

be obscured with SjvO2 monitoring. Our findings are

consistent with these reports. Although the ischemic

threshold is lower than 50%, significant metabolic de-

rangements can be observed well above these break-

points in a number of patients. Targeted therapy

should be applied to keep SjvO2 above these values in

order to avoid metabolic changes in the brain.
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Summary

The specificity of jugular bulb saturation (SjO2) and arteriovenous

oxygen di¤erence (AVDO2) to detect global cerebral ischemia re-

mains controversial. An absolute increase in the arteriovenous di¤er-

ence of carbon dioxide tension (AVDpCO2) and, more specifically,

the estimated respiratory quotient (eRQ ¼ AVDpCO2/AVDO2)

may indicate anaerobic CO2 production. We compared these vari-

ables with SjO2 to predict global cerebral ischemia.

We selected 36 patients from a cohort of 69 consecutive patients

su¤ering from severe traumatic brain injury. All patients had jugular

bulb sampling within 6 hours after injury. Brain death at 48 hours

was used as a surrogate index of irreversible ischemia to build a

receiver operating characteristics (ROC) curve analysis.

The mean (G standard deviation) eRQ in the 13 patients who

died early (3:7G 3:2 mmHg/ml/dl) was higher than the survivors

(1:78G 0:45 mmHg/ml/dl, P ¼ 0:03). There was no di¤erences in

SjO2 between groups. The area under the ROC curves for eRQ, but

not that of AVDpCO2, was greater (P ¼ 0:04) than that of SjO2.

The eRQ, more than AVDpCO2, appears to be a potentially more

informative index of global cerebral ischemia than SjO2.

Keywords: Acidosis; carbon dioxide; head injury; intracranial

pressure; ischemia; lactate; respiratory quotient; jugular bulb satura-

tion.

Introduction

The early phase of head injury is influenced by sec-

ondary insults. Furthermore, there is an association

between low cerebral blood flow (CBF) values and ele-

vated intracranial pressure (ICP). While pathological

signs of ischemia have been recognized in autopsy

study [3], the in vivo diagnosis remains uncertain.

Potentially, a decrease in SjO2 and an increase in arte-

riovenous oxygen di¤erence (AVDO2) are capable to

detect critical hypoperfusion. However, these values

may also be associated with aerobic or anaerobic me-

tabolism [1, 4]. An absolute increased arteriovenous

lactate di¤erence (AVDL) has also been detected early

after trauma, but its measurement is dependent from a

prompt availability of a lactate analyzer. Given that

carbon dioxide (CO2) is generated during abnormal

lactate production, it seems reasonable to hypothesize

that the di¤erence in cerebral arterial and venous

CO2 tension (AVDpCO2) may predict cerebral ische-

mia [2, 8]. However, an increase of jugular CO2 may

also be due to a decrease in venous blood flow (Fick’s

law), not associated with a concomitant ischemic

CO2 production. This can be compensated if we com-

pare AVDpCO2 with arteriovenous oxygen contents

(AVDO2) as an estimated respiratory quotient (eRQ)

[AVDpCO2/AVDO2]. Thus, a disproportionate abso-

lute increase in AVDpCO2 with respect to a given

AVDO2 value is due to anaerobic CO2 production

[7]. We hypothesized that an increase in AVDpCO2

and an increase in eRQ may indicate cerebral anaero-

bic metabolism and predict early brain death in pa-

tients with head injury. A secondary hypothesis was

that eRQ would be more specific than AVDpCO2 in

predicting ischemia.

Materials and methods

Seventy-one patients admitted consecutively to the general inten-

sive care unit of the S. Anna Hospital, Italy between June 1994 and

August 1997, with a post-stabilization Glasgow Coma Scale score

(GCS)a 8, were recruited to this study. One patient was excluded

because of brain death upon arrival in the emergency room. Another

one was excluded because of associated carotid cavernous sinus

fistula, which made monitoring unreliable. Among the remaining 69

patients, 36 underwent jugular bulb monitoring within 6 hours after

injury.

A retrograde catheter was placed preferentially into the right supe-



rior jugular bulb. The position was confirmed by X-ray. During the

first 6 hours after injury, paired arterial and jugular venous samples

were collected according to clinical judgment and thereafter in asso-

ciation with pupillary reactivity or prolonged increase in ICP. Sam-

pling was suspended in patients who have developed bilaterally

non-reactive dilated pupils in relation to brain death. Lactate

measurement and the accuracy of the assay (ACA Dupont, Du-

pont Company, Wilmington, USA) have been previously described

[2]. Calculated jugular bulb variables were obtained as follow:

AVDpCO2 (mmHg) ¼ arterial pCO2 – jugular bulb pCO2; eRQ

(mmHg/ml/dl) ¼ [AVDpCO2/AVDO2] lactate/oxygen index (LOI)

¼ AVDL/(AVDO2 � 0:446). The normal values of these variables

were reported by Gibbs [5].

We defined hypoxia as arterial oxygen tension < 60 mmHg, and

hypotension as systolic arterial pressure < 90 mmHg. GCS score

and pupillary reactivity were evaluated at the scene of the accident,

upon arrival in the emergency room, and after resuscitation. Pupil-

lary patterns were summarized as: bilaterally reactive pupils, unilat-

erally dilated and non-reactive pupil, and bilaterally dilated non-

reactive pupils. Only the worst and the best neurologic observations

were included for analysis. After commencement of jugular monitor-

ing, the GCS and pupillary status were recorded during each sam-

pling. The first computed tomography (CT) scan was performed

after arrival at the hospital and another one obtained during the first

48 hours. If multiple CT scans were performed during this period, the

worst CT with maximal injury was identified. For data analysis, the

Marshall CT classification was categorized as: di¤use injury (type

I and II), swelling (type III and IV) and mass lesion (evolving and

non-evolving mass lesions).

The outcome measurement was brain death (defined as the ab-

sence of brain stem reflexes and absent electrical cortical activity)

due to intracranial causes within 48 hours after injury. Patients were

classified as early brain death or early survivors.

Physiological variables, severity indexes were compared between

groups using the pooled t-test, Fisher exact test or Chi-square test,

as appropriate. P values below 0.05 were considered significant.

For continuous variables, the extreme values commonly considered

as the most representative for ischemia were analysed: they are

the maximum eRQ, LOI and AVDO2; the minimum AVDpCO2,

AVDL and SjO2. A receiver operating characteristics (ROC) curve

analysis was performed and the area under the curve (AUC) was cal-

culated for each variable. The 95% confidence interval for AUC was

used to test the hypothesis that the theoretical AUC was 0.5. If the

confidence intervals were greater than 0.5, then there was evidence

that the laboratory test had the ability to distinguish between groups.

The AUC for each of the derived variables (eRQ, LOI, AVDO2,

AVDpCO2 and AVDL) was compared with that of SjO2 as well as

to the best AUC found among these variables. An exploratory anal-

ysis of the threshold cut-o¤ values was made. The value with the

highest accuracy, minimal false negative and false positive results,

was automatically searched by the statistical program (MedCalc

6.16, Frank Schoonijans, Belgium). The likelihood ratios for positive

and negative tests were reported.

Results

The indexes of systemic severity were worse in the

early brain death group (Table 1). Twenty-seven mea-

surements were obtained in each group. The median

(interquartile range, IQR) delay after injury for the

Table 1. Patient characteristics

Early death Early survival P Value

Number of patients 13 (36) 23 (64)

Age (years)* 39.1 (16) 38.2 (21.7) 0.33

Sex (male) 8 (33.3) 16 (66.7) 0.72

Multiple injuries 9 (69.2) 10 (43.5) 0.18

Hypotension 5 (38.5) 7 (30.4) 0.72

Hypoxia 12 (92.3) 17 (73.9) 0.38

Best initial GCS# 3 (2) 5 (1.75) 0.02

Worst initial pupillary response 0.02

– Bilaterally reactive 2 (15.4) 14 (60.9)

– Unilaterally non-reactive 3 (23.1) 1 (4.3)

– Bilaterally non-reactive 8 (61.5) 8 (34.8)

Worst computed tomography scan 0.004

– Di¤use injury 0 (0) 12 (52.2)

– Swelling 7 (53.8) 4 (17.4)

– Mass lesions 6 (46.2) 7 (30.4)

Minimum mean arterial pressure (mmHg)* 66 (27) 85.9 (15.2) 0.026

Minimum arterial saturation (%)* 96.5 (1.6) 96.5 (2.8) 0.36

Maximum arterial carbon dioxide tension (mmHg)* 4.89 (1.49) 4.56 (0.95) 0.49

Minimum hemoglobin (g/dL)* 10.2 (2.1) 11.6 (2.2) 0.06

Minimum temperature (C� )* 35.5 (1.1) 36.7 (0.5) 0.02

Maximum arterial lactate concentration (mmol/L)* 6.2 (4.1) 2.6 (1.8) <0.001

Best 48 hrs GCS# 1 (1.25) 4 (2) <0.001

Worst 48 hours pupillary response <0.001

– Bilaterally reactive 1 (7.7) 17 (74)

– Unilaterally non-reactive 5 (38.5) 3 (13)

– Bilaterally non-reactive 7 (53.8) 3 (13)

#GCS Glasgow Coma Scale; Values are number (percent), or *mean (standard deviation), or median (interquantile range).

68 A. Chieregato et al.



first jugular bulb measurement was similar between

groups (early brain death group, 4 (2.3) hours; early

survival group 4 (2.8) hours, P ¼ 0:45). ICP mea-

surement was done within 6 hours after injury in only

6 patients (3 per group). Fifty-four percent of the

measurements in the patients who died early were ob-

tained in association to dilated non-reactive pupils as

compared with 13% in the patients who survived.

There was no di¤erence between groups in the

minimum SjO2 and maximum AVDO2. The maxi-

mum eRQ in the 13 patients who died early was higher

than the maximum eRQ in the early survival group. A

nearly significant di¤erence was found for minimum

AVDpCO2. Significant di¤erences between groups

were found for both minimal AVDL and maximal

LOI (Table 2).

Analyses of the ROC curves are presented in

Table 2. The maximal LOI and minimum value of

AVDL had the best AUC, followed, in decreasing or-

der, by maximal eRQ, minimum AVDpCO2, maximal

AVDO2 and finally by minimum SjO2. The confidence

interval did not include the 0.5 value for LOI, AVDL,

eRQ and AVDpCO2. The AUC associated to the max-

imal eRQ, but not the one associated to the minimum

AVDpCO2, was greater than that of the minimal SjO2

(P ¼ 0:04) (Fig. 1). The AUC for eRQ and LOI were

similar (Fig. 2).

The thresholds values automatically selected were

associated to relevant likelihood ratio values only for

LOI, AVDL, eRQ and AVDpCO2.

Discussion

The study aimed to analyse the association between

the eRQ or AVDpCO2 values and brain death within

the first 48 hours after injury. Patients who died had

worse clinical parameters, more severe abnormalities

on CT scan, and more deranged physiologic variables.

Table 2. Univariate analysis and comparison of the receiver operating characteristics curve of derived jugular bulb variables. Precision of each

point estimate was presented as mean (standard deviations) or 95% confidence intervals (95% CI). þLR is positive likelihood ratio and is �LR

negative likelihood ratio

Groups Early

death

Early

survival

P values AUC Comparison

to SjO2

AUC

Comparison

to LOI

AUC

Cut-o¤ Sensitivity

(95% CI)

Specificity

(95% CI)

þLR �LR

Number of patients 13 23 – – –

Minimum SjO2 (%) 50.9

(19.5)

51.5

(13.5)

0.76 0.523

(0.351–0.692)

– 0.02 44.7 38.5

(14.0–68.4)

82.6

(61.2–94.9)

2.21 0.74

Maximum eRQ

(mmHg/ml/dl)

3.7

(3.2)

1.78

(0.45)

0.03 0.784

(0.616–0.903)

0.04 0.79 2.3 61.5

(31.6–86.0)

91.3

(71.9–98.7)

7.08 0.42

Minimum AVDpCO2

(mmHg)

�18.6

(10.2)

�12.7

(4.3)

0.05 0.689

(0.513–0.832)

0.07 0.26 �21.4 38.5

(14.0–68.4)

95.7

(78.0–99.3)

8.85 0.64

Maximum AVDO2

(ml/dL)

6.7

(2.2)

7.6

(2.6)

0.25 0.622

(0.445–0.778)

0.12 0.08 9 92.3

(63.9–98.7)

39.1

(19.7–61.4)

1.52 0.20

Minimum AVDL

(mmol/L)

�1.0

(1.0)

�0.15

(0.23)

0.001 0.789

(0.621–0.907)

0.02 0.58 0.37 69.2

(38.6–90.7)

91.3

(71.9–98.7)

7.96 0.34

Maximum LOI 0.57

(0.96)

0.04

(0.08)

<0.001 0.808

(0.642–0.919)

0.02 – 0.14 61.5

(31.6–86.0)

95.7

(78.0–99.3)

14.15 0.40

SjO2 Jugular bulb saturation; AVDO2 arteriovenous oxygen di¤erence; AVDpCO2 arteriovenous di¤erence of carbon dioxide tension; eRQ

estimated respiratory quotient; AVDL arteriovenous lactate di¤erence; LOI lactate/oxygen index; AUC Area under the curve.

Fig. 1. Receiver operating characteristics curves for maximal esti-

mated respiratory quotient (eRQ), minimum arteriovenous di¤er-

ence of carbon dioxide tension (AVDpCO2), minimum jugular bulb

saturation (SjO2)
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The present results confirm that in the patients who

died early, global ischemia and anaerobic metabolism

are the dominant events and suggest that it can be

detected in vivo by an increase in eRQ.

The present study suggests that, an AVDpCO2 of

�21.4 mmHg indicates a threshold value for irre-

versible ischemia. However, the diagnostic superior-

ity of AVDpCO2 compared with SjO2 has not been

proven. This is probably because of its low specificity

in detecting anaerobic metabolism. In fact, in an aero-

bic setting an increase in AVDpCO2 is associated with

an increase in AVDO2, as a consequence of the Fick’s

equation. Assuming that CO2 production and O2

consumption remains constant, a reduction of CBF is

phsyiologically associated with a compensatory in-

crease in O2 extraction (increase in AVDO2 and de-

crease in SjO2) and a decrease in CO2 elimination in

the venous capillary (increase of AVDpCO2). On the

other hand, during uncompensated ischemia anaero-

bic metabolism occurs. The reduction in CO2 produc-

tion is however less than oxygen consumption because

CO2 is actively produced to bu¤er the protons released

during ischemia. The relative change, by comparing

arteriovenous CO2 (AVDCO2) and oxygen contents

(AVDO2), give rise to the cerebral respiratory quotient

(AVDCO2/AVDO2) [6]. Since measurement of blood

CO2 content is complicated [9], we used AVDpCO2

instead AVDCO2 to generate an estimated cerebral

respiratory quotient, the eRQ. Physiologically, an un-

compensated ischemia may be associated to an in-

crease in eRQ, while a compensated ischemia may pro-

duce a stable eRQ, due to AVDpCO2 and AVDO2

coupling.

In the present study, we suggest that an increase in

eRQ, above 2.4 mmHg/ml/dl, is associated to global

irreversible cerebral ischemia. With respect to conven-

tional SjO2, eRQ add new information to jugular bulb

monitoring. In fact SjO2 was abnormally reduced in

both patients who survive as well as those who died.

In the setting of ultra-early fatal ischemia, oxygen

extraction appeared still to be active, as indicated by

jugular desaturation, even though anaerobic metab-

olism is already established. Conversely, in patients

who survived, oxygen metabolism was maintained

and jugular desaturation was associated with normal

eRQ values.

In conclusion, eRQ seems to be a promising marker

of global anaerobic cerebral metabolism. It is simple

to calculate and may be useful for clinicians to

interpret jugular bulb monitoring at the bedside, in

the ultra early phases, by simply observing the full

blood gases data, without the need of a lactate

analyzer.
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Summary

Objectives. We investigated the relationship between stable de-

crease in intracranial pressure (ICP) following mannitol administra-

tion and variations in regional oxygenation (PtiO2) in severe trau-

matic brain injured (STBI) patients.

Methods. Fourteen STBI patients (Glasgow Coma Scale scorea

8) admitted to the neurointensive care unit during a 12-month period

were studied. Multiparameter data, including parenchymal tissue

oxygen (PtiO2) and carbon dioxide tension, cerebral perfusion pres-

sure, mean arterial pressure; temperature, pH and pressure reactivity

index were measured. Point values from 53mannitol administrations

were extracted every five seconds and divided into five consecutive

30-minute epochs. Mean values and trends were identified. Post-

administration epoch with maximum decrease in ICP was selected

along with the means of the corresponding variables. These data

were compared with baseline to derive the delta values. Mean DICP

was then compared with DPtiO2 in each patient using linear correla-

tion.

Findings. In patients with ICP0 > 20 mmHg (group A), PtiO2

increased in 69.6% of samples, whereas in group B (ICP0 <

20 mmHg), PtiO2 increased in only 50% of the samples. There was a

significant negative correlation between mean DICP and DPtiO2 in

both groups; Group A: r ¼ �0:79 (P ¼ 0:01); Group B: r ¼ �0:92

(P ¼ 0:01).

Conclusions. There is a strong negative correlation between stable

decrease in ICP following mannitol administration and improve-

ment in regional oxygenation around the peri-contusional area. The

data suggest a potentially favourable interaction between mannitol

therapy and cerebral internal milieu in STBI patients.

Keywords: Cerebral oxygenation; mannitol; head injury; neuro-

monitoring; multimodality monitoring.

Introduction

Multiparameter cerebral monitoring devices have

brought the possibility of continuous surveillance of

di¤erent variables (intracranial pressure, ICP; paren-

chymal tissue oxygen and carbon dioxide tensions,

PtiO2, PtiCO2; pH and temperature) in severe head in-

jured patients [1, 24]. The reliability of data from these

probes, together with their physiological and ischemia

threshold values have been investigated both in animal

models and humans [7, 8, 10, 11, 17, 21, 35]. Data re-

lated to the severity of tissue damage induced by the

probes suggest that brain tissue damage is minimal [4,

6, 24, 29, 32, 33]. Mannitol is widely accepted and used

to decrease intracranial hypertension [5, 14–16, 18, 20,

22, 25–28, 31, 34].

While there have been descriptive articles on the

e¤ects of mannitol in global oxygenation [9, 26, 32],

we have not found study evaluating regional (peri-

contusional) tissue oxygenation. A described potential

application of multiparameter cerebral monitoring

probes is to detect critical hypoxic events in severe

head injury patients [12, 13, 24, 29, 32]. In this setting,

previous studies have reported no significant changes

in global brain tissue oxygenation following mannitol

administration [9, 32]. We therefore focused our study

in the evaluation of the peri-contusional tissue aiming

to determine the variations in regional oxygenation

and its potential benefits in lowering ICP. Following

Härtl’s [9] conclusions, we considered the need to

determine an approximation for cerebral perfusion

pressure (CPP) thresholds in which therapeutic admin-

istration of mannitol could be beneficial. A secondary

goal in this study was to observe the capability of a

single mannitol administration to reverse hypoxic

(PtiO2 < 10 mmHg), hypoperfused (cerebral perfu-

sion pressure, CPP < 70 mmHg; cerebral blood flow,

CBF < 18 ml/min/100 g) and intracranial hyperten-



sive (ICP > 20 mmHg) scenarios so as to provide

further scientific background for the clinical use of

mannitol.

Methods and materials

This study was developed between May 2002 and

May 2003, during which 14 patients with STBI were

consecutively admitted to the Neurointensive Care

Unit of National Neuroscience Institute, Singapore.

Glasgow Coma Scale (GCS) score at admission or de-

terioration toa8 points was a criterion for inclusion

and insertion of multiparameter probe. Local ethics

committee approval was granted and appropriate

informed consent from designated next-of-kin was

obtained. Intraparenchymal probes were inserted ipsi-

lateral to the main insult in the frontal lobe. We used

two types of multiparameter cerebral monitoring

probes: Licox2 brain tissue oxygenation probe (Inte-

gra NeuroSciences, Andover, Hampshire, England) in

7 patients, and Neurotrend2 multiparameter sensor

(Neurotrend, Diametrics Medical, Minneapolis, MN)

in the remaining 7 patients. No major intracranial

complications were associated with probe placement.

Adaptation time of 1 hour was allowed. The parame-

ters obtained were extracted on five-second intervals

from the data provided by the probe monitors and

subsequently extracted and displayed in a computer-

ized database via an in-house developed software sys-

tem. We used the Careview2 software system for on-

line monitoring of standard parameters and timely

registrations of therapeutic interventions in the

Neurointensive Care Unit. Pressure reactivity index

(PRx) was calculated retrospectively. Indications

to receive drug infusion were ICP > 20 mmHg or

CPP < 70 mmHg. Daily surveillance of serum osmo-

larity values was performed to avoid values above

320 mOsm/kg. Therapy was limited to the acute phase

of head injury. We studied a total of 53 mannitol ad-

ministrations (20% mannitol in 100 ml solution in-

fused over 30 minutes through a central vein). Previous

literature thoroughly describes mannitol requirements

and serum osmolarity dose responses [5, 14]. Observa-

tions started 30 minutes before infusion to determine

baseline values and lasted for 2 hours. Observation

period was then divided into five consecutive epochs.

Mean values per time frame were determined along

with the corresponding graphic trend of variation.

The time frame in which maximum ICP decrease

after administration was selected (including running

time) and the corresponding values of the remaining

parameters were identified. These were further sub-

tracted from the baseline values in order to obtain

delta values of DICP, DPtiO2, DCPP, DMAP,

Dtemperature, DPtiCO2, DpH and DPRx. To deter-

mine if the decrease in ICP after mannitol adminis-

tration was followed by an improvement in regional

oxygenation, we compared DICP with DPtiO2 using

Pearson’s correlation. Hypoxic, hypoperfused, and

intracranial hypertensive situations within each pre-

administration epoch were identified to determine if

reversal was achieved during the 2-hour observation

period. Two patients receiving a total of 10 mannitol

administrations were discarded from analysis because

of incomplete data captured as a result of failure to

register the time stamp in the databases and the failure

to complete continuous data extraction on 5-second

intervals.

Results

We present the analysis of 43 mannitol administrations in 12 pa-

tients. The mean (Gstandard deviation) age was 44G 17 years, and

the median GCS score after resuscitation was 10. Administrations

were divided into two groups according to the baseline ICP values

(Group A: ICP0 > 20 mmHg, 23 administrations from 10 patients;

Group B: ICP0 < 20 mmHg, 20 administrations from 8 patients, 6

subsequently were transferred to this group due to a decrease in ICP

below 20 mmHg). Mean follow-up period after probe insertion was

5G 1:8 days and the number of infusions per patient was 3:8G 3:1.

Maximum decrease in ICP following mannitol administration was

observed to concentrate in the second and third intervals (68.6%):

(0–30 min/running time): 2.9%; (30–60 min.): 40%; (1–1.5 h):

28.6%; (1.5–2 h): 28.5%. A comparison of baseline values for main

parameters is listed in Table 1. Within group variations in DICP,

DPtiO2 and corresponding CPP thresholds after mannitol adminis-

tration is summarized in Table 2. The values were subdivided as to

whether regional oxygenation was improved after drug infusion.

In patients with ICP0 > 20 mmHg (Group A), improved regional

oxygenation were observed in 16 out of 23 samples (69.6%) at the

Table 1. Comparison of baseline values between Groups A

(ICP0 > 20 mmHg) and B (ICP0 < 20 mmHg)

Variable Pre-

administration

Group A

Pre-

administration

Group B

Mean SD Mean SD

ICP (mmHg) 35.8 19.4 17.5 2.5

PtiO2 (mmHg) 31.4 23.8 24.6 14.8

CPP (mmHg) 64.8 16.3 77.2 11.2

MAP (mmHg) 101.2 16.5 86.9 20.7

ICP Intracranial pressure; PtiO2 parenchymal tissue oxygen tension;

CPP cerebral perfusion pressure; MAP mean arterial pressure; SD

standard deviation.
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lower CPP ranges, whereas only 50% of samples revealed PtiO2

improvement in Group B (ICP < 20 mmHg). There was a negative

correlation between mean DICP and mean DPtiO2 (Group A:

r ¼ �0:79; P ¼ 0:01 (2-tailed), and Group B: r ¼ �0:92; P ¼ 0:01

(2-tailed), Fig. 1). The magnitude of improvement for ICP and PtiO2

in group A, 6:2G 6:3 and 7:1G 9:1 mmHg, was higher than that in

group B, 3:3G 2:8 and 2:4G 4:7 mmHg, respectively. Mean arterial

pressure did not change and therefore was not responsible for the in-

crease in PtiO2.

A single administration of mannitol reversed 7 out of 33 (21%)

episodes of intracranial hypertension, 4 out of 23 episodes of hypo-

perfusion and 2 out of 10 (20%) hypoxic episodes. In four episodes,

all three scenarios were present at the same time prior to mannitol

infusion. Intracranial hypertension was reversed in all four of them.

Following drug administration, global reversal of all three parame-

ters was observed in only one case. Mannitol did not reverse hypoxia

in 2 episodes but did improve hypoperfusion. In the remaining sam-

ple the contrary occurred. With regards to autoregulation, the PRx

index did not change following mannitol therapy.

Discussion

The use of multiparameter cerebral monitoring

probes has many implications. Prognostic benefit ob-

tained by the use of these probes is sometimes con-

troversial [1, 12, 13, 24, 32, 29]. Physicians have to be-

come familiarized with new hardware, software and

technical skills. In surgical candidates, increased oper-

ative time and potentially harmful situations should be

considered and thoroughly prevented [4]. Neurointen-

sive care coordination for on-line monitoring with

nursing personnel and physician orders is of utmost

importance [1]. We recommend the implementation

of Neurointensive Care Unit on-line software to mon-

itor for continuous changes in patient status [1, 29].

Medico-legal issues and adequate permissions have to

be obtained in scientific trials in order to comply with

ethical rules.

The utility of peri-contusional probes to detect

Table 2. Within-group variations in samples with or without improve-

ment in regional parenchymal tissue oxygen tension

Group A

(ICP > 20 mmHg)

Group B

(ICP < 20 mmHg)

Improved

PtiO2

Not

improved

PtiO2

Improved

PtiO2

Not

improved

PtiO2

Mean SD Mean SD Mean SD Mean SD

No. of

samples

16 (69.6%) 7 (30.4%) 10 (50%) 10 (50%)

DMAP

(mmHg)

�2.4 6.9 �1.4 8.5 18.6 35.2 �6.1 5.5

DICP

(mmHg)

�6.2 6.3 �4.4 3 �3.3 2.8 �1.9 1.2

CPP

(mmHg)

69 15.9 66.5 20.4 87.7 13.1 70.9 9.6

DPtiO2

(mmHg)

7.1 9.1 �3.6 3.9 2.4 4.7 �2.2 1.5

MAP Mean arterial pressure, ICP intracranial pressure; CPP cere-

bral perfusion pressure; PtiO2 parenchymal tissue oxygen tension.

Fig. 1. Correlation between mean DICP and mean DPtiO2 following mannitol administration. Group A (left): Baseline ICP above 20 mmHg;

r ¼ �0:79; P ¼ 0:01 (2-tailed). Group B (right): Baseline ICP below 20 mmHg; r ¼ �0:92; P ¼ 0:01 (2-tailed)
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situations in which injured tissue is approaching irre-

versible damage is clear. To standardize methodology

and materials used accordingly to the clinical goals

should be a future aim. With regards to the results

presented, stable decreasing trend of ICP following

mannitol administration produced a strong negative

linear correlation with improved regional oxygenation

values. Interestingly the correlation was higher for

samples without intracranial hypertension (r ¼ �0:92

in Group B vs. r ¼ �0:79 in Group A). The underlying

mechanism remains unclear.

Rheological properties of mannitol may be the

cause as why we observed an improved oxygenation

in the peri-contusional area before a decrease in ICP

was observed [2, 3, 18–20, 23, 26, 30]. We found a

bigger benefit for brain oxygenation in patients with

higher ICP (>20 mmHg) compared with patients

without intracranial hypertension. CPP did not change

significantly following mannitol administration.

Conclusion

Irrespective of baseline ICP values, a linear relation-

ship between a decrease in ICP and an increase in peri-

contusional cerebral oxygenation has been established

following mannitol infusion. Current data suggest that

mannitol not only has the physiological e¤ect of de-

creasing ICP but it has the potential of interacting

with the internal milieu to improve regional cerebral

oxygenation in patients with severe head injury.
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Summary

Background. We investigated the di¤erence between two commer-

cially available sensors for continuous monitoring of brain tissue

oxygen (PtiO2). One is a single parameter probe for PtiO2 monitoring

(Licox1), the other is a multiparamter sensor (NeurotrendTM) fur-

ther including measurement of brain temperature, pH, and partial

pressure of tissue carbon dioxide.

Methods. In seven patients after subarachnoid hemorrhage or

traumatic brain injury continuous monitoring of PtiO2 was per-

formed simultaneously using Licox1 and NeurotrendTM.

Findings. Mean PtiO2 was generally lower when assessed by the

NeurotrendTM, as compared with the Licox1 (Licox1 27.7 mmHg

vs. NeurotrendTM 20.9 mmHg; P ¼ 0:028). The amplitude of PtiO2

elevations during ventilation with 100% oxygen was higher with

the Licox1, but this did not reach statistical significance (Licox1

55.2 mmHg vs. NeurotrendTM 50.2 mmHg, P ¼ 0:082). Regarding

clinical stability of the sensors, only one NeurotrendTM sensor

provided valid function over the desired monitoring period. Five

NeurotrendTM sensors dislocated or broke and one sensor did not

show any function after insertion. No malfunction occurred with

the Licox1 sensors.

Conclusions. Our results suggest that PtiO2 might be lower when

assessed by the NeurotrendTM sensor. The clinical stability of the

NeurotrendTM sensor was of concern and allowed monitoring in

one of seven patients over the desired monitoring period of several

days only.

Keywords: Brain tissue oxygen; neuromonitoring; cerebral hypo-

xia; NeurotrendTM; Licox1.

Introduction

Continuous monitoring of the partial pressure of

brain tissue oxygen (PtiO2) is being increasingly used

in the treatment of patients su¤ering from severe acute

brain disease such as traumatic brain injury (TBI) and

aneurysmal subarachnoid haemorrhage (SAH) [1, 3,

8–10]. PtiO2 has been shown as an independent pre-

dictor of outcome after TBI, and a PtiO2 guided CPP

management is successful in reducing cerebral hypoxic

episodes after TBI which might improve outcome in

this group of severely injured patients [5].

Currently, two di¤erent devices for continuous

monitoring of PtiO2 are commercially available and

have been used in the previously published literature:

The Licox1 and the NeurotrendTM system. Because

until today both systems are considered similar in their

ability to su‰ciently continuously monitor PtiO2 and

almost no data exists comparing both devices, with

this study we sought to investigate di¤erences between

the two devices in the clinical setting.

Methods

Ethics committee approval to perform advanced neuromonitoring

was given and informed consent from the patients’ next relative was

obtained. Seven patients with severe traumatic brain injury (n ¼ 3)

and severe aneurysmal subarachnoid haemorrhage (n ¼ 4) were

included in this study. All patients were sedated with midazolam

and fentanyl. All patients received artificial ventilation throughout

the study period. Ventilation aimed at keeping arterial oxygen at

100–120 mmHg and arterial carbon dioxide at 35–40 mmHg.

A Licox1 catheter (Licox1, Integra NeuroSciences, Plainsboro,

NJ, USA) and a NeurotrendTM catheter (NeurotrendTM, Codman

and Shurtlef, Raynham, MA, USA) were inserted in parallel in the

frontal white matter at a depth of 25 mm subdurally with a distance

between catheters of approximately 10 mm. Correct positioning of

the catheters in normal tissue was confirmed by routine computed

tomograhic scan.

The Licox1 system contains a single parameter probe, that con-

sists of a Clark type probe in the catheter tip with a oxygen sensitive

area of 13 mm2. The NeurotrendTM system is a multiparameter sen-

sor including monitoring of the partial pressure of brain tissue car-

bon dioxide, pH, and temperature. This catheter uses an optode for

PtiO2 monitoring with an oxygen sensitive area of approximately

2 mm2. In this study, we meticulously aimed at inserting both O2

sensitive areas at the same depth below dura.

Data of PtiO2 obtained from both catheters were stored on a com-

puter at the patient’s bedside with a rate of 2 min�1 and analysed ret-

rospectively. Data recording started 2 hours after insertion of both

catheters to allow su‰cient ‘‘run in time’’. Statistical analysis was

made using Wilcoxon-signed-rank test (SPSS 11.0, SPSS Inc., Chi-

cago, Il, USA).



Results

The average of the individual mean (G standard deviation) PtiO2

values was 27:7G 5:3 mmHg when assessed with the Licox1, as

compared to 20:9G 6:1 mmHg when assessed with the Neuro-

trendTM (P ¼ 0:03). Furthermore, the PtiO2 measurements obtained

with the Licox1 were significantly higher in each individual patient.

Phases of higher NeurotrendTM measurements occurred, however,

this accounted for a mean of 19% of the entire monitoring time,

whereas Licox1 measurements of PtiO2 were higher at an average of

81% of the monitoring time. Figure 1 shows the Bland and Altman

plot for agreement of the Licox1 and the NeurotrendTM system to

measure PtiO2.

The mean amplitude of PtiO2 elevations during 31 O2 tests, i.e.

ventilation with 100% oxygen was 55:5G 44:8 mmHg with the

Licox1, whereas it was 50:2G 49:5 mmHg when assessed by the

NeurotrendTM. This di¤erence did not show statistical significance

(P ¼ 0:09).

While all Licox1 catheters provided valid function over the desired

monitoring period of an average of 6.3 days, only one NeurotrendTM

catheter worked continuously without malfunction. One Neuro-

trendTM did not show any function after insertion, thus the data

from only six patients could be included for analysis. Five Neuro-

trendTM catheters dislocated or broke during routine nursing inter-

ventions on our neurosurgical intensive care unit. Overall, monitor-

ing with the multiparamter sensor was possible during a mean of

72% of the desired monitoring time only (151.9 vs. 123.2 h).

Discussion

These results of our study comparing the two com-

mercially available systems for monitoring of PtiO2

(Licox1 and NeurotrendTM) by simultaneous mea-

surement suggest that the two systems did not produce

identical PtiO2 values in the clinical setting. The mean

PtiO2 values measured by the Licox1 system were sig-

nificantly higher than those by the NeurotrendTM. The

results from the Bland and Altman plot [2] confirm this

finding and we consider the mean PtiO2 di¤erence of

6.25 mmHg is of importance in the clinical interpreta-

tion of the data. Furthermore, there was a trend to-

wards higher PtiO2 amplitudes during O2 tests with

the Licox1. We believe that these findings should al-

ways be kept in mind when comparing results from

studies using these two di¤erent devices.

It is unclear whether the di¤erences in PtiO2 mea-

surements are a result of the di¤erent technical proper-

ties of the devices or reflect ‘‘true’’ physiological O2

di¤erences in the measured tissue volumes. We did

not perform tests on measurement accuracy of the

probes after their removal. However, while both sen-

sors were attempted to be inserted in the same depth

in the frontal white matter, there may still be di¤erence

in the depths of insertion. This may cause di¤erent

PtiO2 measurements, as PtiO2 values increase towards

the cerebral cortex [4]. The remarkably smaller oxygen

sensitive area of the NeurotrendTM sensor might also

explain lower PtiO2 readings. Because it is assumed

that O2 is heterogeneously distributed in the cerebral

tissue, the Licox1 sensor with its larger oxygen sensi-

tive area and larger sample volume may compensate

better for local areas of di¤erent O2 concentrations,

probably providing a more accurate average estima-

tion of PtiO2.

To our knowledge, two previous studies in the liter-

ature have used both systems and attempted a compar-

ison of the data. While Sarrafzadeh et al. [7] did not

find relevant di¤erences using the sensors in parallel

in non lesioned tissue in vivo, Valadka et al. [8] re-

ported that the multiparamter sensor overestimated

PtiO2 at very low levels in vitro. Notably, both studies

used the ParatrendTM system, which contained a Clark

type probe for PtiO2 monitoring. The ParatrendTM

system was originally developed for continuous blood

gas monitoring and then modified for intracranial use,

however, since 1998 both the ParatrendTM and the

NeurotrendTM consist of an optode for O2 measure-

ment. Thus, the results from Sarrafzadeh et al. and

Valadka et al. might be di‰cult to compare with our

results due to the di¤erent technical properties of the

multiparameter sensors used.

We also consider the clinical stability and usability

of the NeurotrendTM to be of special concern. While

only one of seven sensors worked without malfunction

over the desired monitoring period, five sensors dis-

located or broke and one sensor did not show any

Fig. 1. Bland and Altman plot for agreement of PtiO2 data obtained

with the Licox1 and the NeurotrendTM (NT ) catheter in six patients

after SAH and TBI. Due to the di¤erent number of data pairs con-

tributed from each patient the mean di¤erence and the limits of

agreement were calculated according to Bland et al. [2]
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function after insertion. Similar problems with the

clinical usability of the catheter have been previously

reported by others [6] and are clearly unsatisfactory

for the physician using the system at the patients bed-

side. Because of these reported drawbacks it seems nec-

essary to improve the clinical stability of the Neuro-

trendTM system.
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5. Meixensberger J, Jaeger M, Väth A, Dings J, Kunze E, Roosen

K (2003) Brain tissue oxygen guided treatment supplementing

ICP/CPP therapy after traumatic brain injury. J Neurol Neuro-

surg Psychiatry 74: 760–764

6. Pennings FA, Bouma GJ, Kedaria M, Jansen GF, Bosch DA

(2003) Intraoperative monitoring of brain tissue tissue oxygen

and carbon dioxide pressures reveals low oxygenation in peritu-

moral brain edema. J Neurosurg Anesthesiol 15: 1–5

7. Sarrafzadeh AS, Kiening KL, Bardt TF, Schneider GH, Unter-

berg AW, Lanksch WR (1998) Cerebral oxygenation in contu-

sioned vs. nonlesioned brain tissue: monitoring of PtiO2 with

Licox and Paratrend. Acta Neurochir [Suppl] 71: 186–189

8. Valadka AB, Gopinath SP, Contant CF, Uzura M, Robertson

CS (1998) Relationship of brain tissue PO2 to outcome after

severe head injury. Crit Care Med 26: 1576–1581

9. van den Brink WA, van Santbrink H, Steyerberg EW, Avezaat

CJJ, Suazo JAC, Hogesteeger C, Jansen WJ, Kloos LMH, Ver-

meulen J, Maas AIR (2000) Brain Oxygen Tension in Severe

Head Injury. Neurosurgery 46: 868–878
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Summary

This study investigated the changes in extracellular chemistry

during reversible human cerebral ischaemia. Delayed analysis was

performed on samples taken from a subgroup of patients during

aneurysm surgery previously reported [12]. Frozen microdialysis

samples from 14 patients who had all undergone temporary clipping

of the ipsilateral internal carotid artery (ICA) were analysed for an-

other 15 amino acids with HPLC and for glycerol with CMA-600.

Changes were characterised according to whether cerebral tissue

oxygen pressure (PBO2) decreases were brief or prolonged.

Brief ICA clipping (maximum duration of 16 minutes) in 11 pa-

tients was not associated with changes in amino acids or glycerol.

Cerebral ischaemia, defined by a PBO2 decrease below 1.1 kPa for

at least 30 minutes during ICA occlusion, occurred in 3 patients.

None of whom developed an infarct in the monitored region. This

prolonged reversible ischaemia was associated with transient delayed

increases in g-amino butyric acid (GABA) as well as glutamate and

glycerol, each by two-to-three folds. This study demonstrates detect-

able transient increases in human extracellular glutamate, GABA

and glycerol during identified periods of reversible cerebral ischae-

mia, maximal 30–60 minutes after onset of ischaemia, but not in

other amino acids detected by HPLC.

Keywords:Cerebral aneurysm surgery; cerebral oximetry; cerebral

monitoring.

Introduction

Ethical investigation of cerebral ischaemia in hu-

mans can only be conducted with serendipity. Delib-

erate temporary arterial clipping necessary during

complex aneurysm surgery [11] o¤ers such an opportu-

nity. By microdialysis, cerebral extracellular chemical

changes have been shown in reversible and irreversible

cerebral ischaemia in experimental models, and during

irreversible ischaemia clinically. This paper is novel in

that it explores the e¤ects of reversible cerebral ischae-

mia on an extended panel of amino acids in a series of

patients. Clinical studies after head injury [3, 5, 20, 21]

and subarachnoid haemorrhage [16–18, 20] constitute

evidence that raised extracellular lactate [18, 21], lac-

tate/pyruvate ratio (L/P) [18] and lowered glucose

[18, 21] are associated with poor outcome, as are

increased concentrations of the excitatory neuro-

transmitters glutamate and aspartate [14, 18]. These

metabolic changes are similar to those originally dem-

onstrated in an experimental permanent cerebral ar-

tery occlusion model [6] and in 4 patients during fron-

tal lobe resection [7].

In the current paper, we report a broader analysis of

extracellular amino acids in a subgroup of 14 patients,

all of whom underwent temporary clipping of the

ICA, including patients with giant or di‰cult aneur-

ysms, often of poor clinical grade, where the chances

of observing ischaemic complications were maximal.

Changes in chemistry were compared against the de-

gree of hypoxia that occurred, as indicated by a PBO2

decrease, as well as in the changes of other energy sub-

strates. A PBO2 of 1.1 kPa has been proposed as a pos-

sible threshold for ischaemia after head injury, corre-

sponding to a hypoxic threshold of 50% for jugular

venous oxygen saturation [13].

Material and methods

A subset of patients, all those requiring ICA occlusion, was se-

lected from a larger study of cerebral monitoring during aneurysm

surgery [12] for subsequent HPLC. Table 1 lists the clinical and op-

erative details of these patients, as well as the World Federation of

Neurological Surgeons (WFNS) grades [19]. Clinical management

and monitoring techniques are reported in the main study [12].

In short, cerebral oxygen was monitored using Neurotrend sensors



(Codman, Bracknell, UK), data was stored by an on-line personal

computer and a contemporaneous operative log was kept. Samples

of extracellular fluid were collected in vials changed every 10 min-

utes, using 10-mm microdialysis catheters (CMA-70, CMA, Solna,

Sweden) perfused with Ringer’s solution at 1 ml/min. Samples were

immediately analysed for glucose, lactate, pyruvate and glutamate

with a mobile analyser (CMA 600). Vials were stored at �70 �C for

later glycerol analysis using a CMA-600 and HPLC for other amino

acids [10]. Both monitors were introduced and secured through a

triple-lumen access device (Technicam, Newton Abbott, UK) sepa-

rate but close to the craniotomy, the Neurotrend to a depth of

40 mm and the CMA-70 to 10 mm below dura. The monitors were

aimed to the vascular territory most likely to be at risk during sur-

gery. Temporary clips were all placed on the ICA, proximal to the

posterior communicating artery, except in case L where the size of

the aneurysm necessitated control of the extra-cranial ICA.

HPLC technique

Amino acids in microdialysate were analysed by precolumn deri-

vatisation, binary gradient liquid chromatography separation and

fluorescence detection using an ortho-phthaldialdehyde (OPA)/3-

mercaptopropionic acid (MPA) reaction mixture (Agilent Technolo-

gies, Waldbronn, Germany). Amino acids derivatisation products

were identified and quantified by reference to standard solutions

prepared from reference material (Amino acid standard mixture,

Agilent Technologies, Waldbronn, Germany). Calibration curves

were constructed to cover the range 0.1–100 mmol/l of each amino

acid except glutamine (5–500 mmol/l) and GABA (0.002–2 mmol/l).

Statistical analysis

Data was amalgamated by synchronisation to the onset of the

most significant period of ischaemia in each patient. In patients

with only brief temporary clipping and therefore minimal PBO2

changes, (group 1), data were synchronised to the start of the first

episode of temporary clipping. In 3 patients who required extended

temporary clipping and in whomPBO2 fell below 1.1 kPa (8 mmHg)

for 30 consecutive minutes (group 2), synchronisation was to the

time when PBO2 first decreased below 1.1 kPa during temporary

clipping. The mean and standard deviation for variables during

various time intervals were calculated.

Results

After probe insertion and mostly in the first hour,

levels of glutamate, aspartate and glycerol decreased

in an exponential fashion. The energy substrates and

the other amino acids were less prone to this phenom-

enon (Tables 2 and 3). HPLC analysis was not possible

in one patient (case G) because the vials were damaged

in storage.

Pattern of changes with temporary clipping

In the majority of patients, brief temporary clipping

produced only small, brief decreases in PBO2 with few

microdialysis changes. However, there were consider-

able changes in 2 patients: Case L undergoing revi-

sion surgery after recurrent haemorrhage from a giant

aneurysm previously clipped elsewhere, and Case M

Table 1. Clinical details of 14 patients who required ICA temporary clipping. No infarcts occurred in the regions monitored by the probes. On pre-

operative Angiography, patients L and M had good calibre ACoAs and ipsilateral PCoAs. Indeed in M, during a trial balloon occlusion of the

ipsilateral ICA, there was cross-flow from the contralateral ICA to the ipsilateral MCA, but with significant perfusion delay suggesting collateral

inadequacy. In N, the angiogram showed a small ipsilateral PCoA, but both anterior cerebral arteries were of good calibre, although the ACoA was

not demonstrated under normal flow conditions

Case Age

(yrs)

WFNS

grade*

Aneurysm Duration

temporary

clips (min)

Total

time

(min)

Intra-op

rupture

PBO2 <

1.1 kPa

for >30 min

Infarct due

to surgery

Outcome

6-months

y

A 56 U giant ICA 4,6 10 þ � � GR

B 63 2 PCoA. 3,4 7 � � � GR

C 52 U coiled ICA 5 5 � � PCA MD

D 45 2 ICA 3,6,2 11 � � � MD

E 65 4 PCoA 4,2,1,1,1 10 þ � watershed Dead

F 74 4 PCoA 7 7 � � � MD

G 45 1 PCoA 3 3 � � � MD

H 58 U PCoA 9 9 þ � � MD

I 32 4 ICA 2,2,2 6 � � � GR

J 55 5 MCA 2,1 3 � � � GR

K 44 1 giant PCoA 4,1,7,4 16 þ � � GR

L 59 4 giant ICA 4,8,7,7,9,1 36 � þ � SD

M 39 U giant ICA 1,4,20,20,3,3,2 53 þ þ partial MCA MD

N 60 1 MCA 7,7,1,2,2,1,2,1,

5,4,1,5

38 þ þ � GR

ICA Internal carotid artery; PCoA posterior communicating artery;MCAmiddle cerebral artery; PCA posterior cerebral artery;þ present and

� absent.

* World Federation of Neurosurgical Societies grade on presentation (1 good� 5 poor) U unruptured (19).

y Glasgow Outcome Score (GR good recovery,MD moderate disability, SD severe disability).
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Table 2. Brief internal carotid artery temporary clipping (maximum total 16 minutes) caused little change in extracellular chemistry in 11

patients

Minutes before start Minutes after start of temporary clipping IF*

�120 to �60 �60 to 0 1 to 15 16 to 30 31 to 60 61 to 90

Glucose y 0.7G 0.4 0.8G 0.4 0.8G 0.3 0.8G 0.3 0.8G 0.3 0.7G 0.4 0.9

Lactate y 0.8G 0.4 1G 0.8 0.8G 0.3 1G 0.7 0.7G 0.3 0.6G 0.3 1

Pyruvate 48G 18 48G 20 42G 14 49G 18 41G 12 40G 11 1

L/P z 18G 6 20G 10 21G 8 19G 7 18G 6 16G 6 0.9

G/L § 0.9G 0.4 1.1G 0.6 1G 0.3 0.9G 0.3 1.2G 0.4 1.2G 0.4 0.9

Glycerol 101G 50 106G 106 74G 46 102G 124 66G 38 48G 30 1

Glutamate 34G 30 23G 18 18G 13 15G 10 11G 9 10G 7 0.7

Alanine 12G 5 17G 8 14G 9 17G 7 17G 13 15G 8 1

Arginine 6.8G 3.9 8.2G 4.3 6G 4.3 7.6G 3.2 6.6G 3.1 5.8G 4 0.9

Asparagine 5.9G 6.6 5.6G 5 3.7G 4.1 3G 1.6 3.1G 2.2 2.8G 1.8 0.5

Aspartate 9.5G 11 6.9G 6.5 4.7G 5.3 4.1G 4.2 3G 2.7 2G 2 0.6

Citrulline 1.5G 1 1.8G 1 1.3G 0.6 1.6G 0.9 1.4G 0.9 1.3G 0.7 0.9

GABA 0.21G 0.16 0.11G 0.05 0.06G 0.03 0.08G 0.02 0.08G 0.04 0.05G 0.04 0.7

Glutamine 392G 326 484G 302 427G 306 442G 173 430G 306 273G 97 0.9

Glycine 6.4G 2.8 9.5G 7.8 6.3G 4.4 7.6G 4.6 10.5G 12.2 7.9G 5.2 0.8

Phenylalanine 5.3G 3.6 6.3G 3.5 4.5G 2.5 5.7G 2.6 4.8G 2.5 4.3G 2.9 0.9

Serine 15G 8 22G 23 17G 5 18G 6 21G 14 16G 6 0.8

Taurine 7.4G 4.8 8G 6.3 5G 3.3 5.4G 3.9 5.4G 4.1 6.2G 5 0.7

Threonine 8.6G 3.2 11.5G 5.8 9.4G 4.3 10.9G 5.4 10.8G 5 10.7G 4.2 0.9

Tryptophan 1.8G 0.9 1.7G 1 1.3G 0.7 1.2G 0.9 1.8G 1.6 1.4G 1.1 0.7

Tyrosine 3.5G 2.1 4.7G 3.3 3.1G 2.4 3.5G 2.2 3.8G 2.3 3.7G 2.3 0.7

Valine 13G 10 18G 13 12G 8 17G 11 15G 9 14G 12 0.9

Values all meanG SD mmol/l except: y mmol/l; z lactate/pyruvate ratio; § glucose/lactate ratio.
* IF Increase factor (ratio between 16 to 30 min after and �60 to 0 min before the start of temporary clipping).

Table 3. Extracellular chemistry changes during prolonged reversible cerebral ischaemia in 3 patients. Note increases in glutamate, g-amino

butyric acid and glycerol

Minutes before Minutes after PBO2 decreased < 1:1 kPa for >30 min IF*

�120 to �60 �60 to 0 1 to 30 31 to 60 61 to 90 91 to 120

Glucose y 1.1G 0.7 0.9G 0.5 0.5G 0.3 0.7G 0.4 0.7G 0.4 0.8G 0.4 0.8

Lactate y 0.9G 0.5 1G 0.4 1.5G 0.7 1.4G 1 1.9G 1.1 1.1G 0.8 1.4

Pyruvate 48G 14 54G 23 51G 34 58G 29 60G 17 72G 27 1.1

L/P z 20G 13 22G 16 49G 50 25G 25 29G 16 15G 12 1.2

G/L § 1.7G 1.3 1.2G 0.7 0.4G 0.4 1.5G 1.7 1.1G 1.7 1.5G 1.5 1.3

Glycerol 79G 26 49G 11 67G 19 114G 43 121G 34 97G 25 2.3

Glutamate 8G 5 6G 1 7G 4 14G 12 12G 9 9G 9 2.5

Alanine 48G 45 32G 28 20G 15 25G 14 31G 13 27G 12 0.8

Arginine 16G 9 12G 6 10G 5 10G 3 14G 7 14G 10 0.8

Asparagine 6.5G 3.7 4.4G 1.4 3.3G 0.4 3G 0.3 4G 0.8 3.4G 1.5 0.7

Aspartate 5.7G 4.2 5.5G 4.4 5.1G 4.3 6.2G 4.7 6.3G 5.5 5.1G 5.3 1.1

Citrulline 3.2G 2.2 2.4G 1.7 1.6G 0.5 1.7G 0.3 2.4G 0.5 2.5G 1.3 0.7

GABA 0.2G 0.1 0.1G 0.1 0.1G 0.1 0.3G 0.3 0.2G 0.2 0.4G 0.3 3

Glutamine 309G 179 247G 119 173G 69 203G 162 206G 112 215G 30 0.8

Glycine 36G 32 26G 22 17G 10 18G 10 25G 9 23G 11 0.7

Phenyl-alanine 10.3G 5.1 7.2G 3.5 5.3G 2.5 6G 2.1 8.5G 2.6 8.6G 3 0.8

Serine 24G 16 19G 14 17G 14 14G 10 20G 17 17G 19 0.7

Taurine 27G 29 12G 15 5G 6 6G 4 6G 3 6G 2 0.5

Threonine 27G 23 27G 25 13G 9 20G 14 18G 7 17G 8 0.7

Tryptophan 3.9G 2.3 4.2G 3.7 3.4G 2.3 2.4G 1.8 4.4G 3.4 4.4G 5.1 0.6

Tyrosine 9.9G 6.2 7.3G 3.6 5.3G 1.9 5.4G 1.3 7.4G 1.4 7.6G 2.8 0.7

Valine 33G 29 23G 17 18G 10 22G 10 32G 10 33G 13 1

Values all meanG SD mmol/l except: ymmol/l; z lactate/pyruvate ratio; § glucose/lactate ratio.
* IF Increase factor (ratio between 31 to 60 min after PBO2 decreased below 1.1 kPa and �60 to 0 min before).
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where an intra-operative rupture at the neck was di‰-

cult to control (Fig. 1). In both of these, PBO2 dropped

below 1.1 kPa for over 30 minutes. Case N also met

this criterion and showed small changes in chemistry.

Patients were therefore divided into two groups ac-

cording to these PBO2 criteria (Fig. 2): group 1 (cases

A–K) and group 2 (cases L, M and N). Three patients

developed infarcts as a result of surgery but none were

in monitored regions (Table 1).

There were unremarkable microdialysis changes fol-

lowing only small decreases in PBO2 (Group 1, Table

2). In contrast, after prolonged low PBO2 (Group 2,

Table 3) there were increases in Lactate/Pyruvate

(L/P) ratio, by a factor of 2.3 within 30 minutes, and

Fig. 1. In case M, prolonged temporary ICA clipping (blocks) caused brain oxygen (PBO2) to decrease below 1.1 kPa for 42 minutes with

transient increases in glutamate and gamma-amino butyric acid (GABA), as well as glycerol to 108 mmol/l (not shown)

Fig. 2. The graph shows the mean value of brain oxygen (PBO2) for the two groups. Top: Group 1 (brief, small decreases in PBO2; n ¼ 11)

synchronised to the time of the first temporary clip. Bottom: Group 2 (n ¼ 3) synchronised to the time when PBO2 decreased below 1.1 kPa for

more than 30 minutes during temporary clipping
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then, over the next 30 minutes, increases in GABA,

glutamate and glycerol, each by twofold to threefold.

There were no obvious changes in either group of the

other quantifiable amino acids.

Discussion

In this study, we showed that a transient increase

in GABA accompanies the previously reported in-

crease in glutamate and L/P ratio during prolonged

temporary clipping [12]. GABA has tended to receive

less interest than glutamate, perhaps due to di‰culty

in detection at its normally low concentrations. The

simultaneous extracellular increase in this inhibitory

transmitter may be indicative of synaptic events, ques-

tioning the concept of excitotoxicity due to unopposed

glutamate release [9].

The changes in extracellular chemistry were de-

layed, compared to changes in PBO2, an important ap-

preciation if microdialysis is being used as a clinical

monitoring tool. In addition, alterations in extracellu-

lar chemistry were generally uncommon; only 2 pa-

tients (Cases L and M) of the 46 patients monitored

during surgery [12] had marked microdialysis changes,

and both had long periods of tissue hypoxia during

prolonged temporary clipping. The absence of chemi-

cal changes with brief hypoxia is consistent with an

early microdialysis study in 9 patients, which failed to

detect any changes after a 2-minute period of tempo-

rary clipping [1]. Similarly, there were no glutamate

changes after 18 brief episodes of intracranial hyper-

tension (ICP > 40 mm Hg) following trauma [3]. It

could be inferred that the degree of insult necessary

to produce glutamate changes appears to be consider-

able.

Changes due to permanent ischaemia in patients

Frontal lobe resection in 4 patients first demon-

strated increased glutamate and GABA, aspartate,

lactate, as well as taurine and glycine [11]. Changes

greater than ours have been reported in brain death,

where increases in most amino acids [5], lactate and

glycerol are large [18]. Likewise, during infarction

increasing glutamate has been demonstrated, after 40

minutes of temporary ACA clipping [15] or inadver-

tent arterial occlusion [18]. Glycerol increase in micro-

dialysate is thought to be due to disintegration of cell

membranes [8].

Experimental models of ischaemia

Transient complete cerebral ischaemia for a 10-

minute period in a rat model was accompanied by an

immediate eight folds increase in hippocampal extra-

cellular glutamate and aspartate by a factor of 3, with

GABA too low for measurement [2]. The absence of

glutamate increases with ischaemia of equivalent dura-

tion in our study may reflect that our occlusions were

often interspersed by periods of reperfusion and there

was likely collateral blood flow through the communi-

cating arteries (Table 1).

In a permanent occlusion experimental model, there

were increases by a factor of 3.6 in lactate, 30 in gluta-

mate, 12 in aspartate, 23 in GABA, and of 24 in taur-

ine within 90 minutes, without changes in other amino

acids [6]. The inference was that the extracellular fluid

is flooded with both potentially harmful and protective

chemicals during the acute stage of cerebral ischaemia.

Conclusion

The combination of these two cerebral monitoring

techniques o¤ers an opportunity to study the process

of development of ischaemia in patients and, of surgi-

cal interest, to detect when temporary clipping is no

longer being tolerated. The main findings of this study

are that microdialysis detects transient increases in

extracellular GABA, glutamate and glycerol without

infarction, but only after prolonged tissue hypoxia, as

defined by a decrease in PBO2 below 1.1 kPa for at

least 30 minutes. Increases in the excitatory amino

acid glutamate were matched by synchronous and pro-

portional increases in inhibitory GABA.
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Summary

We evaluated the e¤ect of intracranial hypertension on cerebral

metabolism in patients with high grade aneurysmal subarachnoid

hemorrhage (SAH) using bedside cerebral microdialysis (MD).

Thirty-six patients with SAH were studied and classified into

two groups (intracranial pressure, ICP > 20 mmHg, n ¼ 25) and

(ICP < 20 mmHg, n ¼ 11). ICP was monitored hourly using an

intraventricular drainage (n ¼ 36). The MD catheter was placed af-

ter aneurysm clipping into the vascular territory of interest and was

perfused with Ringer’s solution (0.3 ml/min). The MD samples were

collected hourly for measurements of glucose, lactate, and glutamate

(CMA 600, Sweden). Lactate/pyruvate ratio was also calculated. To

calculate group specific di¤erences, the 24 hours median values of the

first 7 days after SAH were compared. Di¤erences were considered

statistically significant at P < 0:05.

Patient groups were comparable for age, severity of SAH,

Fisher’s grade and duration of MD sampling. In patients with

ICP > 20 mmHg from day 1 to 7 after SAH, extracellular con-

centrations of glucose were significantly lower, while the lactate/

pyruvate ratio was higher compared to SAH patients with normal

ICP values. The di¤erences between groups in glutamate levels was

only significant on day 1 after SAH due to high inter-individual dif-

ferences. We concluded that intracranial hypertension in associated

with an anaerobic cerebral metabolism indicated cerebral ischemia

in high grade SAH patients.

Keywords: Cerebral metabolism; microdialysis; intracranial hy-

pertension; subarachnoid hemorrhage.

Introduction

The outcome is poor for majority of patients

with high grade aneurysmal subarachnoid hemorrhage

(SAH). Many factors, such as intracranial hyperten-

sion, increase in cerebrospinal fluid outflow resistance,

intracranial hemorrhage, cerebral edema, or a combi-

nation of these factors contribute to the poor outcome.

With increasing diagnostic and monitoring activities,

better overall outcome could be achieved [1]. Cerebral

microdialysis, a recently available advanced neuro-

intensive care monitoring technique, provides addi-

tional information on the metabolic state of the injured

brain. Ischemia is associated with metabolic altera-

tions of brain energy metabolism. This is character-

ized by an increase in anaerobic glycolysis with an

increase in extracellular concentrations of lactate,

lactate/pyruvate ratio and a decrease in glucose con-

centrations [8]. In trauma patients, it was shown that

excitotoxic amino acids, such as glutamate and aspar-

tate, are released into the extracellular fluid (ECF)

in relation to ischemia and intracranial hypertension.

These substances may have toxic e¤ects leading to cell

damage and membrane degradation with deliberation

of glycerol [5]. Increased intracranial pressure (ICP) is

well known to adversely a¤ect patients with head in-

jury. In contrast, the variables associated with intra-

cranial hypertension following SAH and their impact

on outcome has been less intensely studied. Heuer

and collegues studied 433 SAH patients and concluded

that an increase in ICP adversely a¤ected outcome [4].

An increase in maximal ICP was associated with sev-

eral admission factors such as a worse Hunt and Hess

clinical grade, a lower Glasgow Coma Scale (GSC)

motor score, a worse SAH grade based on results of

computerized tomography (CT) scans, intracerebral

hemorrhage and the severity of intraventricular hem-

orrhage. Since the subgroup of high grade SAH pa-

tients has the worst neurological outcome, an im-

proved analysis of cerebral metabolic changes may

lead to therapeutic options and a better outcome in

these patiens. In our previous study, we identified the

lactate/pyruvate ratio as the best metabolic indepen-

dent prognostic factor for outcome at 12 months [7].

Microdialysis may help to select poor grade SAH



patients at high risk for ischemia, in whom classical

strategies for treatment of intracranial hypertension,

such as hyperventilation therapy, might not be ben-

eficial.

The objective of this study was to evaluate if re-

gional cerebral metabolism measured by microdialy-

sis is deranged in high grade SAH patients with intra-

cranial hypertension (ICP > 20 mmHg) compared to

those patients with normal ICP values.

Clinical material and methods

The study was approved by the Ethics Committee for conduct of

Human Research at the Charite Campus Virchow Mediacl Center,

Humboldt-University Berlin.

Patient characteristics and management

We studied 36 patients with high-grade aneurysmal SAH, defined

as World Federation of Neurological Surgeons, WFNS grade IV

and V [2], who were admitted to the Neurointensive Care Unit at

the Charite Campus Virchow Medical Center of Berlin. Only pa-

tients with complete data sets of ICP and microdialysis monitoring

for 7 days after SAH were included. Further inclusion criteria were

SAH confirmed by cranial CT; cerebral angiogram demonstrating

intracranial aneurysm(s); and patients underwent surgical therapy.

Aneurysm location was evaluated using four vessels angiography

on the day of admission. The distribution and pattern of the

hemorrhage was graded as proposed by Fisher et al. [3].

For comparison or metabolic parameters, patients were classified

into two groups, with ICP > 20 mmHg (n ¼ 11) and those with nor-

mal ICP values (n ¼ 25) during the first 7 days after initial bleeding.

Demographic data are summarized in Table 1. All patients consid-

ered surgical candidates were managed according to an uniform pro-

tocol. After preoperative resuscitation, patients were treated with

early ventricular drainage if hydrocephalus was present clinically or

proven on CT scan. Aneurysm surgery was performed if patients

responded with flexion to stimulation after sedation and paralysis

were ceased for 24 hours. Patients with radiographic evidence of irre-

versible brain destruction were excluded from the study. Intracranial

hypertension (ICP > 20 mmHg) was managed according to the

AANS guidelines for the management of severe head injury. This

included cerebrospinal fluid drainage, mannitol infusion (0.5 g/kg

body weight over 20 minutes) and moderate hyperventilation

(PaCO2 30–35 mmHg). Barbiturate coma was induced in otherwise

uncontrollable intracranial hypertension and guided by a ‘‘burst-

suppression’’ on EEG. Cerebral perfusion pressure was maintained

above 60 mmHg using colloids and crystalloids, blood products

and catecholamines, if necessary. ICP was monitored by means of a

ventricular drainage and an additional intraparenchymal device in

10 cases (Camino, San Diego, CA; Codman, Johnson & Johnson).

Decompressive surgery was performed when treatment was not suf-

ficient to achieve an adequate ICP and CPP.

Bedside microdialysis

Amicrodialysis catheter (CMA 70, Sweden, length 10 mm,molec-

ular weight limit of 20.000) was inserted immediately after clipping

of the aneurysm into brain parenchyma of the respective vascular

territory of the aneurysm. Care was taken to avoid insertion of the

catheter into macroscopic abnormal brain tissue or into an intracere-

bral clot. Catheters were perfused with sterile Ringer’s solution at

a flow rate of 0.3 ml/min. On the outlet tube, perfusates were col-

lected in microvials, exchanged hourly and immediately analyzed at

bedside in a mobile photometric, enzyme kinetic analyzer (CMA

600). The estimated recovery for the system is 0.65–0.72 [6]. MD

data are presented as microdialysate concentrations.

Statistical analysis

All summary data are expressed as meanG SEM, if normally

distributed or median (interquatile range) if the distribution was

skewed. Between groups di¤erences in each of the microdialysis

variables and for ICP values was tested by Mann-Whitney U test.

Di¤erences were considered statistically significant at P < 0:05.

Results

Patient characteristics

The study population consisted of 35 patients, 38 to

76 years of age with SAH with high-grade aneurysmal

SAH. Demographic data are listed in Table 1. Pa-

tient groups were comparable for age, WFNS grade,

Fisher’s grade and start of microdialysis monitoring

after SAH. Four patients underwent decompressive

surgery due to uncontrollable intracranial pressure.

Cerebral metabolism and intracranial pressure

Intracranial pressure was significantly higher from

day 1 to 7 after SAH in patients classified in the intra-

cranial hypertension group (P < 0:001, Fig. 1). These

patients had significantly lower extracellular glucose

concentrations and a higher lactate/pyruvarte ratio.

This indicates an anaerobic metabolic condition in

the monitored region (Fig. 2). Extracellular glutamate

concentrations were higher in patients with intracra-

nial hypertension, though the di¤erence was only sig-

Table 1. Demographic characteristics of patients with subarachnoid

hemorrhage

ICP < 20

mmHg

n ¼ 25

ICP > 20

mmHg

n ¼ 11

P

value

Age (meanG SD) 55.2G 2.4 50.0G 3.6 0.15

WFNS grade 4.48G 0.1 4.73G 0.1 0.15

Time SAH – surgery (hrs) 44.0G 12.7 30.7G 7.8 0.13

Fisher-score 3.72G 0.1 3.8G 0.1 0.23

Data are expressed as meanG standard deviation or numbers and

percentage. WFNS World Federation of Neurological Surgeons

Grading of SAH [8]

90 A. S. Sarrafzadeh et al.



nificant on day 1 after initial hemorrhage due to a high

inter-individual variance.

Discussion

This study used prospective data collection in 36

patients following high grade aneurysmal SAH. In all

patients cerebral metabolism was monitored by bed-

side microdialysis. We have evaluated the association

of intracranial hypertension (ICP > 20 mmHg) and

cerebral metabolism in these high risk patients. Our

major findings were that the presence of intracranial

hypertension was reflected in a deranged cerebral me-

tabolism with lower extracellular concentrations of

glucose and higher lactate/pyruvate ratios indicat-

ing anaerobic metabolism and regional ischemia.

Glutamate was not significantly di¤erent between

groups except on day 1 after SAH because of high

inter-individual variances.

Bedside microdialysis is a well established technique

for on-line detection of regional changes in neuro-

chemistry [7]. Previous studies confirmed the useful-

ness of the microdialysis technique in clinical settings

[6–8]. So far, no adverse e¤ect has been observed in

patients and because of its small size, the dialysis cath-

eter is expected to causes only minimal damage. In this

study there was no bleeding or infection associated

with the microdialysis catheter.

Common risk factors for cerebral ischemia are the

presence of intracranial hypertension and cerebral

hypoxia produced by hyperventilation therapy. Both

conditions are known to correlate with metabolic

changes. In severely head injured patients, secondary

increases of extracellular concentrations of glutamate,

lactate and the lactate/pyruvate ratio were found to

correlate with intracranial hypertension and severe

ischemia. In patients with high grade SAH, only few

data about ICP and metabolic parameters are avail-

able. Hyperventilation has traditionally been used in

the treatment of intracranial hypertension. However

prophylactic prolonged hyperventilation may be dele-

terious. It is known that hyperventilation induced is-

chemia and is reflected in a decrease in PtiO2. Also

moderate hyperventilation may be deleterious in indi-

vidual patient. Therefore, treatment of intracranial hy-

pertension with hyperventilation should only be used

with alertness to potentially adverse e¤ects and treat-

ment should continuously be adapted to cerebral oxy-

genation and possibly be avoided during impending

hypoxia in this specific group of patient.

Fig. 1. Time course of intracranial pressure (ICP) in aneurysmal

subarachnoid hemorrhage patients with intracranial hypertension

(ICP > 20 mmHg) and normal ICP values. –�– ICP > 20 mmHg,

n ¼ 11; –�– ICP < 20 mmHg, n ¼ 25

Fig. 2. Extracellular concentrations of lactate, glutamate, glucose

and lactate/pyruvate (L/P) ratio in high grade subarachnoid hemor-

rhage (SAH ) patients with intracranial hypertension (n ¼ 11) and

normal ICP values (n ¼ 25), 1–7 days after surgery. In high grade

SAH patients with intracranial hypertension, anaerobic metabolism

(increased lactate and L/P ratio, low glucose) and high glutamate

occurred compared to SAH patients with normal ICP values. (*) in-

dicates a trend P < 0:08; *P < 0:05; **P < 0:01. Data are expressed

as mean with standard deviation. –�– ICP > 20 mmHg, n ¼ 11; –�–
ICP < 20 mmHg, n ¼ 25
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Conclusion

In summary, our data demonstrated that the pres-

ence of intracranial hypertension was reflected in a

deranged cerebral metabolism. The changes indicated

anaerobic metabolism and regional ischemia. Cerebral

monitoring including metabolism and oxygenation is

desirable in these high risk aneurysmal SAH patients

to avoid secondary cerebral hypoxia and ischemia.
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Summary

Previous studies have demonstrated that a brief period of ischemia

protect against subsequent severe ischemic insults to the brain, i.e.

preconditioning. We evaluated the e¤ects of ischemic precondition-

ing, produced by 2 min proximal temporary artery occlusion, on

brain tissue gases and acidity during clipping of cerebral aneurysm.

Twelve patients with aneurysmal subarachnoid hemorrhage were

recruited. All patients received standard anesthetics. After craniot-

omy, a calibrated multiparameter catheter was inserted to measure

oxygen (PtO2) tension, carbon dioxide (PtCO2) tension and pH

(pHt) in tissue at risk of ischemia during temporary artery occlusion.

In patients assigned to the preconditioning group, proximal artery

was occluded initially for 2 min and was allowed to reperfuse for

30 min. All patients underwent cerebral artery occlusion for clipping

of aneurysm. The rate of change in PtO2, PtCO2 and pHt after artery

occlusion were compared between groups using unpaired t test.

Baseline brain tissue gases and pHt were similar between groups.

Following artery occlusion, the decline in PtO2 and pHt were signifi-

cantly slower in the preconditioning group compared with the rou-

tine care group.

These results suggested that ischemic preconditioning attenuates

tissue hypoxia during subsequent artery occlusion. Brief occlusion

of the proximal artery may be a simple maneuver for brain protec-

tion during complex cerebrovascular surgery.

Keywords: Cerebral ischemia; ischemic preconditioning; cerebral

oxygenation.

Introduction

Ischemic preconditioning refers to an endogenous

mechanism for brain protection against ischemia. In

this phenomenon, a transient episode of minor cere-

bral ischemia produces tolerance to subsequent pro-

longed ischemic injury [2, 3, 6]. Cerebral ischemic

preconditioning has been well defined in a variety of

animal models after focal or global ischemia [2, 3, 6,

10]. There are however, few data to support the exis-

tence of ischemic preconditioning in human. In a num-

ber of observational studies, outcomes after ischemic

strokes are generally better among patients with pre-

ceding transient ischemic attacks (TIAs) in the same

vascular territory [1, 8, 11–14]. These data suggested

that prodromal TIA induces protective response to

subsequent ischemia. However, more recent data re-

futed these observations [5].

Unfortunately, despite its important therapeutic im-

plications, in vivo ischemic preconditioning cannot

be confirmed in TIA model because of the ethical and

practical di‰culties. However, it is possible to study

patients undergoing microsurgical clipping of cerebral

aneurysm. During this operation, proximal artery is

often occluded temporarily to facilitate surgical dissec-

tion of the aneurysm, thus render the distal brain tissue

at risk of ischemic damage. We hypothesized that brief

episode of ischemia followed by reperfusion confers

tolerance to subsequent ischemic injury during tempo-

rary artery occlusion. We evaluated the e¤ect of ische-

mic preconditioning on brain tissue gases and acidity

in patients undergoing clipping of cerebral aneurysm.

Materials and methods

After approval from the Clinical Research Ethics Committee, we

studied 12 patients undergoing microsurgical clipping of aneurysm

following subarachnoid hemorrhage (SAH). Patients were excluded

if they were younger than 18 years or if there was a clinical plan not

to apply temporary artery occlusion during surgery. Written in-

formed consents were obtained from the patients or their relatives.

All patients received nimodipine infusion 1–2 mg/h. Monitoring

included invasive arterial and central venous pressure measurements,

electrocardiogram, capnography, pulse oximetry and oesophageal

temperature recordings. Anesthesia was induced and maintained

with target controlled infusions of propofol (3–4 mg/ml) and remi-

fentanil (6 ng/ml). Neuromuscular blockade was achieved with ro-



curonium infusion (0.5 mg/kg/h). The lungs were ventilated with an

air/oxygen mixture to maintain normocarbia. The inspired oxygen

concentration was set as 30%. A warming blanket (Bair Hugger

505, Augustine Medical, Eden Prairie, MN) was used to maintain

normothermia throughout the procedure.

We measured brain tissue oxygen (PtO2), carbon dioxide tensions

(PtCO2) and acidity (pHt) with a calibrated multiparameter catheter

(Neurotrend, Diametrics Medical, Minneapolis, MN). This cathe-

ter, 0.5 mm in diameter, incorporated a miniaturized optode elec-

trode, two fibreoptic hydrogen electrodes and a thermocouple for

PtO2, pHt, PtCO2 and brain temperature recordings, respectively.

After a standard pteronial craniotomy was performed, the catheter

was inserted into the ipsilateral middle frontal gyrus. Thirty minutes

of equilibration was allowed. Readings were downloaded on a per-

sonal computer using a purposely designed data acquisition pro-

gram.

Patients were randomly assigned to receive either ischemic precon-

ditioning or routine care. In patients allocated to the preconditioning

group, proximal feeding artery was briefly clamped for 2 min using a

specifically designed, low-force, vascular clip. This was followed by

30 min reperfusion. In patients allocated to the routine care group,

artery was exposed but not clamped. All patients then underwent ce-

rebral artery occlusion for clipping of aneurysm. Immediately prior

to artery occlusion, a bolus dose of thiopentone 2–3 mg/kg was

given IV to produce electroencephalographic burst suppression. Ar-

terial pressure was maintained within 20% of baseline using phenyl-

ephrine infusion. All patients were reviewed again one week after

surgery for any development of new neurologic deficit.

The primary outcome measure in this study was the rate of change

in PtO2, PtCO2 and pHt. As the delivery of substrates was inter-

rupted with artery occlusion, a change in tissue gases and acidity

is a measure of tissue vulnerability to ischemia. Therefore, a steep

change in tissue gases or acidity indicates rapid depletion of intracel-

lular substrate and accelerated energy failure. We calculated the rate

of change in PtO2, PtCO2 and pHt during the first four minutes after

temporary artery occlusion using linear regression. Values were com-

pared between groups using Mann-Whitney test. Results are pre-

sented as median (range). A P value of less than 0.05 was considered

significant.

Results

All twelve patients completed the study. Patient

characteristics are listed in Table 1. Demographic

data in the preconditioned patients were similar to

that receiving routine care. The median (range) time

from SAH to surgery was 47 (28–81) h in the precon-

ditioned group and 53 (30–77) h in the routine care

group, P ¼ 0:54. The median (range) duration of tem-

porary artery occlusion in the preconditioned group,

7.5 (6.1–13.6) min was also similar to that in the rou-

tine care group, 6.8 (5.0–15.1) min, P ¼ 0:73. There

was no intraoperative complication.

Following catheter equilibration, baseline values in

the preconditioned group, pHt 7.11 (7.05–7.30), PtO2

17 (13–29) mmHg, PtCO2 49 (32–58) mmHg, were

similar to that in the routine care group, pHt 7.15

(7.03–7.28), PtO2 20 (12–26) mmHg, PtCO2 53 (35–

60) mmHg. After temporary artery occlusion, PtO2

and pHt decreased and PtCO2 increased in all patients

(Fig. 1). But the rate of change in PtO2 and pHt in the

preconditioned patients was significantly slower than

the controls (Fig. 2). However, the di¤erence in the

rise of PtCO2 was small and was not statistically

significant. PtO2 in all patients receiving routine care

fell below 10 mmHg before release of temporary ar-

tery occlusion, whereas only two of the preconditioned

patients had ischemic change in PtO2. A week after

surgery, only one patient the routine care group had

neurologic deficit. Proximal artery was occluded for

9 min in this patient. There was no adverse e¤ect asso-

ciated with catheter insertion.

Discussion

This study confirms the existence of ischemic pre-

conditioning in humans. The changes in brain tissue

gases and acidity suggested that the preconditioned pa-

tient will tolerate a longer period of ischemia during

temporary artery occlusion for clipping of cerebral

aneurysm. We are however, unable to detect a better

outcome after ischemic preconditioning, mainly due

to the small sample size. A larger study recruiting

over 380 patients will be required to demonstrate the

e‰cacy and safety of ischemic preconditioning during

aneurysm surgery.

Ischemic preconditioning has been extensively eval-

uated in a number of animal models [2, 3, 6, 10]. On

Table 1. Patient characteristics and severity of subarachnoid hemor-

rhage

Routine

care

Ischemic

precondi-

tioning

P

Values

No. of patients 6 6

Age (year) 58

(38–72)

53

(40–69)

0.76

Body weight (kg) 72

(44–81)

59

(41–85)

0.89

Gender (Male/Female) 3/3 4/2 0.18

WFNS gradea 3 3 4 0.80

Fisher’s gradea 3 4 3 0.82

Medical history

– Hypertension 5 6 1.00

– Diabetes mellitus 4 3 0.37

– Current smoker 3 4 0.37

Location of ruptured aneurysm

– Anterior cerebral artery 4 3 0.37

– Middle cerebral artery 2 3

Values are median (range) or number of patients.WFNSWorld Fed-

eration of Neurological Surgeons.
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average, preconditioning with focal or global ischemia

of 2–20 min duration, reduced the infarct size by 53%

(range 20–91%) after subsequent prolonged ischemia

[8]. While there is little di¤erence among animal spe-

cies, treatment e‰cacy depends largely on the duration

of ischemia during induction of preconditioning and

the interval to subsequent ischemia [2, 3, 6, 9, 10].

In the present study we induced preconditioning by

2 min proximal artery occlusion. This is followed by

an inter-ischemic reperfusion for 30 min. This experi-

mental paradigm is feasible during clinical practice

and has been shown to produce the maximum protec-

tion against prolonged ischemia in rats [9].

The clinical evidence for ischemic preconditioning

remains scanty in humans. The traditional TIA model

suggested that prior occurrence of TIA decreases the

severity of subsequent stroke [1, 8, 11–14]. However,

it is not known whether the diverse etiologies of stroke

Fig. 1. Changes in tissue oxygen (PtO2, solid line), carbon dioxide tension (PtCO2, dotted line), and acidity ( pHt, dashed line) following 2 min

ischemic preconditiong, 30 min reperfusion and then temporary artery occlusion for clipping of cerebral aneurysm

Fig. 2. Rate of change in tissue oxygen (PtO2), carbon dioxide tension (PtCO2) and acidity (pHt) after temporary artery occlusion in patients

receiving prior ischemic preconditioning (black bar) or routine care (empty bar). *P ¼ 0:02; **P ¼ 0:04; #P ¼ 0:07
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may have biased the findings. A recent study of 180

patients with TIA and subsequent stroke within the

next 90 days, showed no correlation between timing

or duration of TIA and disability of subsequent stroke

[5]. Nevertheless, the application of the TIA model

is limited because neither the TIA itself nor the sub-

sequent stroke can be staged. The use of ischemic

preconditioning is more encouraging during proximal

temporary artery occlusion for aneurysm surgery. Two

observational studies suggested that repetitive brief oc-

clusion of the proximal artery with intermittent reper-

fusion reduces the risk of stroke compared with un-

interrupted ischemia of similar duration [4, 7]. Our

data are in accord with these findings that brief occlu-

sion of the proximal artery induces ischemic tolerance.

The underlying mechanism of ischemic precon-

ditioning remains unclear. However, N-methy-D-

asparate receptor activation would appear to be the

primary event during induction of preconditioning

[2, 3, 6, 10]. Subsequent delayed protection is best ex-

plained by genetic remodeling [2, 6, 10].

In conclusion, a brief (2 min) proximal artery occlu-

sion induces tolerance to subsequent ischemia, 30 min

apart. This is a simple and e¤ective technique for brain

protection when prolonged proximal artery occlusion

is required during complex aneurysm surgery.
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Summary

Objectives. The aim of this study was to evaluate the changes in ce-

rebral hemodynamics, tissue oxygenation and blood flow before and

after surgery for spontaneous intracerebral hematomas.

Methods. Eleven patients who underwent surgical decompression

of spontaneous putaminal hematoma were studied. Intracranial

pressure (ICP), cerebral perfusion pressure (CPP), brain tissue oxy-

gen (PtiO2), and carbon dioxide tensions (PtiCO2), brain pH and re-

gional cerebral blood flow (rCBF) were recorded prior to removing

the bone flap and then on skin closure on completion of the opera-

tion.

Results. Following surgical decompression, mean ICP decreased

significantly (P < 0:05); mean CPP, PtiO2, brain pH and rCBF im-

proved although the changes were not significant.

Conclusion. Surgical decompression for spontaneous intracerebral

hematomas leads to significant reductions in ICP. This is accompa-

nied by improvements in CPP, PtiO2 and rCBF in the penumbra.

Keywords: Intracerebral hematoma; surgical decompression; in-

tracranial pressure; brain tissue oxygen tension.

Introduction

Spontaneous intracerebral hemorrhage (ICH) ac-

counts for 15 to 20% of all strokes in the western world

[2]. The incidence is higher in Asian [20]. The 30-day

mortality has been reported to be 45% [4]. As of today

there is no e¤ective medical treatment for ICH [16]

and the value of surgical treatment is still controversial

[8]. Experimental work in animals have shown that

in addition to the initial destructive e¤ects, there is

evidence that the intracranial hematoma produces a

‘‘penumbra’’ of oedema and ischemia around the clot

[1, 5, 14]. The additional damage that is due to hemor-

rhagic mass is therefore focal (from compressive ische-

mia) and global (from a reduction in the perfusion

pressure associated with intracranial hypertension).

Surgical decompression in traumatic mass lesions

has been noted to result in a clear improvement in sub-

strate delivery [6]. However, surgery in spontaneous

ICH has not been shown to improve outcome [3]. Nev-

ertheless, there is little doubt that in selected patients,

the role of surgery may produce a reasonable result

by improving the neurometabolic milieu and prevent-

ing cell loss in the penumbra. Thus far, there has been

little attention directed towards the changes that occur

with surgical decompression for spontaneous intra-

cerebral hemorrhage. In this study we investigated the

e¤ects of surgical decompression of hypertensive intra-

cerebral hematoma on the brain tissue oxygenation

(PtiO2), intracranial pressure (ICP) and cerebral per-

fusion pressure (CPP) as well as regional blood flow

(rCBF) using Laser Doppler Flowmetry (LDF) in the

penumbral region.

Clinical materials and methods

This study was approved by the ethical committee at our institu-

tion and informed consent was obtained from families of the pa-

tients. We studied 11 patients with spontaneous intracerebral hemor-

rhage due to hypertension. All patients recruited into the study had

surgery for intracerebral hemorrhage with its epicenter in the puta-

men and a clinical deterioration to a Glasgow Coma Score (GCS)

of 8 or less together with radiological evidence of mass e¤ect and

midline shift (>5 mm). All patients were intubated, ventilated and

empirical mannitol (20%; 100 ml) was given. PaCO2 was controlled

at 30 mmHg. Inspired oxygen fraction (FiO2) was adjusted to

achieve an arterial oxygen saturationb 95% throughout the opera-

tion. We employed 2 teams of surgeons as described by Verweij [22].

Briefly, this involved the senior author shaving and draping the head

before inserting a multiparameter sensor (Neurotrend, Codman,

Randolph, MA, USA), an intraparenchymal intracranial pressure

monitor (Codman, Randolph, MA, USA) as well as an intraparen-

chymal laser Doppler probe (Laserflo BPM2; Vasamedics, St Paul,

MN, USA) via a triple lumen bolt (Codman, Randolph, MA,

USA) in the perceived penumbra region. In all cases, this was in the

middle cerebral artery territory ipsilateral to the side of the hemor-

rhage. We inserted the catheters 3 cm from the pial surface along



the midpupillary line at the coronal suture, within the peri-hema-

toma region. The position of the catheters was verified by a post-op-

erative computed tomographic (CT) scan (Fig. 1). The values were

allowed to stabilize before the definitive surgical decompression was

carried out. Data was then recorded at 5-second intervals. A formal

craniotomy was made, and a duroplasty was then performed using

lyophilised dura tacked loosely to the dural edges and the bone flap

left out in all cases. A CT scan was done on the first post-operative

day to assess the adequacy of evacuation. The ICP, CPP, PtiO2,

PtiCO2, brain pH and regional CBF were recorded before the bone

flap was lifted and after surgery when the skin was closed. Changes

were analyzed using paired t test.

Results

Among the 11 patients enrolled in the study, the

tissue oxygenation catheter failed to give meaningful

readings in 3 patients. In 2 cases, this was due to an

intrinsic failure of the catheter and the catheter was

found to be in residual clot in another patient, hence

giving erroneously low values. The data from these 3

patients were excluded from further study. Patient

data of the remaining 8 patients are shown in Table 1.

There were 3 females and 5 males. The mean

(Gstandard deviation) age was 62G 13 (range 46 to

81) years. The median GCS was 8 (range 4 to 11) and

the mean volume of the hematoma was 68.4G 17.7

(range 45 to 98) ml, according to the method described

by Kothari et al. [11]. Mean time from ictus to surgical

decompression was 11.5G 7.8 (range 4 to 28) hours.

Baseline values were compared with those after evacu-

ation (Table 2).

Mean arterial pressure (MAP) remained relatively

constant, preoperatively it was 95.3G 2.6 mmHg and

postoperatively, it was 92.1G 11.3 mmHg (P ¼ 0:46).

Mean ICP was significantly reduced after surgery (pre-

operative mean ICP was 30.5G 11.8 mmHg; post-

operative mean ICPwas 12.3G 9.8 mmHg;P ¼ 0:01).

Of the 8 patients, 7 had intracranial pressures that were

reduced following surgical evacuation. In all of these 7

patients, the maximal decrease in ICP appeared to be

associated with opening the dura. There was a further

graduated decrease in ICP with evacuation of the hem-

atoma. The mean CPP improved from

68.5G 18.8 mmHg to 79.8G 15.4 mmHg (P ¼ 0:07).

In 6 of the 8 patients, CPP after decompression was

less than 70 mmHg.

PtiO2 was 18.1G 20.0 pre-operatively and was

29.8G 27.7 mmHg following evacuation of the hema-

toma (P ¼ 0:07). In 3 patients (patients 1, 7 and 8),

PtiO2 values were above 20 mmHg before decompres-

sion and this improved further after surgery. In 2

patients, the values improved from less than 15 (ische-

mic threshold) to above 15 mmHg. Interestingly, the

maximal increase in brain tissue oxygenation occurred

after evacuation of the hematoma although in 2

patients, the values actually decreased to 0 mmHg

after decompression (patients 3 and 5). PtiCO2 tended

Fig. 1. Post-operative CT scan showing the position of the probes in

the peri-hematoma region

Table 1. Patient demographics and clinical features

Case Age

(years)

Gender Glasgow

coma scale

score

Volume of

putaminal

hemorrhage (ml)

Time to

operation

(h)

Glasgow

outcome

score

1 46 male 4 64 6 3

2 72 female 10 45 6 4

3 66 male 8 98 16 1

4 65 male 11 54 28 4

5 81 female 9 60 4 1

6 46 male 7 90 10 3

7 67 female 8 66 13 2

8 49 male 8 71 9 2
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to decrease with decompression. In two fatal cases,

PtiCO2 increased. Mean PtiCO2 44.8G 11.3 to

45.9G 16.0 mmHg (P ¼ 0:13).

Cerebral blood flow was measured by LDF in 4 out

of the 8 patients. rCBF was uniformly low (<20 ml/

min/100 g). The mean rCBF changed from 10.0G 6.3

pre-operatively to 12.0G 17.5 ml/min/100 g after op-

eration (P ¼ 0:72).

The rCBF was noted to increase immediately with

lifting of the bone flap but the greatest increase was

noted with evacuation of the hematoma. rCBF how-

ever, improved only modestly and did not reach be-

yond 20 ml/min/100 g in 3 of the 4 measured. In one

patient (patient 5), there was actually a reduction after

surgery despite improvements in ICP and CPP. In this

patient, PtiO2 corroborated by decreasing to 0 mmHg

and PtiCO2 increased.

Discussion

Animal models of SICH have shown that blood pro-

duces ischemia in the parenchyma by mechanical com-

pression of surrounding microvasculature [13] result-

ing in an area of edema, oligemia and hemorrhagic

necrosis. Surgical decompression may lead to amelio-

ration of neurological damage [1, 5, 15].

While the goals of surgical intervention and evacua-

tion in SICH are to reduce the mass e¤ect, to block the

release of neuropathic products from the hematoma

and to prevent prolonged interaction between the hem-

atoma and normal tissue which can initiate pathologi-

cal processes leading to further cell death, its e‰cacy in

improving outcome is controversial. A meta-analysis

of 3 randomized controlled trials of SICH showed a

higher rate of death and dependency for surgery com-

pared to patients treated medically [10]. Despite a lack

of proven benefit for surgery to improve outcome, it

was estimated that 7000 such operations continue to

be performed annually in the United States. There is

to date paucity of data regarding specific changes in

the peri-lesional tissue following intracerebral hemor-

rhage and how surgical decompression can a¤ect the

internal milieu in humans. There are practical and lo-

gistic di‰culties of acquiring complex rCBF or neuro-

chemical studies while other management issues are a

prime concern. Previous similar clinical studies have

been performed, although they have only analysed in-

tracranial pressure and changes in cerebral perfusion

[9].

Our study involved the insertion of all monitoring

devices that measure local ICP, PtiO2, brain pH and

PtiCO2 and rCBF to study changes in the peri-lesional

tissue. A parenchymal intracranial pressure monitor

was inserted in the peri-hematoma region to study

peri-lesional tissue since there may be significant di¤er-

ences in regional ICP and corresponding CPP of

the brain with ICH [17]. It was noteworthy that

despite rather large volumes of hematoma with mid-

line shift in our cohort of patients, two patients had

ICP < 20 mmHg before decompression. Surgical de-

compression and evacuation led to a significant fall in

ICP, improvement in CPP and this has been also pre-

viously demonstrated [9].

In our study, the poor rCBF before operation is in

agreement with blood flow imaging data from the liter-

Table 2. Changes in mean arterial pressure (MAP), intracranial pressure (ICP), cerebral perfusion pressure (CPP), brain interstitial oxygen

tension (PtiO2), brain interstitial carbon dioxide tension (PtiCO2), brain pH and regional cerebral blood flow (rCBF) using laser Doppler flow-

metry with surgery

Case

ICP (mmHg) MAP (mmHg) CPP (mmHg) PtiO2 (mmHg) PtiCO2 (mmHg) Brain pH

LDF

(ml/min/100 g)

Before

surgery

After

surgery

Before

surgery

After

surgery

Before

surgery

After

surgery

Before

surgery

After

surgery

Before

surgery

After

surgery

Before

surgery

After

surgery

Before

surgery

After

surgery

1 45 11 102 80 56 70 36 42 45 42 7.21 7.29 – –

2 15 5 96 100 111 95 14 27 59 58 6.89 7.10 – –

3 36 35 92 85 56 50 2 0 28 49 6.54 6.30 – –

4 39 12 102 92 63 80 6 28 32 40 6.77 7.01 11 17.93

5 14 5 80 82 66 77 3 0 56 78 7.18 7.03 18 4.77

6 38 15 118 115 79 100 6 44 45 38 6.27 7.20 3 6.2

7 35 6 95 88 60 82 56 84 39 30 6.93 7.39 11 18.9

8 22 9 79 94 57 85 24 28 54 42 7.2 7.4 – –
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ature. Using PET, Zazulia et al. [23] found a lower

CBF and cerebral metabolic rate (CMRO2) in the pen-

umbra region. Tanaka et al. [20] and Mayer et al. [12]

showed an early hypoperfusion zone around the hem-

atoma and this was resolved by 48 hours. Siddique

et al. [19] showed that there was a zone of reversible is-

chemia. The improvement in mean blood flow in the

surgical group using HMAO SPECT was about 3.9%

(n ¼ 4). Although the improvement was higher than

those treated conservatively, it was at best modest.

This improvement may be due to the continued e¤ects

of edema caused by red blood cell constituents leading

to increased blood brain barrier permeability [23] and

toxicity of hemoglobin breakdown products in the

penumbra [18] limiting further increases in blood flow.

The very local e¤ect of the measurement of PtiO2 is

ideal for monitoring in this specific situation as the

catheters were placed in the peri-hematoma region to

record changes of tissue oxygen in the microenviron-

ment although brain shifts on raising the bone flap

may change the location of the probe brain interface

and lead to erroneous tissue oxygenation values. It

was noteworthy that in the two patients who died, the

values were below the critical threshold [7, 21]. Our

data seems to support the fact that tissue oxygenation

does increase following the procedure, although intrin-

sic changes in the penumbra may influence the internal

milieu.

To a certain extent, our results do support the no-

tion that there exists in human ICH the presence of a

penumbra with low rCBF (as measured by LDF) and

tissue ischemia (low PtiO2 and brain pH) brought on

by the physical e¤ects of mechanical compression

(high ICP, large putaminal hematoma with clinical

and radiological evidence of mass e¤ect). The clinical

implication is that surgical evacuation of SICH may

potentially lead to a fall in ICP, improvement of the

CPP, PtiO2 and rCBF in the peri-hematoma region.

PtiO2 and rCBF improvements however are at best

modest following surgery suggesting that other patho-

physiological processes are at play. This may explain

why surgical decompression has got only limited suc-

cess in selected patients.

Conclusions

Surgical decompression for SICH leads to a sig-

nificant reduction in ICP and improvements in CPP.

However, PtiO2 are more variable and failure to im-

prove may be predictive of mortality. Interestingly, re-

gional blood flow is modest at best and this may ex-

plain the mixed results thus far of surgery.

Acknowledgments

This study was supported by a grant from the National Healthcare

Group grant (NRN01/002).

References

1. Altumbabic M, Peeling J, Del Bigio MR (1998) Intracerebral

hemorrhage in the rat: e¤ects of hematoma aspiration. Stroke

29: 1917–1923

2. Bamford J, Sandercock P, Dennis M, Burn J, Warlow C (1990)

A prospective study of cerebrovascular disease in the commu-

nity: the Oxfordshire Community Stroke Project, 1981–1986, 2:

incidence, case fatality rates and overall outcome at one year of

cerebral infarction, primary intracerebral and subarachnoid

hemorrhage. J Neurol Neurosurg Psychiatry 53: 16–22

3. Batjer HH, Reisch JS, Allen BC, Plaizier LJ, Su CJ (1990) Fail-

ure of surgery to improve outcome in hypertensive putaminal

hemorrhage: a prospective randomised trial. Arch Neurol 47:

1103–1106

4. Broderick JP, Brott T, Tomsick T,Miller R, Huster G (1993) In-

tracerebral hemorrhage is more than twice as common as sub-

arachnoid hemorrhage. J Neurosurg 78: 188–191

5. Deinsberger W, Vogel J, Fuchs C, Auer LM, Kuschinsky W,

Boker DK (1999) Fibrinolysis and aspiration of experimental in-

tracerebral hematoma reduces the volume of ischemic brain in

rats. Neurol Res 21: 517–523

6. Doppenberg EMR, Watson JC, Broaddus WC, Holloway KL,

Young HF, Bullock R (1997) Intra-operative monitoring of sub-

strate delivery during aneurysm and hematoma surgery: initial

experience in 16 patients. J Neurosurg 87: 809–816

7. Doppenburg EM, Zauner A, Watson JC, Bullock R (1998) De-

termination of the ischemic threshold for brain oxygen tension.

Acta Neurochir [Suppl] 71: 166–169

8. Fernandes HM, Gregson B, Siddique S, Mendelow AD (2000)

Surgery in intracerebral hemorrhage. The uncertainty continues.

Stroke 31: 2511–2516

10. Hankey GJ, Hon C (1997) Surgery for primary intracerebral

hemorrhage: is it safe and e¤ective? A systematic review of case

series and randomised trials. Stroke 82: 226–232

11. Kothari RU, Brott T, Broderick JP, BarsanWG, Sauerbeck LR,

Zuccarello M, Khoury J (1996) The ABCs of measuring intra-

cerebral hemorrhage. Stroke 27: 1304–1305

12. Mayer SA, Lignelli A, Fink ME, Kessler DB, Thomas CE,

Swarup R, Van Heertum RL (1998) Perilesional blood flow and

cerebral edema formation in acute intracerebral hemorrhage: a

SPECT study. Stroke 29: 1791–1798

13. Nath FP, Kelly PT, Jenkins A, Mendelow AD, Graham DI,

Teasdale GM (1987) E¤ects of experimental intracerebral hem-

orrhage on blood flow, capillary permeability and immunohisto-

chemistry. J Neurosurg 66: 555–562

15. Qureshi AI, Tuhrim S, Broderick JP, Batjer HH, Hondo H,

Hanley DF (2001) Spontaneous intracerebral hemorrhage. N

Eng J Med 344: 1450–1460

16. Qureshi AI, Fareed KS, Ringer AJ, Guterman LR, Hopkins LN

(2002) Regional intraparenchymal pressure di¤erences in exper-

imental intracerebral hemorrhage: E¤ect of hypertonic saline.

Crit Care Med 30: 435–441

100 I. Ng et al.



17. Regan RF, Guo Y (1998) Toxic e¤ects of hemoglobin on spinal

cord neurons in culture. J Neurotrauma 15: 645–653

19. Siddique MS, Fernandes HM, Wooldridge TD, Fenwick JD,

Slomka P, Mendelow AD (2002) Reversible ischemia around in-

tracerebral hemorrhage: a single photon emission computerized

tomography study. J Neurosurg 1996: 736–741

20. Tanaka A, Yoshinaga S, Nakayama Y, Kimura M, Tomonaga

M (1996) Cerebral blood flow and clinical outcome in patients

with thalamic hemorrhage: a comparison with putaminal hem-

orrhage. J Neurol Sci 144: 191–197

21. Valadka AB, Gopinath SP, Contant CF, Uzura M, Robertson

CS (1998) Relationship of brain tissue PO2 to outcome after se-

vere head injury. Crit Care Med 26: 1576–1581

22. Verweij BH, Muizelaar JP, Vinas FC (2001) Hyperacute mea-

surement of intracranial pressure, cerebral perfusion pressure,

jugular venous oxygen saturation and laser Doppler flowmetry

before, during and after removal of traumatic acute subdural

hematoma. J Neurosurg 95: 569–572

23. Zazulia AR, Diringer MN, Videen TO, Adams RE, Yundt K,

Aiyagari V, Grubb RL Jr, Powers WJ (2001) Hypoperfusion

without ischemia surrounding acute intracerebral hemorrhage.

J Cereb Blood Flow Metab 21: 804–810

Correspondence: Ivan Ng, Department of Neurosurgery, Na-

tional Neuroscience Institute, 11 Jalan Tan Tock Seng, Singapore

308433. e-mail: ivan_ng@nni.com.sg

Changes in cerebral hemodynamics and cerebral oxygenation during surgical evacuation 101



Acta Neurochir (2005) [Suppl] 95: 103–105

6 Springer-Verlag 2005

Printed in Austria

Open lung ventilation in neurosurgery: an update on brain tissue oxygenation

S. Wolf, D. V. Plev, H. A. Trost, and C. B. Lumenta

Department of Neurosurgery, Academic Hospital Munich-Bogenhausen, Technical University of Munich, Munich, Germany

Summary

Recently, we showed the feasibility of ventilating neurosurgical

patients with acute intracranial pathology and concomitant acute re-

spiratory distress syndrome (ARDS) according the so-called Open

Lung approach. This technique consists of low tidal volume, ele-

vated positive expiratory pressure (PEEP) level and initial recruit-

ment maneuvers to open up collapsed alveoli. In this report, we focus

on our experience to guide recruitment with brain tissue oxygenation

(pbrO2) probes.

We studied recruitment maneuvers in thirteen patients with

ARDS and acute brain injury such as subarachnoid hemorrhage

and traumatic brain injury. A pbrO2 probe was implanted in brain

tissue at risk for hypoxia. Recruitment maneuvers were performed

at an inspired oxygen frcation (FiO2) of 1.0 and a PEEP level of

30–40 cmH2O for 40 seconds.

The mean FiO2 necessary for normoxemia could be decreased

from 0.85G 0.17 before recruitment to 0.55G 0.12 after 24 hours,

while mean pbrO2 (24.6 mmHg before recruitment) did not change.

At a mean of 17 minutes after the first recruitment maneuver, pbrO2

showed peak a value of 35.6G 16.6 mmHg, reflecting improvement

in arterial oxygenation at an FiO2 of 1.0.

Brain tissue oxygenation monitoring provides a useful adjunct to

estimate the e¤ects of recruitment maneuvers and ventilator settings

in neurosurgical patients with acute lung injury.

Keywords:ARDS; mechanical ventilation; Open Lung; ICP; brain

tissue oxygenation; recruitment maneuver.

Introduction

Contemporary management of patients with acute

respiratory distress syndrome (ARDS) consists of ven-

tilating with low tidal volumes of 6 ml/kg body weight

to avoid alveolar overdistention of the injured lung [1].

A more advanced approach advocates for the addi-

tional use of short periods of sustained high inflation

pressure to open up collapsed alveoli. After this re-

cruitment maneuvers, elevated levels of PEEP are used

to maintain the recruited airspace, thus avoiding the

repeated opening and closing of lung tissue, again to

limit the damage of the lung induced by mechanical

ventilation [12]. Proposed in theory by Lachmann

more than a decade ago [8], this Open Lung approach

showed improved survival in a small, randomised,

controlled trial [2].

From the aforementioned as well as other ARDS

studies, neurosurgical patients were excluded due to

concerns of intracranial deterioration through the used

elevated levels of PEEP. However, our group recently

showed the feasibility of the Open Lung approach in

patients with acute brain lesions [14]. While this previ-

ous study mainly addressed safety concerns and inves-

tigated the influence of Open Lung ventilation on ICP,

the present report focuses on its impact on brain tissue

oxygenation (pbrO2). We hypothesized that pbrO2 may

provide a useful tool to estimate the e‰cacy of a re-

cruitment maneuver and to guide the settings of me-

chanical ventilation.

Material and methods

We studied the clinical course of 13 patients with acute brain in-

jury and concomitant ARDS, which was diagnosed according to

the consensus conference criteria [3]. Main neurosurgical diagnosis

was aneurysmal SAH (7 patients), traumatic brain injury (3 pa-

tients), intracranial hemorrhage (2 patients) and post surgery for

brain metastasis (1 patient). In all patients, the trachea were intu-

bated and the lungs were mechanically ventilated (Puritan Bennett,

Tyco Healthcare, Mansfield, MA, USA). Patients were sedated with

fentanyl, midazolam and/or propofol. Paralysis was used as re-

quired.

In all patients, pbrO2 was measured with the Licox system (GMS,

Kiel, Germany). The pbrO2 probes were implanted in brain tissue es-

timated at highest risk of infarction, e.g. the vascular territory of the

vessel harbouring a clipped or coiled aneurysm or the more a¤ected

hemisphere after traumatic brain injury. ICP monitoring was per-

formed via parenchymal devices (CODMANmicrosensor, Codman,

Raynham, MA, USA and Spiegelberg III, Spiegelberg KG, Ham-

burg, Germany) or ventriculostomy. Monitoring data was collected

with multimodal monitoring software (ICUpilot, CMA, Solna, Swe-

den) with a frequency of 1 per minute.



Respiratory management: Chest X-ray and bronchoscopy was

performed as required and at least once before onset of Open Lung

ventilation to rule out pneumothorax and lobar atelectasis. Recruit-

ment maneuvers were performed on an inspired oxygen fraction

(FiO2) of 1.0 with a CPAP/PEEP level of 30–40 cmH2O for 40 sec-

onds and optional ventilation with 20 mmHg above that PEEP for a

few breathing cycles. After this recruiting maneuver, the PEEP level

was set to 5 cmH2O higher than before and at least 15 cmH2O. All

patients were ventilated with pressure controlled ventilation with

an I :E ratio of 1 :1 to 1.4 :1. Inspiratory pressure was adjusted to

achieve a tidal volume of 6 ml/kg body weight. Respiratory fre-

quency was 15 to 30 per minute, depending on blood gas analysis to

achieve normocapnia as feasible. Recruitment was considered su‰-

cient if arterial paO2 increased to more than 300 mmHg at a sus-

tained FiO2 of 1.0.

After recruitment, we first tried to decrease FiO2 to at least 0.4,

with regard to an paO2 around 100 mmHg and then to decrease the

PEEP level in steps of 1–2 cmH2O. If derecruitment occurred after

decreasing the PEEP level, after suctioning or disconnection of the

ventilator system, another recruitment maneuver was performed

and PEEP was set 2 cmH2O higher than before.

ICP was treated if persistently increased above 25 mmHg. We

aimed for a pbrO2 above 15 mmHg. If desaturation was pending, we

attempted to decrease ICP and to optimize mean arterial blood pres-

sure, cardiac output, cardiac preload or paCO2, thus providing an

oxygenation oriented therapy [13].

For the cumulative analysis, the first recruitment maneuver of a

patient was considered as start of Open Lung ventilation, even if

this patient, as most were, was submitted to more than one. All sta-

tistic data are expressed as meanG standard deviation. Analysis was

performed with paired t-tests, as appropriate.

Results

In all but one patient, oxygenation improved after

initiation of Open Lung ventilation. No patient had to

be withdrawn from Open Lung ventilation due to a re-

fractory increase in ICP or a desaturation episode of

pbrO2. No side e¤ects of recruitment maneuvers like

pneumothorax or lasting hemodynamic instability

were noticed.

Mean FiO2 necessary for a paO2 of 100 mmHg

decreased gradually from 0.85G 0.17 before the first

recruitment maneuver to 0.55G 0.12 after 24 hours

(Table 1). The mean PEEP level used immediately

after the first recruitment to prevent loss of alveolar

recruitment was 18.2G 4.2 cmH2O.

Mean ICP was 17.4G 6.2 mmHg before and

14.1G 8.2 mmHg after 24 hours. pbrO2 was

24.6G 9.3 mmHg before and 24.2G 11.3 mmHg

after 24 hours. After the first recruitment maneuver,

a peak in pbrO2 was seen after a mean of 17

minutes (Fig. 1). Mean pbrO2 at this peak was

35.6G 16.6 mmHg. Afterwards, mean pbrO2 in-

creased further, reaching a plateau after 60 minutes

with a value of 42.5G 19.6 mmHg.

Discussion

There is an inconsistency in the literature on the

ways of performing recruitment as well as on the last-

ing e‰cacy of these recruitment maneuvers [10]. The

largest study assessing recruitment, performed by the

ARDS network [5], as well as a small observational

study performed in a neurosurgical patient population

were not able to demonstrate a lasting improvement in

oxygenation [4]. However, the PEEP level to prevent

loss of recruitment in these studies was not increased

after recruitment, which may partly explain the lack

of a beneficial e¤ect of the recruitment maneuvers [9,

11]. In theory, the best method to exploit the recruit-

ment capacity of an ARDS lung is a decremental

PEEP trial as proposed by Hickling [7]. As this method

is more aggressive than our recruitment scheme, we

did not use it as a first approach of implementing

Table 1. Oxygenation, intracranial pressure (ICP) and Brain tissue

oxygen tension (pbrO2) before the first recruitment maneuver and 24

hours later

Before first

recruitment

24 hours after

first recruitment

P Values

FiO2 [mmHg] 0.85G 0.17 0.55G 0.12 <0.001

PaO2/FiO2 142G 42 257G 110 <0.001

PaCO2 [mmHg] 44.1G 6.6 40.3G 8.8 >0.05

ICP [mmHg] 17.4G 6.2 14.1G 8.2 >0.05

pbrO2 [mmHg] 24.6G 9.3 24.2G 11.3 >0.05

PaO2 Arterial oxygen tension; PaCO2 arterial carbon dioxide

tension; FiO2 inspired fraction of oxygen. Data is expressed as

meanG standard deviation.

Fig. 1. Time course of brain tissue oxygen tension (pbrO2) and intra-

cranial pressure (ICP). At time point 0, the first recruitment maneu-

ver was performed. The shaded area denotes standard deviation of

pbrO2, indicating heterogeneity in response to recruitment between

di¤erent patients
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Open Lung ventilation in our patients with unknown

stability of hemodynamic situation and ICP when ex-

posed to a recruitment maneuver.

Our data shows that Open Lung ventilation with

recruitment maneuvers had a lasting improvement

on arterial oxygenation in neurosurgical patients with

ARDS. In the 24 hours after the first recruitment

maneuver we were able to reduce FiO2 keeping paO2

above 100 mmHg and without detrimental e¤ect on

pbrO2. Brain tissue oxygenation increased in the short

term following an increased arterial oxygenation after

pulmonary recruitment with unchanged FiO2. The

peak of pbrO2 at a mean of 17 minutes reflects the

improved arterial oxygenation induced by this first

recruitment maneuver. One patient failed to respond

to multiple recruitment maneuvers, and thus did not

show an increase in arterial oxygenation. This patient

also lacked the peak in pbrO2 observed in other pa-

tients. Presently we are unable to predict a certain re-

sponse in an individual patient to recruitment and

therefore unable to provide an recruitment algorithm

suitable for all patients.

There are multiple reasons for a decrease in pbrO2

after the observed peak. If the PEEP used after re-

cruitment is not su‰ciently high enough, the improve-

ment in arterial oxygenation is not lasting in its full

extent over time and partial derecruitment will occur

again. Furthermore multiple parameters such as paO2,

paCO2 and a mean arterial pressure might influence

pbrO2 [6]. These parameters as well as the change in

PEEP level after recruitment may induce complex he-

modynamic interactions which are not fully under-

stood up to date and are di‰cult to monitor.

The presented data provides additional evidence

that Open Lung ventilation is feasible in neurosurgical

patients with ARDS. Albeit we did not experience ad-

verse e¤ects of recruitment maneuvers and Open Lung

ventilation, we are aware that our data does not sup-

port the use of this ventilation strategy without con-

cern. While careful hemodynamic and ICP monitoring

is mandatory, brain tissue oxygenation monitoring

provides a useful adjunct to visualize the e¤ects of

recruitment maneuvers and fine tuning ventilatory

settings.
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Summary

We evaluated the e¤ects of magnesium sulfate on brain tissue ox-

ygen (PtO2) tension, carbon dioxide (PtCO2) tension and pH (pHt)

in patients undergoing temporary artery occlusion for clipping of ce-

rebral aneurysm.

We studied 18 patients with aneurysmal subarachnoid hemor-

rhage. All patients received standard anesthetics using target con-

trolled infusion of propofol (3 mg/ml) and remifentanil (10 ng/ml).

After craniotomy, a calibrated multiparameter sensor (Neurotrend,

Diametrics Medical, Minneapolis, MN) was inserted to measure

PtO2, PtCO2 and pHt in tissue at risk of ischemia during temporary

artery occlusion. Patients were then randomly allocated to receive

either intravenous saline or magnesium 20 mmol over 10 min fol-

lowed by an infusion 4 mmol/h. Plasma magnesium concentration,

brain tissue gases and pHt were determined at baseline, 30 min after

study drug infusion and 4 min after temporary clipping. Data were

analyzed by factorial ANOVA with repeated measures. Intergroup

di¤erence was compared with unpaired t test. P value < 0.05 was

considered significant.

Patient characteristics, baseline brain tissue gases and pHt did not

di¤er between groups. Magnesium infusion increased PtO2 by 34%.

Following temporary artery occlusion, PtO2 and pHt decreased and

PtCO2 increased in both groups. However, tissue hypoxia was less

severe and the rate of PtO2 decline was slower in the magnesium

group.

Our data suggested that magnesium enhances tissue oxygenation

and attenuates hypoxia during temporary artery occlusion.

Keywords: Cerebral ischemia; magnesium; neuroprotection; cere-

bral oxygenation.

Introduction

Temporary artery occlusion is often required during

aneurysm surgery. Although it facilitates surgical dis-

section and subsequent clip application, this technique

imposes significant risk of cerebral ischemia [9]. This

is particularly important when prolonged occlusion

(>10 min) is required [9]. In this regard, a technique

that enhances collateral circulation will improve cere-

bral tissue oxygenation and may reduce ischemic

injury.

Magnesium is a cerebral vasodilator. In animal

models, it blocks voltage-dependent calcium channels

and reverses experimental vasospasm [14, 15]. Simi-

larly, in ex-vivo segments of human middle cerebral

artery, spasmogen-induced vasoconstriction can be

readily inhibited by small doses of magnesium [1]. The

clinical benefits of magnesium related cerebral vaso-

dilation is further demonstrated in women with pre-

eclampsia, a condition thought to be due to cerebral

vasospasm and resultant ischemia. In these patients,

magnesium infusion increases cerebral blood flow and

reduces the incidence of seizure (eclampsia) [6, 11]. We

therefore hypothesized that magnesium given before

temporary artery occlusion enhances collateral perfu-

sion, and hence attenuates ischemic insults. The pur-

pose of the present study was to evaluate the e¤ects of

magnesium on brain tissue pH (pHt), oxygen (PtO2)

and carbon dioxide (PtCO2) tensions in patients un-

dergoing temporary artery occlusion for clipping of ce-

rebral aneurysm.

Materials and methods

This study was approved by the Clinical Research Ethics Commit-

tee. Written informed consents were obtained from the patients or

their next-of-kin. Eighteen patients, aged between 21 and 76 years,

undergoing clipping of aneurysm following subarachnoid hemor-

rhage (SAH) entered the study. We excluded patients if they were

pregnant, if they had significant renal impairment (plasma creatinine

concentration > 200 mmol/L) or if there was a clinical indication or

contraindication to magnesium infusion.

All patients were treated according to a standard protocol that

included perioperative infusion of nimodipine 1–2 mg/h. Following

placement of invasive arterial and central venous pressure monitor-



ing, anesthesia was induced and maintained with target controlled

infusions of propofol (3–4 mg/ml) and remifentanil (6 ng/ml).

Neuromuscular blockade was achieved with rocuronium infusion

(0.5 mg/kg/h). The lungs were mechanically ventilated with an air/

oxygen mixture. Normocarbia was maintained throughout the pro-

cedure and the inspired oxygen concentration was initially set as

30%. Patients also received mild hypothermia using a forced air cool-

ing unit (Polar Air, Augustine Medical, Eden Prairie, MN) to

achieve a core temperature of 32.5–33.5 �C during dissection of the

aneurysm and clip application.

A standard pteronial craniotomy was performed. After reflection

of the dura, a calibrated multiparameter catheter (Neurotrend, Dia-

metrics Medical, Minneapolis, MN) was inserted 3 cm into the mid-

dle frontal gyrus. This catheter, 0.5 mm in diameter, contained two

optic fibers to measure brain tissue pHt and carbon dioxide tension

(PtCO2). It also incorporated a miniaturized optode for parenchy-

mal oxygen tension (PtO2) and a thermocouple for brain tempera-

ture measurements. Following 30 min of equilibration, patients

were randomly assigned to receive either magnesium or placebo in-

fusion. For patients receiving the active treatment, magnesium sul-

fate (MgSO4) 20 mmol was administered over 10 min; this is fol-

lowed by a continuous infusion of MgSO4 4 mmol/h. Equivalent

volume of saline was infused in the placebo group. Plasma magne-

sium concentration was measured before surgery and 30 min after

the start of infusion. Immediately prior to temporary artery occlu-

sion, all patients received a bolus dose of thiopentone 2–3 mg/kg to

produce electroencephalographic burst suppression. Arterial pres-

sure was maintained within 20% of baseline using phenylephrine in-

fusion. Patients were reviewed one week after surgery for any devel-

opment of new neurologic deficit.

Physiologic parameters including those recorded from the Neuro-

trend catheter were downloaded on a personal computer using a pur-

posely designed data acquisition program. Data at three time points

during surgery were specifically sought for comparison. They are the

baseline values recorded at the end of the 30 min equilibration pe-

riod; data recoded at 30 min after infusion of study drug and those

recorded at 4 min after temporary artery occlusion. Longitudinal

data were compared between groups by factorial analysis of variance

with repeated measures. Intergroup di¤erence was compared be-

tween groups with unpaired t test. A P value of less than 0.05 was

considered significant.

Results

Demographic data were summarized in Table 1. Pa-

tient’s age, weight and severity of SAH did not di¤er

Table 1. Patients characteristics and severity of subarachnoid

hemorrhage

Magnesium Saline P values

No. of patients 9 9

Age (year) 57G 15 55G 12 0.96

Body weight (kg) 68G 10 62G 11 0.82

Gender (Male/Female) 4/5 5/4 0.20

Medical history

– Hypertension 8 7 0.40

– Diabetes mellitus 2 3 0.36

– Current smoker 5 4 0.33

– Others 1 0 1.00

WFNS grade 0.80

– 1/2 (good grade) 3 5

– 3/4 (poor grade) 6 4

Fisher’s grade 0.82

– 1/2 (good grade) 3 2

– 3/4 (poor grade) 6 7

Location of ruptured aneurysm

– Anterior cerebral artery 3 4 0.15

– Middle cerebral artery 6 5

Time from SAH to surgery (h) 42G 15 45G 13 0.68

Values are meanG SD. WFNS World Federation of Neurological

Surgeons; SAH Subarachnoid hemorrhage.

Fig. 1. Changes in tissue oxygen (PtO2, solid line), carbon dioxide tension (PtCO2, dotted line), and acidity ( pHt, dashed line) following 8 min

temporary artery occlusion for clipping of cerebral aneurysm in a patient receiving saline infusion. PtO2 dropped below the detection limit at

the end of the occlusion period
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between groups. Surgery was performed within 72 h

after the onset of hemorrhage. The mean plasma mag-

nesium concentration at baseline in the magnesium

group, 0.76G 0.15 mmol/L was similar to that in the

placebo group, 0.81G 0.41 mmol/L ðP ¼ 0:76Þ. Fol-
lowing study drug infusion, plasma magnesium con-

centration in patients receiving the active treatment in-

creased to 2.12G 0.52 mmol/L, whereas those having

placebo was 0.79G 0.33 mmol/L (P < 0:001 magne-

sium vs placebo).

During baseline conditions, pHt, PtO2 and PtCO2

were similar between groups. Four patients in the mag-

nesium group, and another three in the placebo group

had severe tissue hypoxia (PtO2 < 10 mmHg) or aci-

dosis (pHt < 7.0). MgSO4 infusion increased PtO2

from 16G 14 to 24G 8 mmHg. However, pHt and

PtCO2 remained unchanged. There was no di¤erence

in brain tissue gases and pHt after placebo infusion.

Following temporary artery occlusion, PtO2 and

pHt decreased promptly in all patients (Fig. 1). How-

ever, the rise in PtCO2 was more gradual. At four min

after occlusion, PtO2 was significantly higher in the

magnesium group compared with the placebo group

ðP ¼ 0:04Þ. PtO2 fell below the detection limit in three

patients receiving placebo infusion. PtO2 was set as

zero for analysis (Figure 2). All these patients devel-

oped neurologic deficits on subsequent review. The dif-

ferences in PtCO2 and pHt are modest and did not

reach statistical significance. The median (range) dura-

tion of temporary artery occlusion in the magnesium

group, 7.2 (5.1–12.1) min was similar to that in the pla-

cebo group, 6.9 (4.9–14.3) min.

Discussion

Our data show that tissue ischemia is common after

SAH.MgSO4 infusion increased brain PtO2 and atten-

uate tissue hypoxia during temporary proximal artery

occlusion. The changes between groups in pHt and

PtCO2 were however small. These findings are consis-

tent with an increase in oxygen delivery together with

or without a decrease in oxygen consumption. Since

magnesium has little e¤ect on cerebral metabolism, we

believed the enhanced tissue oxygenation is related to

cerebral vasodilation [8].

Studies on the vasodilatory e¤ect of MgSO4, have

produced conflicting results. Early reports in women

with preeclampsia or eclampsia showed a decrease in

middle cerebral artery flow velocity and pulsatility af-

ter MgSO4 administration [2–6, 13]. But more recent

studies in patients with SAH showed no changes on

proximal cerebral artery flow velocity following acute

high dose MgSO4 infusion [7, 10]. The di¤erential

action of magnesium on di¤erent vascular beds may

explain the discrepant findings. In this regard, the

smaller resistance arteries are more sensitive to magne-

sium than the proximal conductance vessels [1, 14].

Since the small arteries are predominantly a¤ected, it

is expected that MgSO4 will produce a more pro-

nounced e¤ect in preeclampsia. Further study will be

required to define the e¤ects of magnesium on tissue

perfusion in SAH.

We found the changes in pHt and PtCO2 were

smaller than PtO2 during baseline condition or after

temporary artery occlusion. These data are consistent

with the fact that carbon dioxide is more soluble than

oxygen. Therefore, pHt and PtCO2 can be maintained

until very low level of tissue perfusion.

Magnesium may prevent brain damage by mecha-

nisms other than enhanced tissue oxygenation. In

animal models, magnesium inhibits presynaptic re-

lease of glutamate and blocks postsynaptic N-methy-

D-asparate receptors. These changes prevent calcium

influx and limit neuronal injury [12].

In conclusion, brain tissue hypoxia and acidosis are

common among patients with SAH. MgSO4 infusion

dilates the small leptomeningeal arteries. This im-

proves collateral blood flow and tissue oxygenation

during brain artery clipping.
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Summary

We evaluated the performance of continuous intracerebral micro-

dialysis to indicate the autoregulatory reserve in 36 severely head-

injured patients. All patients received standard treatment with intra-

cranial pressure (ICP) monitoring. A microdialysis probe was placed

in the frontal cortex anterior to the ICP catheter. Perfusate was col-

lected frequently and extracellular concentration of glutamate was

measured online using enzymatic method. Autoregulatory index

was calculated by comparing glutamate concentration with CPP us-

ing Pearson’s correlation. A correlation coe‰cient ðrÞ < �0:5 is con-

sidered as loss of autoregulation, whereas r values approach 0 indi-

cate preserved autoregulation. The change of autoregulatory status

over time was correlated with outcome at 6 months.

Three patterns of autoregulatory profiles were identified. Patients

with intact autoregulation had satisfactory outcome. Transient im-

pairment of autoregulation may result in favorable outcome if pa-

tients responded to treatment. However, persistent loss of autoregu-

lation was associated with poor outcome (P < 0:001).

The correlation between extracellular glutamate concentration

(by microdialysis) and CPP is a useful index of autoregulation in

head-injured patients. It predicts clinical outcome and may be used

to guide therapy.

Keywords: Cerebral ischemia; jugular venous oxygen saturation;

head injury; intracerebral microdialysis.

Introduction

The ability for the brain to maintain a constant cere-

bral blood flow (CBF) over a wide range of cerebral

perfusion pressure (CPP) provides e¤ective protection

against ischemia. This mechanism, known as cerebral

autoregulation, is frequently impaired in patients with

severe head injury [3, 6, 7, 9]. Therefore, the head in-

jured patient with deranged autoregulation is more

susceptible to ischemic insult despite a small decrease

in arterial pressure. In this regard, a loss of cerebral au-

toregulation was associated with unfavorable outcome

[7, 9]. Furthermore, the choice of treatment depends

largely on an accurate assessment of cerebral auto-

regulatory reserve. Thus, it is important to monitor

cerebral autoregulation during the management of

severe head injury.

A number of methods have been used to determine

cerebral autoregulation. Common techniques include

carbon dioxide reactivity [4], and pressure autoregula-

tion with manipulations of systemic or regional arte-

rial pressure [1, 5]. All these tests require a measure of

dynamic CBF response. Glutamate, an excitatory neu-

rotransmitter, is released during cerebral ischemia.

The concentration is inversely proportional to cerebral

perfusion and can be regarded as a surrogate marker of

CBF [10]. Currently, extracellular glutamate can be

measured by intracerebral microdialysis. We hypothe-

sized that a change in glutamate concentration in re-

sponse to spontaneous fluctuation of CPP is an index

of autoregulatory reserve. We correlated this auto-

regulatory index with clinical outcome in patients

with severe head injury.

Materials and methods

The present study involved a subgroup of patients from a large on-

going trial investigating the metabolic disturbances after head injury

[11]. Patients were eligible for the study if they were 18 years or older,

su¤ering from severe head injury. Patients were excluded if they had

predominantly extracranial trauma, were pregnant or known to have

a serious premorbid illness. We also excluded patients who are mor-

ibund on admission, to whom further active management was not

considered. This study was approved by the Clinical Research Ethics

Committee, and written informed consent was obtained from pa-

tients’ relatives.

All patients were treated according to standard protocols targeting

control of intracranial pressure (ICP). During episodes of intracra-

nial hypertension, patients receive a treatment cascade that included

sedation, muscle relaxation, mannitol administration, cerebrospinal



fluid (CSF) drainage, moderate hyperventilation, mild-to-moderate

hypothermia and finally barbiturate-induced coma. Mass lesions

with pressure e¤ects were removed promptly with surgery. Invasive

arterial pressure was monitored continuously by arterial cannulation

whereas ICP was monitored using ventricular catheter. CPP was de-

fined as the di¤erence between mean arterial pressure and ICP.

Intracerebral microdialysis was performed in the frontal cerebral

cortex of maximal injury. In patients with di¤use injury, a right

frontal catheter was placed. Technically, we used a single burr hole,

where a ventricular drain was first inserted. This was followed by the

placement of a microdialysis catheter (CMA70; shaft length 60 mm;

membrane length 10 mm) anterior to the ventricular drain. The

catheter was then perfused with lactate free Ringer’s solution using

a microinfusion pump (CMA 106, CMA Microdialysis, Stockholm,

Sweden). Microdialysates were collected regularly. Extracellular

glutamate concentration was measured by enzymatic colorimetry

(CMA600 analyzer, CMAMicrodialysis, Stockholm, Sweden).

Physiologic data including arterial pressure, ICP and CPP were

captured on a personal computer using a purposely designed data ac-

quisition program. Since microdialysis measured the average gluta-

mate concentration over a specific period of time, we calculated the

average CPP value over the same period using an interrupted time

series technique [2, 8]. Data were divided into segments of 10 data

points. An index of autoregulation was then calculated by compar-

ing glutamate concentration with CPP in the epoch using Pearson

linear regression. This index, derived from the correlation coe‰cient

(r), varies from �1 to þ1. An increase in glutamate concentration

with decreasing CPP produces an index of high negative value that

indicates loss of autoregulation. Conversely, preserved autoregula-

tion maintains glutamate concentration with changes in CPP. This

results in an index approaching zero. We defined a loss of autoregu-

lation as the index less than�0.5 [10]. The changes of autoregulation

over time was determined using a moving average technique, where

new data point was added to the segment as old one was removed

(Figure 1).

Patient outcome was evaluated independently at 6 months accord-

ing to the Glassgow outcome scale. Autoregulatory status was corre-

lated with outcome using Mantel-Haenzsel test. A P value < 0:05

was considered as statistically significant.

Results

We recruited thirty-six patients with severe head in-

jury in the study. There were 22 males and 14 females.

The median (range) age was 28 (18–67) years. The

median (range) Glasgow coma scale score recorded

on admission was 5 (4–8). At six months after injury,

seven (19.4%) patients died, 15 (41.7%) were classified

as severely disabled. The remaining 17 patients

(47.2%) had a satisfactory outcome with good re-

covery (n ¼ 6) or moderate disability (n ¼ 11).

Intracerebral microdialysis was started within 12

hours after head injury. The median (range) duration

of microdialysis monitoring was 5 (2–9) days. A total

of 1,507 hours of data were recorded. After exclusion

of artifacts, 1,428 segments of data were available for

analysis.

Autoregulation, expressed as the correlation be-

tween glutamate concentrations and CPP, changed

with time. Longitudinal analysis identified three pat-

terns of autoregulatory profiles. 17 patients had no au-

toregulatory response despite treatment, seven (41.2%)

of these patients died during the first month after in-

jury. At six months follow up, six (35.3%) patients

were classified as vegetative and another four (23.5%)

patients were severely disabled. On the contrary, four

patients demonstrated intact autoregulation through-

out the course of treatment. All of these patients had

favorable outcome. The remaining 15 patients had

fluctuating course of autoregulatory response. 13 of

these patients had responded to treatment (craniec-

tomy n ¼ 3; barbiturate coma, n ¼ 5; others, n ¼ 5)

and resulted in favorable outcome. In the other two

patients, autoregulation was lost for a considerable

period of time with transient improvement after treat-

ment. Both patients had poor outcome. The auto-

regulatory index correlated well with clinical outcome

(P < 0:001, Table 1).

There was no complication associated with the

placement and removal of micodialysis catheter.

Discussion

This study demonstrates that a change of intra-

cerebral extracellular glutamate concentration in rela-

tion to CPP is a useful index of the state of cerebral

pressure autoregulation. This autoregulatory index

changed with time as the patients’ conditions im-

proved or deteriorated. Impairment of autoregulation

may be caused by the primary brain injury or by sec-

ondary insults. In the present study, we have shown

that a deterioration in the autoregulatory response is

a good predicator of impending secondary insult.

Therefore, timely resuscitation guided by the auto-

regulatory index should prevent further brain damage

[7]. We found the overall progress of the autoregula-

tory responses correlated with the clinical outcome 6

months after injury.

The advantage of using intracerebral microdialysis

as a surrogate measure of regional CBF is that the

readings are una¤ected by routine activities in the in-

tensive care unit. This is in contrast to transcranial

Doppler ultrasonography, jugular venous oximetry or

laser Doppler flowmetry, for which recordings are

often lost during chest physiotherapy, tracheal suction,

and cerebrospinal fluid drainage [1, 3, 4, 6, 7]. Micro-

dialysis is also resistant to brain shift and noises related

to physiologic phenomena, including arterial pulsation

and respiratory cycling. In the present study, only

114 M. T. V. Chan et al.



5.2% of the data were excluded from analysis. This is

due to a partially dislodged catheter and was readily

identified as the volume of microdialysate became

diminished.

The major problem of microdialysis is that it only

measures regional metabolic changes. Therefore, re-

gional ischemia at a distance from the catheter tip

may have been missed [13]. We inserted the catheter

in the hemisphere with maximal injury because this is

the area that is most vulnerable to secondary insult.

Sampling from multiple sites will improve the spatial

resolution of microdialysis monitoring. However, this

will increase the risk of brain hemorrhage and

infection.

The safety of microdialysis monitoring has been a

concern to clinicians. Animal report indicated a lack

Fig. 1. Changes of intracerebral extracellular concentrations of glutamate, lactate and glycerol, jugular venous oxygen saturation (SjvO2) and

cerebral perfusion pressure (CPP) before and after evacuation of intracerebral hematoma in a 67 year-old male after road tra‰c accident (in-

dicated by the gray rectangle). The correlation between extracellular concentrations of glutamate during absence of autoregulation is shown in

the bottom left panel r ¼ 0:88, whereas the period with restored autoregulation is shown in the bottom right panel, r ¼ 10

Monitoring of autoregulation using intracerebral microdialysis in patients with severe head injury 115



of pathological changes around the insertion site fol-

lowing implantation of a microdialysis catheter for 7

days [12]. More recent human data suggested that

long term monitoring is not associated with complica-

tions [13].

In summary, neurochemical monitoring with intra-

cerebral microdialysis is a safe and feasible technique.

Its correlation with CPP provides a useful index of

cerebral autoregulation that predicts clinical outcome.
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Table 1. Clinical outcome at 6 months after severe head injury in

patients with transient or persistent loss of autoregulation

Glasgow outcome score Autoregulatory profile

Intact Transient

loss

Persistent

loss

Favorable

outcome

good recovery 3 3 0

moderately

disabled

1 10 0

Unfavorable

outcome

severely

disabled

0 1 4

vegetative state 0 1 6

death 0 0 7
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Summary

Background. We evaluated the perioperative and intraoperative

changes of intracranial pressure (ICP) and partial pressure of brain

tissue oxygen (PtiO2) after decompressive craniectomy in patients

with di¤use brain oedema and space occupying infarction.

Methods. Ten patients su¤ering from medically intractable raised

intracranial pressure (ICP) were included. The underlying diseases

and causes for elevated ICP were di¤use brain oedema after sub-

arachnoid haemorrhage (n ¼ 3) and head injury (n ¼ 3), or space

occupying infarction of the middle cerebral artery territory due to

vasospasm after SAH (n ¼ 4). Continuous perioperative and intra-

operative monitoring of PtiO2 and ICP was performed at the side of

decompression.

Findings. ICP and PtiO2 improved significantly in a uniform pat-

tern during bone flap removal and dura opening, irrespective of the

underlying disease (mean ICP from 52 mmHg to 8 mmHg, mean

PtiO2 from 9 mmHg to 25 mmHg). ICP, PtiO2, and cerebral perfu-

sion pressure were further improved in the subsequent 12 hours after

surgery, as compared to the preoperative 12 hours.

Conclusions. Decompressive craniectomy seems to be a successful

option in the treatment of intractable intracranial hypertension with

associated cerebral hypoxia. These positive e¤ects may last for sev-

eral hours after the procedure irrespective of the underlying disease.

Keywords: Decompressive craniectomy; intracranial pressure;

brain tissue oxygen; treatment, cerebral hypoxia.

Introduction

Decompressive craniectomy is generally considered

as a last step in the treatment of medically intractable

intracranial hypertension. This procedure, where parts

of the osseous skull are surgically removed is mainly

performed in patients su¤ering from post-traumatic

brain oedema or space occupying stroke. Despite

the encouraging clinical studies on outcome in both

diseases [2, 5], little knowledge exists about the patho-

physiological changes. Therefore, with this study, we

sought to investigate the perioperative changes of in-

tracranial pressure (ICP) and partial pressure of brain

tissue oxygen (PtiO2) in response to decompressive

craniectomy.

Methods

Ten patients with medically intractable intracranial hypertension

were included (age 47G 16 years; 8 female, 2 male). The underlying

diseases and causes for elevated ICP were di¤use posttraumatic brain

oedema (n ¼ 3), di¤use swelling after severe aneurysmal subarach-

noid haemorrhage (SAH, n ¼ 3), and space occupying infarction of

the middle cerebral artery territory due to cerebral vasospasm after

SAH (n ¼ 4). Patients were sedated with midazolam, fentanyl and

artificially ventilated to keep the partial pressure of arterial oxygen

at 100 mmHg and partial pressure of arterial carbon dioxide at

35 mmHg. Further therapy aimed at maintaining ICP below

25 mmHg using 30� head elevation, mannitol, hypertonic saline,

and barbiturate coma. Cerebral perfusion pressure (CPP) was raised

above 70 mmHg as individually required to elevate PtiO2 above

10 mmHg [3].

In all patients, routine neuromonitoring was started after admis-

sion to our neurosurgical intensive care unit (ICU), comprising con-

tinuous measurement of PtiO2 (Licox CC1.SB, GMS, Kiel, Ger-

many), ICP (Codman & Shurtle¤, Raynham, MA, USA), and CPP.

The flexible microprobes for measurement of ICP and PtiO2 were in-

serted in CT-normal tissue of the frontal white matter via a double

lumen skull bolt kit. Correct positioning was confirmed by CT scan.

Neuromonitoring data were stored on a computer at bedside on the

ICU and in the operating theatre at a rate of 2 min�1. Due to techni-

cal incompatibility, no CPP data could be obtained in the operating

theatre during the decompression, thus intraoperative values of ICP

and PtiO2 are provided only.

We saw the indication for urgent surgical decompression after

conservative measures failed to keep ICP below 25 mmHg. Craniec-

tomy was carried out at the side of dominant brain swelling by

removing a large unilateral fronto-temporo-parietal bone flap with

duraplasty. The probes, all of which were implanted on the side

chosen for decompression, were covered with a sterile dressing to

avoid contamination of the surgical field. The procedure was per-

formed at a mean of 5.2 days (range 2.0–10.4 days) after the trauma

or SAH. Statistical analysis was made using Wilcoxon-signed-rank

test.



Results

In all ten patients, ICP and PtiO2 improved in a

uniform two-step fashion relating to bone flap removal

and opening of the dura. Mean values of ICP and

PtiO2 before and after the intraoperative steps are

shown in Fig. 1. This uniform pattern of a decrease in

ICP and PtiO2 increases occurred irrespective of the

underlying disease and cause for intracranial hyperten-

sion. Di¤erences between the intraoperative steps re-

vealed statistical significance (P < 0:01). Furthermore,

ICP, CPP, and PtiO2 showed significant improvement

in the 12 hours period after the operation, as compared

to the preoperative 12 hours (P < 0:05, Table 1).

Discussion

The results of this study demonstrate the immediate

reversal of pathologically elevated ICP during unilat-

eral decompressive craniectomy. Furthermore, criti-

cally diminished PtiO2 improves in parallel to non-

hypoxic values. These positive e¤ects are not limited

to the surgical procedure, but may last for several

hours. The intraoperative course of ICP and PtiO2

from the three patients with di¤use oedema after

SAH has been previously published [1], however, this

study now adds further information on the uniform

intracranial haemodynamic changes in response to de-

compressive craniectomy for posttraumatic oedema

and space occupying stroke. The results are further-

more in agreement with a recent report on improved

PtiO2 after decompression in seven patients with post-

traumatic oedema. In contrast, however, in the study

by Stiefel et al. PtiO2 probes were reinserted after the

craniectomy and no intraoperative data were available

[4]. In summary, decompressive craniectomy seems to

be a successful option in the immediate treatment of

elevated ICP and associated cerebral hypoxia. To

avoid secondary brain damage, the study favours the

early use of decompression, arguing that impend-

ing neuronal damage can be e¤ectively treated. Still,

the results of the currently ongoing prospective ran-

domised trials for decompression after head injury

(RESCUEicp trial) and stroke (Destiny trial) are

awaited to apply this treatment according to the stan-

dards of evidence based medicine.
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Fig. 1. Intracranial pressure (ICP, black) and brain tissue oxygen

tension (PtiO2, grey) in mmHg obtained during the intraoperative

steps of decompressive craniectomy. Di¤erences between the intra-

operative steps were statistically significant for both parameters

(P < 0:01). Values are meanG standard deviation

Table 1. Intracranial pressure (ICP), brain tissue oxygen tension

(PtiO2), and cerebral perfusion pressure (CPP) in the 12 hours period

before and after decompressive craniectomy. Di¤erences between

intervals were statistically significant for all three parameters

(P < 0.05). Values are meanG standard deviation

12 h preoperative 12 h postoperative

ICP [mmHg] 27.4G 6.1 16.5G 8.4

PtiO2 [mmHg] 13.1G 8.0 21.4G 8.9

CPP [mmHg] 67.7G 10.4 77.4G 10.4
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Summary

Objective of this study was to investigate the incidence, time, loca-

tion, prevention, treatment and risk factors of recurrent hemorrhage

in the earlier period of cerebral hemorrhage after operation. Three

hundred and twenty two patients with operations in the earlier pe-

riod of cerebral hemorrhage were analyzed retrospectively. The clin-

ical data of hemorrhage and recurrent cerebral hemorrhage groups

were compared and statistically analyzed. Logistic regression analy-

sis was applied to evaluate the function of possible factors leading to

recurrent hemorrhage after operation.

The incidence of recurrent hemorrhage was 21.4% in the earlier

period of cerebral hemorrhage after operation. When the operation

was performed after cerebral hemorrhage within 6 h, 6–12 h and

12–24 h, the incidence of recurrent hemorrhage after operation

were 43.1%, 20.9%, 3.6% respectively. With regard to time of recur-

rent hemorrhage, the incidence was 3.1%within 12 h after operation,

15.5% between 12–24 h and just 2.8% after 24 h. Site of hemorrhage

was in the basal ganglion in 92.6% of the cases. Mono-agent logistic

analysis displayed that there is a significant correlation between high

diastolic blood pressure, fluctuation of blood pressure after opera-

tion, taking anti-coagulant drugs for a long time, site of hemorrhage,

di‰cult or not thorough hemostasis during operation and recurrent

hemorrhage (p < 0:01). Multiple linear logistic regression analysis

has shown that a remarkable diastolic blood pressure and fluctuation

of blood pressure after operation are risk factors for recurrent hem-

orrhage. Their OR value were 10.32, 7.234. From this it is concluded

that the incidence of recurrent cerebral hemorrhage after operation

in the earlier period is 21.4%, which must never be ignored. The

time period of 24 h after operation is a stage of high risk. Maintain-

ing diastolic blood pressure below 85 mmHg and steadily controlling

the pressure after operation are of great importance for prevention of

recurrent cerebral hemorrhage.

Keywords: Cerebral hemorrhage; operation; recurrent hemor-

rhage; risk factor; logistics.

Introduction

With the advent of surgical treatment for hyperten-

sive cerebral hemorrhage in the earlier period, the phe-

nomenon of recurrent intracerebral hemorrhage after

operation has been noted. To investigate the incidence,

time, location, prevention, and risk factors of recurrent

hemorrhage after operation for hypertensive cerebral

hemorrhage in the earlier period, a total of 322 sam-

ples of cerebral hemorrhage treated surgically in the

earlier period were obtained in our hospital between

1996 and 2002, of which 69 patients had recurrent

intracerebral hemorrhage after operation. We com-

pared and statistically analyzed the clinical data. Re-

sults were analyzed retrospectively.

Patients and methods

A total of 322 samples of hypertensive cerebral hemorrhage

treated surgically in the earlier period were included in our study.

There were 116 women and 206 men. Mean age of patients was

54.3 years (range 29–71 years). Hemorrhage location included thala-

mus (216 cases), thalamencephalon (29 cases), confined to ventricles

of the brain (36 cases), cerebral hemisphere (24 cases), and cerebel-

lum (17 cases). Operation time was within 6 h after cerebral hemor-

rhage (51 cases); 6–12 h (216 cases) after cerebral hemorrhage; 12–

24 h (55 cases) after cerebral hemorrhage, respectively. According

to duotian formula, the number of cerebral hemorrhage was 12–

125 ml, mean 67.5 ml.

Among the 322 samples, a total of 69 cases were included in the

group of recurrent hemorrhage after operation. 51 were men and 18

were women. Mean age of patients was 52 years, ranging from 30 to

70 years old. Recurrent hemorrhage time was within 12 h after oper-

ation (10 cases), within 12–24 h after operation (50 cases), within

48 h after operation (9 cases), respectively. The number and size of

recurrent hemorrhage was 30–50 ml (28 cases), 50–70 ml (40 cases),

>70 ml (1 case). The relationship of recurrent hemorrhage and time

of first operation was as shown below: recurrent hemorrhage after

operation within 6 hours after cerebral hemorrhage was seen in 22

patients, 6–12 hours in 45 patients, and 12–24 hours in one patient.

All cases were examined more than twice by CT scan of the brain

to identify the location and number of cerebral hemorrhage. The

following data were retained: age, gender, accompanying diseases,

history of taking anti-coagulant, blood pressure, condition of hemo-

stasis during operation, data of life symptom examined after opera-

tion. According to diastolic pressure, patients were divided into three

groups: group A (<85 mmHg), group B (85–95 mmHg), and group



C (>95 mmHg). Chi-square test was performed to estimate the influ-

ence of diastolic pressure on recurrent hemorrhage after operation.

Mono-agent logistic analysis was carried out to find out whether

hemorrhage was a dependent variable or not, and the suspicious

factors as mentioned above to be an independent variable. There-

after a multiple linear logistic regression analysis was performed

to determine the main risk factors. Data were statistically analyzed

by SPSS 10.0.

Results

The incidence of recurrent intracerebral hemorrhage

after operation in the earlier period of hypertensive ce-

rebral hemorrhage was 21.4%. When the operation is

performed within 6 h, 6–12 h and 12–24 h, respec-

tively, after cerebral hemorrhage, the incidence of

recurrent hemorrhage after operation were 43.1%,

20.9%, 3.6%, respectively. In 92.6% of patients loca-

tion of recurrent hemorrhage was in the basal ganglia,

and in 71% of them location of first cerebral hemor-

rhage and recurrent hemorrhage were both in the basal

ganglia. A Chi-square test showed that there was a

close correlation between diastolic pressure and occur-

rence of recurrent hemorrhage after operation. Mono-

agent logistic analysis showed that there were 5 factors

attributing to recurrent intracerebral hemorrhage: (1)

high diastolic blood pressure; (2) fluctuation of blood

pressure after operation; (3) hemorrhage site; (4) tak-

ing anti coagulant drug for a long time; (5) di‰cult or

not thorough hemostasis during operation (P < 0:01).

By multiple linear logistic regression analysis, a re-

markable diastolic blood pressure and fluctuation of

blood pressure after operation were the most signifi-

cant risk factors for recurrent intracerebral hemor-

rhage.

Chi-square test showed, exception of group A and B,

there was statistical di¤erence among other groups.

(P < 0:01).

Discussion

Operation in the earlier phase of intracerebral hem-

orrhage (within 24 h) could timely relieve the oppres-

sive e¤ect of hematoma on cerebral organization, re-

duce edema and necrosis around the hematoma, and

precipitate the recovery of neural function to the great-

est extent. But recurrent intracerebral hemorrhage can

never be ignored.

There were few reports about recurrent intracerebral

hemorrhage after operation in the earlier period of ce-

rebral hemorrhage. According to the results of statisti-

cal analysis in our research, the incidence of recurrent

intracerebral hemorrhage was 21.4%. When the opera-

tion was performed within 6 h, 6–12 h and 12–24 h,

respectively, after cerebral hemorrhage, the incidence

of recurrent intracerebral hemorrhage were 43.1%,

20.9%, 3.6% respectively. Our study indicates that the

sooner an operation for cerebral hemorrhage is per-

formed, the higher is the incidence of recurrent intra-

cerebral hemorrhage. A possible explanation for this

phenomenon according to our findings is that an early

operation time and reduced edema around hematoma

of the brain tissue could result in an incomplete oblit-

eration of its small blood vessel, and slow accumula-

tion of blood.

Table 1. E¤ects of diastolic blood pressure on recurrent hemorrhage

after operation

Results <85 mmHg

(A)

85–95 mmHg

(B)

>95 mmHg

(C)

Recurrent hemorrhage 1 18 50

No recurrent

hemorrhage

32 190 30

Percent of recurrent

hemorrhage

1.44% 26.08% 72.46%

Table 2. Results of Mono-agent logistic analysis

b SE (b) P OR OR95%CI

High diastolic

blood pressure

2.715 0.601 0.003 12.36 2.786@41.16

Fluctuation of

blood pressure

after operation

1.986 0.671 0.002 8.144 2.011@22.63

Hemorrhage site 1.091 0.568 0.029 2.861 1.124@10.32

Taking anti

coagulant drug

for a long time

0.987 0.472 0.041 1.724 1.091@5.167

Di‰cult or not

thorough

hemostasis during

operation

0.653 0.328 0.031 1.928 1.011@4.896

Table 3. Results of multiple linear logistic regression analysis

b SE (b) P OR OR95%CI

High diastolic

blood pressure

2.532 0.597 0.004 10.32 2.231@28.17

Fluctuation of

blood pressure

after operation

1.654 0.603 0.005 7.234 1.987@21.02
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We analyzed the time of re-bleeding. The incidence

of re-bleeding is 3.1% within 12 hours after surgery,

then increases to 15.5% during 12 to 24 hours after sur-

gery, while the incidence rate decreases to 2.8% 24

hours after surgery. Bea et al. are of the opinion that

re-bleeding mainly occurs within 24 hours after sur-

gery. Fujiison et al. concluded that the incidence rate

of re-bleeding within 24 hours was 20% after analyzing

the CT pictures of 107 patients. The incidence rate of

re-bleeding in our group was 21.4%, which indicates

that the period of highest risk for re-bleeding should

be within 24 hours after surgery. Altogether 86.9% of

re-bleeding occurred during this period.

The relative factors of re-bleeding: There was hyper-

tension in all cases. The unstable blood pressure of

hypertension-reduced cerebral hemorrhage patients

after surgery has become the main factor for re-

bleeding. The cerebral blood flow increases signifi-

cantly when blood pressure increases suddenly after

surgery, and fluctuation of blood pressure becomes

the risk factor for re-bleeding. The logistic analysis of

the data in our group indicated that the OR value of

the unstable blood pressure after surgery was 7.234,

and the 95% confidence interval was 1.987–21.02.

This result coincides with the theory mentioned above.

Gao’Xiaolan et al. emphasized that high diastolic

pressure is the main risk factor for re-bleeding.

Our statistical analysis indicated that the incidence of

re-bleeding in patients categorized by di¤erent dia-

stolic pressure were significantly di¤erent: the inci-

dence rate in the group with diastolic pressure less

than 85 mmHg was 1.44%, while the rate in the 85–

95 mmHg diastolic pressure group was 26.08%, and

the rate was 72.46% in the group with diastolic

pressure above 95 mmHg. The OR value in the high-

diastolic-pressure state was 10.32, and the 95% confi-

dence interval was 2.231–40.17, which means that

unstable pressure was the highest risk factor for re-

bleeding. Hence, in order to decrease the incidence

rate of re-bleeding, it is crucial to control the blood

pressure after surgery, particularly to maintain dia-

stolic pressure to no more than 85 mmHg. We think

that high diastolic pressure and unstable blood pres-

sure after surgery are two main risk factors of re-

bleeding. The other risk factors indicated by clinical

data include site of bleeding, method of operation,

intra-operative hemostasis, use of anti-coagulants be-

fore operation, restlessness, choking and coughing.

Concluding from our data, re-bleeding occurs most

frequently in the basal ganglion zone – the incidence

rate in this zone was 97.6%. There was no significant

di¤erence between the incidence rates in male and fe-

male patients. There were 71.07% of patients whose

1st and 2nd bleeding both occurred in the basal gan-

glion zone. This might be due to its location: the basal

ganglion zone is close to the cerebral ventricles where

sustaining strength is weak, and thus renders hemo-

stasis di‰cult and allows hematoma to extend into

the ventricles more easily. When analyzing according

to methods of operations, we would find that the inci-

dence rate of re-bleeding in the decompressive cra-

niectomy group (28.8%) was significantly higher than

that in the small bone windowed craniotomy (16.1%).

This di¤erence may due to initially larger hematoma

from the previous method of operation, or due to the

lower pressure in the hematoma after decompression,

which makes it more di‰cult to stop bleeding. Fur-

thermore, improper surgical techniques, such as too

strong a suction, blind suction, too much tractions

on the brain tissue, may cause re-bleeding as well.

It is critical to observe and closely monitor pupils,

consciousness and blood pressure. A direct and e¤ec-

tive method of monitoring is to detect the pressure

through the bone window after the operation. If the

pressure increases significantly within 48 hours after

the operation, re-bleeding should be suspected. If there

is a lot of pink drainage fluid from the hematoma cav-

ity or from the subdural drainage tube after the opera-

tion, there should be no intracranial hypertension or

bleeding.
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Summary

Following aneurysmal subarachnoid haemorrhage (SAH), cere-

bral blood flow (CBF) may be reduced, resulting in poor outcome

due to cerebral ischaemia and subsequent stroke. Hypertonic saline

(HS) is known to be e¤ective in reducing intracranial pressure (ICP)

[16]. We have previously shown a 20–50% increase in CBF in ischae-

mic regions after intravenous infusion of HS [17]. This study aims to

determine the e¤ect of HS on CBF augmentation, substrate delivery

and metabolism.

Continuous monitoring of arterial blood pressure (ABP), ICP, ce-

rebral perfusion pressure (CPP), brain tissue oxygen (PbO2), middle

cerebral artery flow velocity (FV), and microdialysis was performed

in 14 poor grade SAH patients. Patients were given an infusion of

23.5%HS, and quantified xenon computerised tomography scanning

(XeCT) was carried out before and after the infusion in 9 patients.

The results showed a significant increase in ABP, CPP, FV and

PbO2, and a significant decrease in ICP (p < 0:05). Nine patients

showed a decrease in lactate-pyruvate ratio at 60 minutes following

HS infusion.

These results show that HS safely and e¤ectively augments CBF in

patients with poor grade SAH and significantly improves cerebral

oxygenation. An improvement in cerebral metabolic status in terms

of lactate-pyruvate ratio is also associated with HS infusion.

Keywords: Subarachnoid haemorrhage; hypertonic saline; brain

tissue oxygen; microdialysis; xenon computerised tomography; cere-

bral blood flow.

Introduction

Death and disability following SAH is associated

with cerebral ischaemia and subsequent stroke, which

are often delayed by several days [9]. Combined mor-

tality and morbidity approaches 50%, and long-term

morbidity is substantial [1]. Processes are complex,

combining to impair blood flow to several territories.

Episodes of low CBF are common, particularly in

patients who have a poor clinical grade or who deteri-

orate, and regional perfusion deficits are known to oc-

cur. Reduction in CBF below a critical threshold has

been shown to result in a loss of function, which may

be reversible or remains permanent depending upon

the depth and duration of the ischaemic episode [18].

Episodes of low cerebral oxygenation and abnormal

profiles of metabolic parameters, in particular a high

lactate-pyruvate (L-P) ratio, are also associated with

a poor outcome [13]. A threshold for low cerebral tis-

sue oxygen has been identified, below which cerebral

infarction occurs [4, 5].

It has been shown that in head injured patients,

mannitol can e¤ectively lower ICP whilst increasing

CPP [6]. Hypertonic saline (HS) has been shown to

have similar e¤ects to mannitol but the duration of

action is longer [14, 16]. Experimental studies have

shown potential beneficial e¤ects of HS on CBF [8].

However, studies on the use of osmotic agents, includ-

ing HS, in patients with SAH are limited.

We have previously shown a 20–50% increase in

CBF in ischaemic regions after intravenous infusion

of hypertonic saline in patients with poor grade SAH,

without compromising flow to other areas [17]. While

the e¤ects of augmenting CBF with HS appear impres-

sive, a metabolic benefit to cerebral tissues has not

been proven outside animal studies. Our hypothesis

therefore is that low CBF following SAH can be re-

versed with HS, resulting in an improved oxygenation

and metabolic profile. These e¤ects may be greater in

patients with poor grade SAH and who have poorer

cerebral blood flow. By using bedside multimodal

monitoring and XeCT, our aim was to determine the

e¤ect of HS on CBF augmentation, substrate delivery

and metabolism.



Materials and methods

After Local Research Ethics Committee approval and following

informed assent, 14 patients (7 male and 7 female) su¤ering from

poor grade SAH underwent continuous multimodal monitoring at

the bedside, including ABP, ICP, CPP and transcranial Doppler

FV. Brain tissue oxygen, carbon dioxide and pH were monitored us-

ing a multiparameter sensor (NeurotrendTM, Codman, Bracknell,

UK) and brain tissue chemistry via a microdialysis catheter (CMA-

70, CMA, Sweden), inserted through a triple lumen access device

(Technicam, Newton Abbot, UK). This has been described in detail

previously [4]. The mean age was 57 years (range 44–74). All patients

had a Glasgow Coma Score (GCS) of 8 or less and required ventila-

tion on the Neuro Critical Care Unit (NCCU).

The microdialysis catheter was perfused with CMA perfusion fluid

(CMA, Sweden) at a rate of 0.3 ml/min. Vials were changed every 20

minutes. Microdialysis samples were analysed at the bedside for glu-

cose, lactate, pyruvate and glutamate using a CMA 600 analyser

(CMA, Sweden). Patients were given an infusion of 23.5% HS via a

central venous catheter at a dose of 2 ml/kg. XeCT (Diversified

Diagnostic Products, DDPinc, Houston, Texas, USA) [18] was per-

formed before and after HS administration in 9 of the 14 patients.

Data processing and analysis

CBF in a region of interest around the microdialysis and Neuro-

trendTM probes was calculated (ROI CBF). Data from all the moni-

tored parameters was averaged at baseline and at 30 and 60 minutes

post infusion. Absolute values and percentage di¤erence from base-

line (%D) was calculated. Comparison was made using Student’s

t-test. Values are given as meanG 95% confidence intervals. Statisti-

cal significance was considered at p < 0:05.

Results

Pooling the data for all patients, baseline ICP

was 20.8 mmHg (G3.8), with a baseline CPP of

81.5 mmHg (G5.1) (Table 1). At 30 minutes post HS

infusion there is a significant increase in ABP and

CPP, a significant drop in ICP and a significant in-

crease in FV (p < 0:05) (Table 1). At 60 minutes, ICP

& FV still showed significant changes, whilst the other

parameters tended toward baseline levels. Average

baseline ROI CBF was 30:4G 7 ml/100 g/min. In 2

patients, ROI CBF decreased after HS. In the remain-

ing 7, a significant increase in ROI CBF following HS

infusion was observed (p < 0:05).

Looking at the results from the NeurotrendTM sen-

sor (Table 2), baseline brain tissue oxygen (PbO2) was

low at 1.7 kPa (G0.3) and increased significantly at 30

and 60 minutes post infusion (p < 0:05) (Fig. 1). Very

little change was seen in either brain tissue carbon di-

oxide (PbCO2) or pH (pHb).

Turning to the microdialysis data, there was no sig-

nificant change seen in any parameter when looking at

the pooled data for all patients (Table 3). However,

Fig. 2 demonstrates a graphical example of the bedside

monitoring of L-P ratio seen in one patient. There is a

Table 1. Table of absolute values and % di¤erence from baseline (% Di¤.), at 30 and 60 minutes post infusion for mean arterial blood pressure

(MAP), intracranial pressure (ICP), cerebral perfusion pressure (CPP) and MCA flow velocity (FV)

MAP ICP CPP FV

mmHg % Di¤. mmHg % Di¤. mmHg % Di¤. cm/sec % Di¤.

Baseline 102.2

(G10.2)

– 20.8

(G8.2)

– 81.5

(G11.0)

– 86.4

(G19.7)

–

30 Mins 114.0*

(G9.5)

12.9*

(G9.6)

5.9*

(G2.6)

�66.0*

(G15.5)

108.1*

(G8.9)

36.6*

(G15.6)

103.4*

(G22.0)

50.5*

(G24.6)

60 Mins 103.6

(G8.9)

2.4

(G7.9)

5.9*

(G2.8)

�61.0*

(G20.2)

88.5

(G17.1)

12.6

(G22.9)

97.6*

(G14.9)

28.6*

(G20.8)

Values are mean (G95% CI), * denotes p < 0:05.

Table 2. Table of absolute values and % di¤erence from baseline (% Di¤.), at 30 and 60 minutes post infusion for brain tissue oxygen (PbO2),

carbon dioxide (PbCO2) and pH (pHb)

pHb PbCO2 PbO2

pH % Di¤. kPa % Di¤. kPa % Di¤.

Baseline 6.8

(G0.2)

– 6.5

(G0.65)

– 1.7

(G0.65)

–

30 Mins 6.9

(G0.2)

0.4

(G0.5)

6.4

(G0.65)

�1.2

(G3.3)

2.3*

(G0.86)

45.9*

(G29.4)

60 Mins 6.9

(G0.2)

0.4

(G0.6)

6.4

(G0.65)

�1.2

(G4.8)

2.1*

(G0.86)

26.8*

(G25.1)

Values are mean (G95% CI), * denotes p < 0:05.
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distinct improvement (i.e. a decrease) in L-P ratio seen

after administration of hypertonic saline. Figure 3

shows individual patients L-P ratio at baseline and at

30 and 60 minutes post infusion. At 60 minutes the L-

P ratio can be seen to decrease in 9 of the 14 patients.

However, one patient demonstrated a very high base-

line L-P ratio (>40), which increased further after HS

infusion. There were no complications throughout the

duration of the study.

Discussion

In accordance with our previous study, this data has

shown that 23.5% HS significantly decreases ICP

whilst increasing CPP and FV. In addition, a signifi-

cant improvement was seen in PbO2 with maximal

e¤ect at 30 minutes post infusion. A decrease in L-P

ratio was seen in 9 patients although this did not reach

significance for the group as a whole. Baseline glucose

and glutamate are lower than previously reported,

whilst baseline lactate and L-P ratio are higher. How-

ever, all the patients in this cohort were poor grade

SAH patients. Previous studies have looked either ex-

clusively at better grade SAH patients, or the data has

been derived from a more heterogeneous group, in-

Fig. 1. Graphs of % di¤erence from baseline (%D) for brain tissue

oxygen (PbO2), carbon dioxide (PbCO2) and pH ( pHb) at 30 (a)

and 60 (b) minutes post hypertonic saline administration. Error

bars represent 95% CI, * denotes p < 0:05

Table 3. Table of absolute values and % di¤erence from baseline (% Di¤.), at 30 and 60 minutes post infusion for brain chemistry data

Glucose Lactate Pyruvate Glutamate L-P ratio

mg/ml % Di¤. mM % Di¤. mM % Di¤. mM %Di¤. Ratio % Di¤.

Baseline 0.16

(G0.06)

– 1.57

(G0.4)

– 65.2

(G18.6)

– 4.15

(G4.9)

– 25.2

(G8.0)

–

30 Mins 0.16

(G0.06)

�9.1

(G17.2)

1.67

(G0.6)

�0.7

(G13.5)

68.1

(G27)

�3.3

(G17.6)

4.01

(G3.7)

32.0

(G68.0)

35.1

(G27.4)

22.6

(G59.9)

60 Mins 0.19

(G0.09)

11.4

(G26.1)

1.89

(G0.9)

6.9

(G24.8)

78.9

(G32.4)

10.7

(G23.3)

3.93

(G2.6)

97.7

(G135.6)

29.5

(G19.9)

5.52

(G43.26)

Values are mean (G95% CI).

Fig. 2. Graph of lactate-pyruvate ratio monitored at the bedside

for an individual patient. Time of administration of HS is marked

(arrow)
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cluding good grade SAH or unruptured aneurysms [2,

12]. Glutamate has been suggested to be a sensitive and

early marker of cerebral hypoxia [10]. This is not our

experience in this study, where considerable variation

in glutamate was seen, as indicated by the large 95%

CI (Table 3). Significant changes in L-P ratio have

been seen in patients with SAH associated with cere-

bral infarction [11] and L-P ratio has been proposed

as a more robust marker of acute ischaemia with a

high sensitivity and specificity [4, 7].

Baseline pHb was low, which may suggest metabolic

disturbance as a result of injury severity or secondary

insults. However these values may be typical of poor

grade SAH patients. The fact that neither pHb nor

PbCO2 showed significant changes after HS compared

to PbO2 may indicate that they are perhaps not such

sensitive markers of improved metabolism. It has

been suggested that pHb and PbCO2 have a lower pre-

dictive value than PbO2 [3]. The mechanism of action

of HS is probably threefold. It has a strong osmotic

and haemodilution e¤ect and improves haemorheol-

ogy [15, 16]. Comparisons between HS and mannitol

have suggested that HS is the more e¤ective osmotic

agent [14, 16]. Most importantly HS does not deplete

intravascular volume. Whilst there are potential com-

plications associated with administration of 23.5%HS,

we did not find any short or long term side e¤ects.

Since compromised CBF is a precursor for stroke re-

gardless of the underlying pathology, the findings in

this study may have implications for other conditions.

Prolonging neuroprotection may increase the window

of opportunity for other therapeutic strategies, includ-

ing thrombolysis, as well as reduce infarct size by pro-

tecting penumbral regions.

In conclusion, this initial data is encouraging and

shows that HS safely and e¤ectively augments CBF in

patients with poor grade SAH and significantly im-

proves cerebral oxygen. An improvement in cerebral

metabolic status in terms of lactate-pyruvate ratio is

also associated with HS infusion. The study is ongo-

ing, and further numbers are needed to assess outcome

and radiological stroke.
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Summary

Idiopathic intracranial hypertension (IIH) is characterized by in-

creased ICP without evidence for intracranial mass lesion. Although

the pathogenesis remains unknown, some association was found

with intracranial venous thrombosis. To our knowledge, the extra-

cranial venous drainage was not systematically evaluated in these

patients. This study compared extracranial cerebral venous outflow

in eight IIH patients and eight control subjects using magnetic

resonance (MR) Venography and flow measurements. In addition,

the study identified extracranial factors that a¤ect cerebral venous

drainage.

In six of the IIH patients, either complete or partial functional

obstruction of the internal jugular veins (IJVs) coupled with in-

creased venous outflow through secondary venous channels was

documented. On average, a four-fold increase in mean venous flow

rate through the epidural and/or vertebral veins was measured in

IIH patients compared with the healthy subjects.

In one of the healthy subjects, intracranial venous outflow was

studied also during external compression of the IJVs. Over 40% of

the venous outflow through the IJVs shifted to the epidural veins

and intracranial pressure, measured noninvasively by MRI, in-

creased from 7.5 to 13 mmHg. Findings from this study suggest

that increased ICP in some IIH patients could be associated with in-

creased extracranial resistance to cerebral venous outflow.

Keywords: Idiopathic intracranial hypertension (IIH); extracra-

nial cerebral venous drainage; MR venography; vertebral venous

plexus; e¤ect of body posture on cerebral venous outflow.

Introduction

Idiopathic intracranial hypertension (IIH), also

known as pseudotumor cerebri, is a disorder character-

ized by symptoms of increased intracranial pressure

(ICP) without evidence of a mass lesion or ventricular

obstruction. A lumbar puncture in IIH patients often

documents a markedly elevated ICP with normal

cerebrospinal fluid (CSF) chemistry and cell count.

Although the pathogenesis remains unknown, associa-

tions were found with obesity in females, hypercoagul-

ability states, thrombosis of the venous sinuses and

other conditions. In one study, 26% of patients with

IIH had radiographic evidence of dural sinus throm-

bosis [6]. However in another study, magnetic reso-

nance venography (MRV) showed no evidence of

venous sinus thrombosis in a group of overweight

young female patients with typical pseudotumor cere-

bri [5]. It has also been reported that thrombosis of a

transverse or sigmoid sinus secondary to a skull base

or posterior fossa surgical procedure may result in

IIH even if the sinus is non-dominant [4]. Other disor-

ders postulated to be associated with IIH include

various endocrine disorders such as Addison’s disease

or hypoparathyroidism, hypervitaminosis A, and sys-

temic lupus erythematosus [8].

The treatment options for patients with IIH include

carbonic anhydrase inhibitors known to reduce CSF

production or loop diuretics. Although some patients

with IIH present with venous sinus thrombosis, treat-

ment directed to this particular problem is rarely

employed; anticoagulation has been used on occasion.

Periodic lumbar punctures to remove spinal fluid may

also provide some relief of symptoms. Patients who de-

velop progressive visual loss or experience persistent

severe headache secondary to the elevated intracranial

pressure despite maximal medical therapy may require

surgical intervention. The most common procedures

for this disorder include optic nerve sheath fenestra-

tion or placement of a lumbar-peritoneal shunt [8].

Venous pressure is known to influence intracranial



pressure in several ways. The absorption of CSF de-

pends on the pressure di¤erence between the subarach-

noid space and the venous pressure in the superior

sagittal sinus. Therefore, increased venous pressure in

the sinus will increase ICP through reduced CSF ab-

sorption [3]. In addition, elevated venous pressure,

either intra- or extracranial, would increase intra-

cranial pressure through increased resistance to venous

outflow, which causes venous congestion and in-

creased ICP. Therefore, cerebral venous outflow may

play an important role in pathophysiology of IHH.

While obstruction to venous outflow inside the cra-

nium has been postulated as one of the causes for IIH,

to the best of our knowledge, the extracranial venous

flow has not been systematically evaluated in these

patients. This study aims to image and characterize

the venous drainage through the extracranial path-

ways in IIH patients and in healthy control subjects.

Extracranial cerebral venous outflow in patients and

in the control subjects was studied under normal con-

ditions in a supine posture. In addition, extracranial

cerebral venous outflow was imaged in healthy sub-

jects during external compression of the internal jugu-

lar veins (IJVs) and in supine and upright postures.

Material and methods

Eight IIH patients (mean age of 23 years, 6 females, and 2 males)

and 8 healthy subjects (mean age of 24 years, 8 males) were scanned

with either a 1.5T or 3TMRI scanner (GEMedical, Milwaukee,WI)

to assess their extracranial venous drainage. Two subjects were

scanned twice, one of the 8 patients was studied before and after

treatment with carbonic anhydrase inhibitors, and one of the healthy

subjects was studied at rest and during external compression of the

IJVs. In addition, 4 of the healthy subjects were also scanned in up-

right and supine postures using a Signa SP/i 0.5T vertical gap open

MRI scanner (GE Medical, Milwaukee) to evaluate the e¤ect of

posture on venous drainage. Imaging protocols were approved by

the respective institutional review boards and an informed consent

was obtained.

The extracranial venous vasculature was imaged using 2D time-

of-flight (TOF) technique and 3D models were reconstructed using

the maximum intensity projection (MIP) technique. The scanning

parameters for the TOF technique were: TR ¼ 23 ms, FA ¼ 50 deg,

FOV ¼ 14–15 cm and slice thickness ¼ 1.5–1.8 mm. Mean venous

flow through the internal jugular veins and through the epidural, ver-

tebral, and deep cerebral veins, when present, were quantified using

velocity encoded MRI technique. Two retrospectively gated cine

phase-contrast scans were used to measure venous outflow. A scan

with high velocity encoding (VENC ¼ 70 cm/s) was used to

quantify flow in the IJVs. The scan parameters were TR ¼ 18 ms,

FA ¼ 25 deg, FOV ¼ 16 cm, NEX of 2, and slice thickness ¼
6 mm. A second scan with low velocity encoding (VENC ¼ 7–

9 cm/s) was used to quantify the venous flow in the vertebral plexus.

Parameters of the lower VENC scan were similar except for FA ¼ 25

degrees. Imaging planes were selected to be perpendicular to the di-

rection of the flow. The high VENC scan was located above the ca-

rotid bifurcation and the low VENC scan was located at the level of

C2. These two velocity encoded scans were also used to determine an

MRI-derived ICP value (MR-ICP) using a previously published

method [1]. This method utilizes the small changes in intracranial

volume and pressure that occur with each cardiac cycle. The pressure

change during the cardiac cycle was derived from the CSF velocities

and the intracranial volume change was derived from the di¤erences

between arterial blood inflow, venous blood outflow, and CSF volu-

metric flow rates into and out from the cranial vault. A mean ICP

value was then derived from the ratio of the measured pressure and

volume changes based on a linear relationship that exists between in-

tracranial elastance and ICP [7].

Results

Visual inspection of the 3D models of the extracra-

nial venous vasculature revealed either bilateral func-

tional occlusion or partial narrowing of the internal

jugular veins with dense secondary extracranial venous

networks (e.g., epidural, vertebral and deep cervical

veins) in six of the eight IIH patients. One of the 2

IIH patients with normal IJV had a narrowing of the

superior sagittal sinus seen on intracranial MRV,

probably due to cerebral venous thrombosis. An ex-

tracranial MIP projection in the coronal plane of three

MR venograms from a control subject (top) and from

2 di¤erent IIH patients (middle and bottom) are shown

in Figure 1. The middle image is from an IIH patient

with a narrowing in the dominant right jugular vein

and the bottom image is from an IIH patient who had

no flow through the IJV. Both internal jugular veins

were functionally occluded. Increased flow in second-

ary venous channels such as epidural veins (arrow

heads) and other vertebral plexus veins was clearly

demonstrated. The mean venous flow through these

secondary channels showed large inter-individual vari-

ability. However, on average, a four-fold increase in

mean venous flow in these channels (60 mL/min vs.

15 mL/min) was measured in the IIH patients com-

pared with the healthy control subjects.

The IIH patient with partial obstruction in the right

IJV shown in Figure 1 (middle) was studied a second

time a year later following treatment. In the follow up

scan, the narrowing in the right IJV was less severe and

a smaller MR-ICP value was measured compared to

the initial study (24 mmHg vs. 29 mmHg). Results

from the external manipulation in a healthy subject

studied in the supine position are shown in Figure 2.

Coronal MIP MRV images acquired during normal

state (left) and during external compression of the IJV

(right) are shown. Mean venous outflow rates through

the IJV and the epidural veins during the normal state
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were 495 and 10 mL/min, respectively. The derived

MR-ICP value was 7.5 mmHg. Mean venous outflow

rates through the IJV and the epidural veins during

the external compression state were 269 and 212 mL/

min, respectively. The derived MR-ICP value was

13 mmHg. About 40% of the venous drainage through

the IJV in the normal state shifted to the epidural veins

during the external compression.

Results from imaging of the healthy control subjects

demonstrated that in the supine posture, the dominant

venous outflow is through the IJV, while in the upright

posture, the dominant venous outflow occurs through

secondary venous pathways with either complete (in

three subjects) or partial (in one subject) collapse of

the IJV. Coronal MIP MRV projections from one of

the four subjects studied in the supine and upright

postures are shown in Figure 3. The average MRI-

derived ICP values for the four healthy subjects in the

supine and the upright postures were 11.9 mmHg and

3.9 mmHg, respectively.

Discussion

In this report we compared cerebral venous outflow

in the neck veins, imaged by MR venography, in a

small group of IIH patients and in healthy subjects.

We found that cerebral venous drainage is highly

variable among individuals. Nevertheless, even in this

small series of subjects clear di¤erences are seen in the

extracranial venous drainage pathways between pa-

tient and control groups. In 6 of the 8 patients studied,

considerable amount of venous flow was seen through

the venous plexus with either no flow or significantly

reduced flow in IJV. In one of the two IIH patients

with apparent normal extracranial venous drainage,

narrowing was seen in the superior sagittal sinus.

These findings further emphasize the already known

Fig. 1. Coronal MRIMIP images of the neck veins in a healthy sub-

ject (A), in an IIH patient with a partial obstruction of the flow in the

right IJV (B), and in an IIH patient with no flow through the IJVs

(C). The white arrows point to the location of the IJVs and the arrow

heads identify the epidural veins

Fig. 2. Coronal MRI MIP images of the neck veins in a healthy subject scanned in the supine posture. (A) Normal cerebral venous outflow.

Venous outflow is mainly through the IJV. (B) Cerebral venous outflow during the application of external compression on the neck. Consider-

able amount of flow is now seen in secondary venous channels such as the epidural veins (arrows) and no flow is seen through the left IJV
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venous involvement in the pathogenesis of IIH. While

previously, only intracranial involvement was re-

ported, this study provides evidence for the involve-

ment of extracranial vasculature.

The study further examines factors that influence ex-

tracranial venous flow. Shift in venous outflow from

the IJV to the vertebral venous plexus was demon-

strated in two very di¤erent circumstances. The study

of a healthy subject in supine posture demonstrated

that under external compression of the IJV, significant

portion of the venous outflow through the IJV (over

40%) was shifted to the epidural veins. The restriction

of venous outflow in the IJVs was associated with

increased ICP, probably due to cerebral venous con-

gestion. Further studies are needed to examine if this

mechanism, i.e., increased resistance to cerebral ve-

nous outflow is the cause of elevated ICP in IIH.

Dominant venous outflow through the vertebral

venous plexus can occur at a low ICP state as well, as

seen in healthy subjects studied in the upright posture.

In this case, the IJVs are fully or partially collapsed.

Since there is also evidence that Positive Pressure

Breathing (PPB) reverses the collapse of the IJV [2],

the collapse of the IJV in the sitting position is proba-

bly associated with low venous pressure and not due to

increased resistance to venous outflow. The function-

ally obstructed IJV in IIH patients occurs in the supine

posture. Therefore, in some IIH patients, chronically

elevated ICP is most likely a consequence of a pro-

longed increased extracranial resistance to venous

outflow.
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Fig. 3. Coronal MIP images of the neck veins in a healthy subject scanned in the supine posture (A) and in the upright posture (B). (A) In the

supine posture, cerebral venous outflow is seen mainly through the IJVs. (B) In the upright posture, venous outflow is seen mainly through the

vertebral plexus, i.e., epidural and vertebral veins
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Summary

To our knowledge comparative studies of intracranial pressure

(ICP) and degree of cerebral swelling during craniotomy for supra-

tentorial or infratentorial space occupying lesion in children are not

available. In this prospective study subdural ICP, cerebral perfusion

pressure (CPP), dural tension, and the degree of cerebral swelling

were analysed in supine and prone positioned children subjected to

craniotomy for space occupying lesions.

Material and method. 48 children with space occupying tu-

mours were subjected to either isoflurane/nitrous oxide 50%/

fentanyl (n ¼ 22) or propofol/fentanyl/air/oxygen (n ¼ 26). 25 chil-

dren were operated supratentorially in supine position, while 23 pa-

tients were operated infratentorially in the prone position. Subdural

ICP, mean arterial blood pressure (MABP), and CPP were mea-

sured just before opening of the dura. Dural tension was estimated

before opening of dura, and the degree of cerebral swelling was es-

timated after opening of dura.

Results. The age and weight of children anaesthetised with isoflur-

ane in the prone position were significantly lower than the propofol

anaesthetised groups. No significant inter-group di¤erences as

regards tumour size, midline shift, rectal temperature, MABP or

PaCO2 were found. ICP in prone positioned children averaged

16.9 mm Hg against 9.0 mm Hg in supine positioned children

(p < 0:001). In prone positioned children the dura was significantly

tenser, and the degree of brain swelling after opening of dura was sig-

nificantly more pronounced. No significant di¤erence as regard ICP

was disclosed when isoflurane/nitrous oxide/fentanyl and propofol/

fentanyl anaesthetized children were compared, but MABP and CPP

were significantly lower in isoflurane anaesthetised children.

Conclusion. In children with cerebral tumours ICP is higher,

and the degree of cerebral swelling more pronounced in the prone-

compared with supine positioned children.

Choice of anaesthesia did not influence ICP, but CPP was signifi-

cantly lower during isoflurane anaesthesia.

Keywords: Intracranial pressure; cerebral perfusion pressure; chil-

dren; craniotomy; brain tumour; supine position; prone position.

Introduction

Studies of intracranial pressure in adult supine posi-

tioned patients with supratentorial tumours [2], and

prone positioned patients with infratentorial tumours

[5] suggest a relationship between subdural intracra-

nial pressure (ICP) on one hand and tension of dura

and degree of cerebral swelling on the other hand.

Moreover, the subdural ICP is higher in prone posi-

tioned patients compared with supine positioned

patients. In adult propofol/fentanyl anaesthetised pa-

tients with cerebral tumours, ICP averages 21 mm Hg

and 18.3 mm Hg in prone positioned with occipital

and cerebellar tumours, respectively [13]. These values

are considerably higher than ICP values found in

adult propofol/fentanyl or isoflurane anaesthetized pa-

tients with supratentorial tumours operated in the su-

pine position, where ICP averaged 7.5 mm Hg and

13.0 mm Hg, respectively [9]. To our knowledge, com-

parative studies of ICP and cerebral perfusion pressure

(CPP) in supine positioned or prone positioned chil-

dren are not available.

We hypothesize that ICP generally is higher and the

degree of cerebral swelling is more pronounced in

prone positioned children subjected to posterior fossa

surgery, compared with supine positioned children

subjected to craniotomy for space-occupying supra-

tentorial lesions, and that ICP measured during cra-

niotomy is lower in propofol/fentanyl anaesthetized

compared with isoflurane/nitrous oxide anaesthetized

patients. Therefore, the aims of the present study were

as follows: 1) to compare ICP, CPP and degree of cere-

bral swelling in prone-positioned children subjected to

posterior fossa surgery with supine positioned children

subjected to supratentorial surgery, and 2) to compare

ICP and CPP in children subjected to isoflurane/

nitrous oxide with ICP and CPP in children subjected

to supine positioned patients with supratentorial

lesions.



Material and methods

In this prospective study children scheduled for elective craniot-

omy for space-occupying cerebral lesions were included. Data were

collected consecutively, and collected in a data bank. The data in-

cluded relevant information about location and size of the cerebral

lesion, demographic data, preoperative electrolytes and hemoglobin,

and perioperative values of subdural ICP, CPP, and data obtained

from arterial blood gas-analysis.

In our clinic we routinely use subdural ICP monitoring during cra-

niotomy. The local ethic committee has approved this procedure.

Two groups of anesthesia were compared. Data in both groups

were collected within the same time interval. Anaesthetic technique

was chosen within the anaesthesiologist’s discretion.

22 children with space occupying tumours were subjected to

isoflurane/nitrous oxide 50%/fentanyl, 26 children were subjected to

propofol/fentanyl anesthesia.

25 children were operated supratentorially in supine position,

while 23 patients were operated infratentorially in the prone posi-

tion.

All children were moderately hyperventilated, the aims being

PaCO2 3.5–4.5 kPa, and PaO2 > 13 kPa.

Subdural ICP, mean arterial pressure (MABP), and CPP were

measured just before opening of the dura. The technique used for

subdural ICP monitoring has been described recently [2]. The neuro-

surgeon estimated the tension of dura before opening of dura as nor-

mal tension, increased tension or pronounced increased tension. The

degree of cerebral swelling was estimated after opening of dura as no

swelling, swelling or pronounced swelling.

The data are reported as mean values and standard deviations.

Inter-group di¤erences were analysed with a one-way ANOVA

model. Chi-square test was used for analyses of di¤erence in distribu-

tion. A Sigma Stat version 2.0 was used for calculation. Post-hoc

tests using Bonferroni corrections were performed. P < 0:05 was

considered significant.

Results

The age and weight of children anaesthetised

with isoflurane in the prone position were significantly

lower than the propofol anaesthetised groups. No

significant inter-group di¤erences as regards tumour

size, midline shift, histopathology, rectal temperature,

MABP, PaO2 and PaCO2 were found (Table 1).

ICP in prone-positioned children averaged

16.9 mm Hg against 9.0 mm Hg in supine positioned

children (p < 0:001). In prone-positioned children the

tension of dura and the degree of cerebral swelling

were significantly more pronounced (Table 2).

No significant di¤erence as regard to ICP was

disclosed when isoflurane and propofol/fentanyl

anaesthetized children were compared, but MABP

and CPP were significantly lower in isoflurane anaes-

thetised children. The tension of dura, and the degree

of cerebral swelling were comparable in isoflurane-

and propofol anaesthetized children (Table 3 and

Table 4).

Discussion

In the present study we have demonstrated a signifi-

cantly higher level of subdural ICP, and more pro-

nounced cerebral swelling in prone positioned children

compared with supine positioned children. The di¤er-

ence in subdural pressure was not related to the level of

PaCO2, MABP or tumour size.

The volume of the infratentorial compartment is

considerably smaller than the supratentorial compart-

ment. As a consequence space-occupying lesions in the

posterior fossa should increase ICP more compared

with supratentorial space-occupying lesions of the

same size. To our knowledge only one study of ICP

Table 1. Demographic data, neuroradiological data and data related to anesthesia

Isoflurane anaesthesia Propofol anaesthesia

Supine Prone Supine Prone

Demographic data – – – –

Number 14 8 11 15

Male/fem. 8/6 4/4 8/3 11/4

Age 6.1G 4.4 3.6G 2.1 9.3G 2.1* 8.3G 4.3*

Weight (kg) 24G 15 17G 4.5 34G 11* 29G 11

Steroid (G) 5/9 2/6 2/9 3/12

Neuroradiological data – – – –

Tumor area (cm2) 10.4G 10 9.5G 4.7 10.4G 9.7 0.4G 8.5

Midline shift (mm) 0.7G 2.7 1.0G 1.9 1.4G 3.2 3.3G 6.4

Maintenance dose of anaesthesia – – – –

Propofol (mg/kg/h) 0 0 10.5G 3.8 12.7G 5.1

Fentanyl (mg/kg/h) 1.8G 1.3 1.2G 0.6 2.2G 1.1 2.3G 0.8

Isoflurane% (exp) 1.3G 0.5 1.2G 0.2 0 0

MeanG SD are indicated, * di¤erence from isoflurane, prone position (P < 0:05).
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and CPP during infra- and supratentorial craniotomy

is available in adults [13]. One reason being that supra-

tentorial craniotomy is performed in the supine posi-

tion, while infratentorial surgery is performed in the

prone position. Thus, not only tumour localization

but also position varies, making any conclusion con-

cerning di¤erence in ICP level di‰cult. In the prone

positioned patient subjected to infratentorial surgery,

the head is rotated downwards in order to provide ac-

ceptable surgical access. As a consequence the pressure

in the cerebral venous system is increased, the reason

being the hydrostatic di¤erence between the central

veins and the cerebral veins. Moreover, in adult pa-

tients the prone position results in an increase in ab-

dominal pressure [4], and in experimental studies it

has been demonstrated that intra-abdominal pressure

is related to intracranial pressure during abdominal in-

su¿ations manoeuvre [3, 10]. A higher ICP in prone

position compared with supine position has been dem-

onstrated in patients with severe head injury [7].

In adult propofol/fentanyl anaesthetised patients

with cerebral tumours, ICP averages 21 mm Hg and

Table 2. Data related to cerebral circulation, tension of dura and degree of cerebral swelling

Data related to cerebral circulation

Isoflurane Propofol Supine Prone

PaCO2 (kPa) 3.9G 0.6 4.2G 0.4 4.0G 0.5 4.1G 0.6

PaO2 (kPa) 33G 12 36G 10 36G 14 36G 9

Temp. (�C) 36.8G 0.9 36.4G 0.7 36.3G 0 36.4G 0.7

ICP (mm Hg) 12.5G 9.1 13.0G 7.6 9.0G 6.9 16.9G 7.6*

MABP (mm Hg) 65G 9 72G 10* 67G 10 69G 11

CPP (mm Hg) 52G 10 59G 10* 59G 10 52G 11*

Tension of dura (number of patients are indicated)

Normal 10 14 17 7

Increased 7 8 6 9

Pronounced increased 4 5 2 7

Degree of cerebral swelling (number of patients are indicated)

No swelling 9 11 15 5

Swelling 6 10 6 10

Pronounced swelling 7 5 4 8

Anaesthesia and positioning are indicated. MeanG SD are indicated, * indicates significant di¤erence (P < 0:05).

Table 3. Data related to cerebral circulation including PaCO2, PaO2, rectal temperature, intracranial pressure (ICP), mean arterial blood pres-

sure (MABP) and cerebral perfusion pressure

Isoflurane anaesthesia Propofol anaesthesia

Supine Prone Supine Prone

PaCO2 (kPa) 3.9G 0.6 3.9G 0.7 4.1G 0.4 4.2G 0.5

PaO2 (kPa) 33G 12 33G 12 39G 17 39G 9

Temp. (�C) 36.7G 0.9 36.9G 1.1 36.1G 0.9 36.0G 0.6

ICP (mm Hg) 9.5G 6.8 17.6G 10.8*# 8.3G 7.3 16.5G 5.7*

MABP (mm Hg) 64G 10 66G 9 72G 10 71G 11

CPP (mm Hg) 55G 9 48G 10 63G 8 55G 11*

Positioning and anesthesia are indicated. The values are meanGSD, * di¤erence from propofol, supine position, # di¤erence from isoflurane,

supine position.

Table 4. Tension of dura and degree of cerebral swelling in children

operated in prone or supine position with either propofol/fentanyl or

Isoflurane/nitrous oxide/fentanyl

Isoflurane

anaesthesia

Propofol

anaesthesia

Supine Prone Supine Prone

Tension of dura

Normal 8 2 9 5

Increased 4 3 2 6

Pronounced increased 2 3 0 4

Degree of cerebral swelling

No swelling 7 2 8 3

Swelling 4 2 2 7

Pronounced swelling 2 4 1 4

Number of patients are indicated.
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18.3 mm Hg in prone positioned with occipital and

cerebellar tumours, respectively [13]. These values are

considerably higher than ICP values found in adult

propofol/fentanyl or isoflurane anaesthetized adult

patients with supratentorial tumours operated in the

supine position, where ICP averaged 7.5 mm Hg and

13.0 mm Hg, respectively [9]. The average jugular

bulb pressures in the two studies were 12.1 mm Hg

and 14.3 mm Hg for prone positioned infratentorial

and occipital tumours against 7.0 mm Hg in supine

positioned patients. The di¤erences in histopathology,

tumour size, midline shift, PaCO2 may contribute to

the discrepancy in the obtained ICP values. Neverthe-

less, the di¤erences in ICP and jugular bulb pressure

in patients with occipital tumours operated in prone

position compared with the values observed in supra-

tentorial tumours operated in supine position are strik-

ing, suggesting that position more than tumour size

elicit the higher ICP observed in prone positioned

patients.

In adult patients with supratentorial cerebral

tumours subdural ICP is significantly higher with

isoflurane/fentanyl compared with propofol/fentanyl

anaesthesia [9]. This finding is supported by studies

in rabbits with brain tumour, indicating that CBF as

well as CBV are significantly greater during isoflurane

than with propofol [1]. To our knowledge comparative

studies of ICP in isoflurane/fentanyl-compared with

propofol/fentanyl anesthetized patients are not avail-

able in children. A dose related increase in ICP, how-

ever, has been demonstrated in children when isoflur-

ane administration was changed from 0.5 to 1.0 MAC.

In the same study ICP averaged 6 and 7 mm Hg with

isoflurane 0.5 and 1.0 MAC, respectively [12]. In con-

trast, increasing propofol infusion rates stabilizes flow

velocity on a low level in children [6]. Nitrous oxide

also contributes to changes in ICP. Thus, addition of

nitrous oxide to inhalation anaesthetics increases flow

velocity in children [12]. Other di¤erences include pre-

served CO2 reactivity in children subjected to isoflur-

ane anaesthesia [11], while the CO2 reactivity is de-

creased during hypocapnic propofol anaesthesia [8].

In the present study we found that mean values of

ICP was lower during propofol/fentanyl compared

with isoflurane/nitrous oxide/fentanyl anaesthesia,

but the di¤erence was not significant. Taking the ob-

tained values of di¤erence in mean ICP (1 mm Hg)

and the standard deviation (7 mm Hg) the sample size

in a controlled trial should be around 800 to obtain a P

value < 0:05 and a power of 0.8. We do not think such

a study is realistic, partly because the dimension of

such study is overwhelming, and partly because the im-

portance of establishing evidence of such a little di¤er-

ence in ICP is without clinical relevance.
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Summary

Objective. To explore the change regularity of cerebral electrical

impedance (CEI) in the healthy people and patients with intracere-

bral hemorrhage (ICH) and ischemic stroke.

Methods. CEI of 100 healthy volunteers, 52 patients with ICH and

33 patients with ischemic stroke was measured by noninvasive Brain-

Edema Monitor. The results of perturbative index (PI) converted

from CEI were compared with the volume of infarction, hematoma

and surrounding edema, which calculated by image analyzing sys-

tem according to MRI or CT.

Results. In the normal groups, PI in the left and right sides of cere-

bral hemispheres was respectively 7.76G 0.75 and 7.79G 0.58, and

there was no significant di¤erence between the two sides (P > 0:05).

In the patients with ICH, PI in the hematoma side decreased and

was lower than the other side, and then increased gradually, finally

exceeded that of the other side. The average ‘‘cross’’ time was

(16.25G 8.96) h. It showed that the volume of hematoma was no ob-

vious change before and after the ‘‘cross’’ time [(31.25G 21.59) vs

(37.59G 27.57)] (P > 0:05). However, the volume of peri-hematoma

edema was significantly larger after the ‘‘cross’’ time than before the

‘‘cross’’ time [(26.35G 13.96) vs (14.68G 5.30)] (P < 0:05). There

was a positive correlation between the PI of hematoma side and the

volume of peri-hematoma edema (r ¼ 0:8811, P < 0:01). In the pa-

tients with arterothrombotic cerebral infarction, PI in the infarct

side had a positive correlation with the volume of infarction

(r ¼ 0:8496, P < 0:01).

Conclusions. CEI is a stable physical parameter reflecting the elec-

trical character of human brain tissue. It is useful for monitoring

edema and hematoma in stroke.

Keywords: Brain edema; electrical impedance; hematoma; moni-

toring; stroke.

Introduction

Ischemic stroke is the most common diseaswe a¤ect-

ing the neurological function. And intracerebral hem-

orrhage (ICH) is the most serious form of all acute

strokes. The mortality in spontaneous ICH is high,

and the mechanism of death is usually related to cere-

bral herniation, which results from a combination of

the mass produced by the hemorrhage itself, and by

the mass e¤ect created by surrounding edema [1]. The

mass e¤ect of ischemic stroke is also associated with

the volume and position of infarct. Therefore, moni-

toring brain edema or hematoma is important. As it is

well-known, CT and MRI can accurately delineate the

region of brain edema or hemorrhage, but it is di‰cult

to repeat them frequently. Moreover, these could not

be performed on the bedside. Could we find out a

method which can monitor edema and hematoma

continually, non-invasively and cost-e¤ectively? In

the previous study, we have found that edema and

hemorrhage can lead to the change of cerebral electri-

cal impedance (CEI). That is, edema can increase the

CEI [5, 9, 10, 12, 13], while hemorrhage decrease it [5,

12, 13]. According to this principle, measurement of

CEI is probably a new method in detecting and moni-

toring the evolution of cerebral edema and hemor-

rhage on the patients at bedside. Therefore, the pur-

pose of our study is to explore the change of CEI in

the normal people and patients with intracerebral

hemorrhage (ICH) and ischemic stroke.

Materials and methods

Patients

In a prospective study from July 2003 to May 2004, we studied 52

patients with ICH and 33 patients with ischemic stroke on the wards

of our department. All of the ICH patients were confirmed at the first

day after onset by a CT scan which showed the volume of hematoma

was between 7.69@176.50 ml and the position of hematoma was re-

spectively basal ganglia (39 cases), cerebral lobe (4 cases), cerebral

ventricle (4 cases), brain stem (4 cases) and cerebella (1 case).

The volume of infarction in 33 ischemic stroke was among

2.73@210.30 ml according to MRI operated at the first or second

day after admission. There were also 100 healthy volunteers allowed

to the study in order to compare with the patients.



Methods

We developed and used a kind of noninvasive Brain-Edema

monitor (Born Science & Technology Corporation, China). A con-

stant current was given into a person’s brain, and the CEI of the

two hemispheres was measured respectively. The measurement were

then converted into perturbative index (PI). The position of three

electrodes was: the left frontal, the right frontal, and the middle of

occipital.

The volume of infarction, hematoma and surrounding edema was

calculated automatically by image analyzing system according to

MRI or CT scan.

Results

The normal group

In the normal group, PI in the left and right hemi-

sphere was respectively 7.76G 0.75 and 7.79G 0.58,

and there was no significant di¤erence between the

two sides (P > 0:05). Moreover, no person had any

complaint of the device during 3@6 hours monitoring.

The ICH group

In the ICH group, the range of PI in all patients was

5.36@12.50. Thirty-three of 52 patients were moni-

tored continuously within 24 h after onset. The PI of

hematoma side decreased firstly, which was lower

than the other side, and then increased gradually, fi-

nally exceeded that of the other side. The average

‘‘cross’’ time was (16.25G 8.96) hours after onset. We

calculated the volume of hematoma and surrounding

edema according to the results of CT scan. It showed

that the volume of hematoma was no obvious change

before and after the ‘‘cross’’ time [(31.25G 21.59) vs

(37.59G 27.57)] (n ¼ 33, P > 0:05). On the other

hand, the volume of peri-hematoma edema became

to increase and was significantly larger just after

the ‘‘cross’’ time than before the ‘‘cross’’ time

[(26.35G 13.96) vs (14.68G 5.30)] (n ¼ 33, P < 0:05).

A typical example was interpretative in Fig. 1. It

showed the change of PI in a patient with left ICH. PI

of the left (PI ¼ 6:77) was lower than that of the right

(PI ¼ 7:07) at 4 hours after onset, and the volume of

peri-hematoma was 12.31 ml. It then increased and ex-

ceeded that of the right side at 16 hours after onset (PI

in the left ¼ 7:18, PI in the right ¼ 7:12). At 30 hours

after onset, PI in the left had increased to 7.38 and

the volume of peri-hematoma had also increased to

27.66 ml. The situation persisted throughout the next

6 days. Above results suggested that it was the hema-

toma possessing predominant before the ‘‘cross’’ time,

and the surrounding edema possessed predominant af-

ter the ‘‘cross’’ time.

However, there were 3 of 52 patients whose PI didn’t

increase but decreased during the continuous monitor-

ing. We can see the situation in Fig. 2. It showed an-

other patient with left ICH. Mannitol was injected im-

mediately 2 h after onset, and repeated 2 h later. The

patient’s condition was deteriorating. CT scan showed

one day later the volume of hematoma became much

larger than before.

Moreover, there was a positive correlation between

the PI of hematoma side and the volume of peri-

hematoma edema in the patients who were all de-

tected within 7 days after onset (n ¼ 52, r ¼ 0:8811,

P < 0:01).

Fig. 1. Relationship between the PI and the volume of focal lesions in a patient with left ICH: (A) 4 h after onset, volume of hematoma was

18.26 ml, volume of peri-hematoma was 12.31 ml; PI in the left was 6.77, PI in the right was 7.07; (B) 30 h after onset, volume of hematoma

was 20.80 ml, volume of peri-hematoma was 27.66 ml; PI in the left was 7.38, PI in the right was 7.09
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Group of ischemic stroke

In the 33 patients with arterothrombotic cerebral

infarction (CI), the range of PI in all patients was

6.43@12.96. Twenty-seven patients (81.8%) had a

higher numeric data of PI in the infarct side than the

other side, while the other 6 patients (18.2%) had no

apparent di¤erence. Two patients among all the 6

were multiple lacunar infarction, one patient’s infarct

position located in brain stem, and 3 patients’ volume

of infarction was less than 15 ml. The PI of infarct side

in 27 patients increased to the highest level 3@5d after

onset, and gradually returned to decrease in 7@14d.

The larger of the volume of infarct, the higher of the

PI, and there was a positive relationship between the

two values (r ¼ 0:8496, P < 0:01). (See Fig. 3.)

Discussion

Electrical impedance (EI) is a kind of physical pa-

rameter which can reflect the change of biologic tissue,

organ, and the whole organ. The principle of EI is

mainly based on the low frequency bioelectrical im-

pedance analysis [2, 3]. There are also some scholars

who set up a disturbance method of electric current

field [5, 13]. Its principle is that non-normal matter

(e.g. hematoma or edema) which exists in the brain

causes a disturbance to boundary potentials when a

low frequency current flows through brain tissue. In

terms of the measurement for the change of boundary

potentials a reconstruction for the blood e¤usion or

edema in the deep position of the brain can be done

[5]. The method has begun to be applied to detecting

the state of body activity and function of human [4,

11, 14], for it is noninvasive, safe, and can detect the

EI on the bedside. Nowadays, however, not only has

the EI research on brain tissue done mostly on the ani-

mal experiments, but also the experiments are invasive

[6–10]. We have been studying the noninvasive CEI

detecting system serving for animals since 1998

and have been successful. We then developed a new

CEI detecting system serving for human being, and

have found that the numeric values of CEI were sym-

metric in the two hemispheres of brain in di¤erent fre-

quency (20 kHz, 50 kHz and 100 kHz). Age, sex and

the time of monitoring have no obvious e¤ect on the

results of CEI [12]. It is again demonstrated in this

study on the CEI monitoring of healthy volunteers

and patients that the device has a high safety, for no

person has any complaint of the device during 3@6

hours monitoring.

We can see that the PI of hematoma side in the

ICH group was lower than the other side, and then

increased and exceeded that of the other side. The av-

erage ‘‘cross’’ time was (16.25G 8.96) hours after on-

Fig. 2. Hematoma enlargement in the earlier period of ICH in a patient: (A) 1 h after onset, volume of hematoma was 33.72 ml, volume of

peri-hematoma was 12.68 ml; PI in the left was 6.13, PI in the right was 6.31; (B) 28 h after onset, volume of hematoma was 55.53 ml, volume

of peri-hematoma was 12.87 ml; PI in the left was 6.08, PI in the right was 6.38

Fig. 3. Correlation between the PI and the volume of infarction in

patients with CI
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set. The volume of peri-hematoma edema was signifi-

cantly larger just after the ‘‘cross’’ time than before

the ‘‘cross’’ time. Above results suggests that it was

the hematoma possessing predominant before the

‘‘cross’’ time, and the surrounding edema possessed

predominant after the ‘‘cross’’ time. Therefore, when

the PI of hematoma side is lower than that of the other

side, it may be not necessary to treat with hyperos-

motic solution (e.g. mannitol) unless there is obvious

evidence of intracranial pressure. In this study, three

ICH patients had larger hematoma compared with be-

fore in the earlier period of diseases, the main reason

may be the inappropriate use of mannitol. Hence, the

CEI monitoring is useful to direct the osmotherapy. In

the CI group, there was a positive relationship between

the PI and the volume of infarction. The larger of the

volume of infarct, the higher of the PI, and the worse

the outcome. CEI monitoring can reflect the change

in the disease process and prognosis of the patients

with cerebral infarct.

However, we have also paid attention to the prob-

lem that the CEI detecting system sometimes didn’t de-

tect the positive results in some patients who had been

indeed su¤ered from ICH or CI confirmed by CT or

MRI (false-negative). The probable reason is that

thehe monitoring system is not sensitive if the focal le-

sions are located in the midline or near the midline

(e.g. brain stem). It is also not sensitive if the volume

of lesions is less than 15@20 ml. The results are often

false-negative in patients with multiple lacunar infarc-

tion. Above are the limitations of the system, which

needs to be improved in the future.

In summary, CEI is a stable physical parameter re-

flecting the electrical character of human brain tissue.

It is useful for monitoring edema and hematoma in

stroke. The higher the PI, the more severe of edema.

Hyperosmotic solution (e.g. mannitol) should be used

carefully when the PI of hematoma side is lower than

that of the opposite side. The monitoring could be a

good complement to CT and MRI scan of the brain.

It may be useful for monitoring treatment on the bed-

side or determining neurological outcome.
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Summary

Objective. The aim of this study was to evaluate the e¤ect of pre-

ventive and therapeutic use of subarachnoid sodium nitroprusside

(SNP) administration in patients with non-traumatic subarachnoid

haemorrhage (SAH).

Methods. All consecutive adult patients admitted in the period

2000–2003 with SAH, Hunt–Hess grade I–IV, indicated for neuro-

surgical intervention, were enrolled in the study. In the postoperative

period they were treated with mechanical ventilation and triple H

protocol with nimodipine. Subarachnoid preventive SNP was admi-

nistred in initial dose of 1 mg by catheter inserted into basal cisterns

during the neurosurgical procedure. The timing of following dosage

was directed by the changes of respiratory parameters of brain tissue

in the region of interest by multiparameter sensor (Codman Neuro-

trendTM) and findings of blood flow velocity on the level of circle of

Willis were measured by transcranial doppler ultrasonography

(TCD).

Results. 17 patients were enrolled to study. All patients survived.

No brain infarction developed. The increase blood flow velocity

was found in three patients.

Conclusion. Preventive subarachnoid use of SNP in combination

with multimodal monitoring might be a possible preventive strategy.

Its e‰cacy has to be proved on a greater group of patients in the fu-

ture. The therapeutical use of SNP requires an increase in applica-

tion rate.

Keywords: Prevention of delayed vasospasm; subarachnoid hae-

morrhage; subarachnoid nitroprusside sodium administration; mul-

timodal brain monitoring.

Introduction

Delayed vasospasm as a result of subarachnoid hae-

morrhage is seen in over half of patients and causes

symptomatic ischemia in about one third of them. If

left untreated, it leads to death or permanent deficits

in over 20% of patients [3, 6]. Even though the patho-

genesis of vasospasms is unclear, the results of many

clinical studies support the hypothesis that vasospasms

are caused by an imbalance of vasoconstrictive and

vasodilating substances [9, 11, 13]. Presently, the out-

comes of several experimental studies, which were de-

signed to study the e¤ects of nitric oxide donors for the

treatment and prevention of this life-threatening con-

dition, appear somewhat controversial [5, 7, 9, 12].

The strategy of therapy with sodium nitroprusside

(SNP) in clinical trails was based on the treatment ef-

fect at the time of vasospasm development, which was

proved by angiography and/or transcranial Doppler

ultrasonography as well as by clinical neurological im-

pairment. The purpose of this study was: 1) to specify

the influence of prophylactic subarachnoid administra-

tion of SNP on the incidence of vasospasms and thera-

peutic e‰ciency of sodium nitroprusside application

on already existed vasospasms 2) to determine the as-

set of multimodal monitoring of brain tissue in the re-

gion of interest for diagnosis and evaluation of the

treatment e¤ect.

Methods

Prospective interventional study took place in University Hospital

Kralovske Vinohrady from the year 2000 till the year 2003 after

approval of the project by the institutional ethical commitee. All

patients rated according to the Hunt–Hess’s scale I to IV with angio-

graphically verified brain aneurysm and SAH in which neurosurgical

intervention was indicated were enrolled. Asymptomatic patients or

patients with altered neurologic status which were rated according to

the Hunt–Hess’s scale on the Vth grade were exluded. Other exlusion

criteria were: unequivocal infarction by CT, patients with unsecured

ruptured aneurysm, patients with significant hepatic and renal im-

pairment and patients below 18 years of age. The data on patient’s

age, gender, neurologic state, localisation of aneurysm, duration of



intraparenchymal monitoring, duration of SNP administration and

dosage in milligrams, Fisher grade, occurrence of vasospasm, cere-

bral infarction and clinical outcome after 28 days since neurosurgical

intervention were collected. Under general anesthesia a catheter was

placed into the subarachnoid space of basal cisterns of each patient,

through which sodium nitroprusside was administered and drainage

of cerebrospinal fluid was done. For the monitoring of brain tissue

oxygen pressure, carbon dioxide pressure, pH and temperature

(PtiO2, PtiCO2, pHti, Tti) a multiparameter probe (Codman Neuro-

trendTM Multiparameter Sensor) was inserted in the brain tissue co-

responding to the territory of operated artery at the end of the sur-

gery. The longest period of sodium nitropruside administration

(Nipruss Schwarzpharma AG) would not exceed 12 days. SNP solu-

tion (1 mg/ml) was delivered into the subarachnoid space by the way

of catheter in basal cisterns with the minimal frequency of applica-

tion of 1 ml/1� 24 hours. This followed application of 1 ml SNP

solution followed by 4 ml 0.9% NaCl to get the e¤ective drug into

region of interest. Preventive SNP application in intervals not ex-

ceeding 6 hours was indicated in the case of increasing PtiO2 and/or

the decreasing PtiCO2 of over 10%. When the first application or

some other applications of SNP led to perfusion imbalance, the de-

velopment of decreasing PtiO2 and the increasing PtiCO2 of over

10%, the interval was prolonged to maximum of 24 hours. Postoper-

ative treatment went according to the standard triple-H protocol

with a continuous administration of nimodipine (Dilceren pro Infu-

sione, Zentiva, a.s.) at doses of 15–30 ug/kg/hour. The neurosur-

geon decided about an indwelling intraventricular catheter during

surgery usually for patients that needed drainage of ventricle. The

transcranial Doppler ultrasound (TCD Rimed Israel) was carried

out at 12 hour intervals. The preventive SNP administration could

be ended up if the altered level of consciousness was more than

GCS 13, normal TCD findings and stable clinical status. Afterward

we started to wean from the ventilator and the sedation. The indica-

tion for therapeticual use of SNP was: a) deterioration of the neuro-

logical status according to GCS more than 2 points and/or new focal

neurological signs, in both cases with proving of TCD signs of vaso-

spasm (tracing with mean velocity exceeding 120 cm/sec.) [1], b) de-

creasing level of PbtiO2, below 10 Torr and increasing PbtiCO2,

above 60 Torr and the signs of vasospasms diagnosed by TCD. De-

scriptive statistical evaluation was undergone by using software of

Microsoft Excel.

Results

The total number of 17 patients were included and

evaluated. The Table 1 shows data of 17 patients

(11M/6F), from who 16 patients underwent the proto-

col of preventive SNP administration and three out of

seventeen patients underwent therapeutical manage-

ment. The average neurologic status according to

Hunt–Hess classification scale was III, average

duration of multimodal monitoring in days was 5.9

(SD ¼ 3:3) and average duration of SNP medication

in days 5.5 (SD ¼ 3:0). Vasospasm was observed in

three cases, but only two patients had prophylactic

using of SNP. In all of the patients with vasospasms,

the diagnosis was supported by TCD. One out of three

patients had a perfusion imbalance in microcirculation

earlier, which was diagnosed by intraparenchymal

multimodal monitoring before TCD findings of vaso-

spasm. All patients survived. No brain infarction as a

cause of vasospasm developed in studied group. Maxi-

mal dose of sodium nitroprusside, which was used in

therapeutical application, reached 47 milligrams.

Discussion

E¤ect of protocols involved in the treatment of vas-

ospasms is very di‰cult to compare with others. There

are some proofs in the scientific literature, that progno-

sis of patiens after SAH depend on the localization of

ruptured aneurysm, occurrence of intraparenchymal

hematoma, entrance GCS, Fischer scale, concomitant

diseases etc. The tested protocol of this study imple-

mented preventive subarachnoid administration of

SNP with the measurment blood perfusion changes

by multimodal monitoring in the area of brain tissue

close to the clipped artery and also by TCD on main

arteries of circuit of Willii. Previously the influence of

SNP on cerebral perfusion was studied in condition

of systemic intravenous SNP administration in settings

of artificial SAH on animal models [4].

In 16 cases we applied the preventive sodium nitro-

pruside dose and in two cases the e¤ect of subarach-

noid application in vasospasm (proved by TCD) was

tested. Six patients su¤ered from an intracerebral

haemorrhage whose extent influenced the complete

outcome of the treatment. Intracerebral haemorrhage,

however, did not influence the main purpose of our

study. We share the opinion that the administration

of SNP into basal cisterns brings better results than its

intraventricular administration. We used a lower dose

of SNP in comparison to data presented in published

studies [10]. A lower dose of SNP could be explicated

by direct application of vasodilatator to main arteries.

The e¤ect of preventive subarachnoid administration

was tested also by Pathak [8]. The proper indication

for preventive administration in this study was based

on the possibility of imminent clinical vasospasm, and

so in time for neurological symptomatology impair-

ment. Owing to specific characteristics of our applica-

tion protocol, which was controlled by multimodal

monitoring, it was set that the protocol considered the

reaction of focal perfusion to SNP administration and

minimalised the potential application risk of overdose.

Some published data describe the increased vasospasm

risk in pHti lower than 7,0�6,7 and PtiCO2 upon

8 kPa [2]. However the PtiO2 fluctuation changes

should not be underestimated. It is an object of admi-
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Table 1. Basic clinical, monitoring a treatment profile of studied group

Patient

no.

Age Gender Localization of aneurysm

other cerebral injuries

Fisher

grade

H-H

score

MMM

(days)

SNP

total

(mg)

Localization of catheter GOS

28

days

1. 48 F ACM bilat. 2 IV 10 10 subarachnoid space in region

of basal cistern

I

2. 55 M ACI l.dx. 4 IV 8 8 subarachnoid space in region

of basal cistern

II

3. 57 F ACM l.sinþ left frontal

hematoma in SA space

3 IV 11 21 subarachnoid space in region

of basal cistern

III

4. 46 M ACoAþ left frontobasal

hematoma in SA

spaceþ hemocephalus

3 IV 10 15 subarachnoid space in region

of basal cistern

I

5. 77 F ACI l.dx. 3 II 3 3 subarachnoid space in region

of basal cisternþ in the

third ventricle

I

6. 27 M ACoAþ left frontal

intracerebral

hematoma

4 III 6 44 subarachnoid space in region

of basal cistern

I

7. 57 M ACoA 3 II 3 3 subarachnoid space in region

of basal cisternþ in the

third ventricle

I

8. 54 M ACoA 2 I 3 1 subarachnoid space in region

of basal cisternþ in the

third ventricle

I

9. 64 M ACoAþ frontal bilateral

hematomas in SA

space

3 I 8 25 subarachnoid space in region

of basal cisternþ in the

third ventricle

III

10. 70 M ACoA 3 III 4 17 subarachnoid space in region

of basal cistern

II

11. 48 M left ACMþ expansive

intracerebral

hematoma

4 IV 10 12 subarachnoid space in region

of basal cisternþ in the

third ventricle

IV

12. 57 F right MCA 3 IV 7 8 subarachnoid space in region

of basal cisternþ in the

third ventricle

I

13. 44 F right MCAþ left MCA

l.sinþ left

ACoPþ oedema

2 III 1 1 subarachnoid space in region

of basal cisternþ in the

third ventricle

I

14. 51 M ACoA 2 IV 3 16 subarachnoid space in region

of basal cisternþ in the

third ventricle

III

15. 61 F right MCA 3 II 7 5 subarachnoid space in region

of basal cisternþ in the

third ventricle

III

16. 46 M ACoA 3 II 2 15 subarachnoid space in region

of basal cistern

I

17. 49 M ACoAþ 2� left ACM 3 II 0 40 subarachnoid space in region

of basal cistern

I

ACI Internal carotid artery,ACMmiddle cerebral artery,AcoA anterior communicating artery, AcoP posterior communicating artery,MMM

multimodal monitoring (Neurotrend), SAH subarachnoid haemorrhage, SNP sodium nitroprusside.

H-H score (Hunt W. E., Hess R. M., 1968)Hunt–Hess score (I.–V.)

I. Asymptomatic or mild headache II. Moderate or severe headache, nuchal rigidity, can have oculomotor palsy III. Confused, drowsiness, or

mild focal signs IV. Stupor or hemiparesis V. Coma, moribund, and/or extensor post

Glasgow Outcome Scale (Jennett B. 1975) – modified version

1 GOODRECOVERY – able to return to work or school 2MODERATEDISABILITY – able to live independently; unable to return to work

or school 3 SEVERE DISABILITY – able to follow commands/unable to live independently 4 VEGETATIVE STATE – unable to interact

with environment; unresponsive 5 DEAD
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ration, that PtiO2 could not be raised in some patients

by an increase in FiO2 of gas mixture in settings of me-

chanical ventilation. Developing vasospasm cannot be

detected by multimodal monitoring in special cases,

when its localisation is out of the territory of clipped

artery. In these cases we emphasis the important role

of angiography and TCD.

Vasospasm was observed in three of the seventeen

patients. The first patient (in the Table 1 No. 6) devel-

oped vasospasm diagnosed by TCD and also by multi-

parameter sensor. Neurosurgical treatment was given

to this patient late, six days after beginning of symp-

toms of SAH. The changes of the intraparenchyma-

tous values measured by multiparameter sensor in con-

nection with SNP administration are shown on Fig. 1.

Just curative subarachnoid SNP administration was

used in one patient (No. 17 in the Table), because he

didn’t complete the criteria for preventive SNP ad-

ministration. Signs of vasospasm diagnosed by TCD

emerged simultaneously with impairment of con-

sciousness at the level of soporous state on the 6th day

after operation. The changes of flow velocity during

SNP administration are documented on Fig. 2.

The adverse SNP reactions of subarachnoidal ad-

ministration are migraine headaches associated with

vegetative symptomatology including hypertension

reaction. These problems were the main factors for

excluding from the trial the patients with good postop-

erative recovery and short weaning from mechanical

ventilation. According to our experiences this therapy

is suitable for use in the setting of complex neuroin-

tensive care including the mechanical ventilation and

deep analgosedation. It is necessary to finish this vaso-

dilatative therapy latest in the time of weaning the

patient frommechanical ventilation. Keeping the cath-

eter in the subarachnoid space is suitable for the pos-

sible treatment of complications in the next period.

Conclusion

Preventive subarachnoid use of SNP in repeated

bolus dose 1 mg into the subarachnoid region of basal

cisterns might increase the e¤ect of standard triple-H

protocol with a calcium channel blocker. Multimodal

brain tissue monitoring and TCD enables the low-dose

preventive SNP therapy. The adverse e¤ects of SNP

administration (vertigo, systemic hypertension, head-

ache, nausea) restrict the SNP usage only for a period

of controlled mechanical ventilation, deep analgesia

and sedation. A multicentre randomised controlled

trial could be feasible in future.
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Summary

The aim of this study was to evaluate the extent of mitochondrial

injury by assessing N-Acetyl-Aspartate by MR spectroscopy in head

injured patients and relating the extent of mitochondrial injury to

outcome. The study population (n ¼ 15) consisted of head injured

patients (GCS < 8) in whom legal consent was obtained for MRS

studies. Studies were performed on a 1.5 Tesla Vision/Siemens sys-

tem. Size of Voxel equaled 8 cm3 with location determined from T1

images. Voxels were positioned adjacent to the lesion and in the

contralateral hemisphere for focal and bilateral for di¤use. Mito-

chondrial impairment was considered as percent reduction in NAA/

Cr ratio compared to matched controls. Mitochondrial impairment

gradually increases soon after injury reaching a nadir at 10 days.

Subsequently, mitochondria recover in patients with favorable out-

come, but remains impaired in patients with poor outcome. The

prognostic value of NAA/Cr to assist in management and also to

serve as a surrogate endpoint for clinical trials appears promising.

Keywords:NAA; N-acetyl-aspartate in patients; brain injury.

Introduction

It has been clearly established that following me-

chanical injury, in addition to the structural damage

to the tissue, a series of complex neurotoxic mecha-

nisms are initiated which extend over several hours

for the development of irreversible axonal and neuro-

nal damage [1, 2]. In addition, secondary insults of

ischemia may contribute to the ongoing energy crisis,

which limits the restorative ability of the brain to

maintain ionic and cell volume homeostasis. These

ionic shifts have been implicated as the major mecha-

nisms for cellular and organelle swelling. The restora-

tion of ionic and cell volume homeostasis implicates

an energy crisis, which may occur in the presence of

adequate blood flow and is characterized by a mito-

chondrial impairment and reduced ATP production

[3]. The objective of this study was to assess mitochon-

drial function in the severely brain injured patient by

measuring the N-Acetyl-Aspartate represented by the

largest peak in a proton spectra (1H MRS). A second

aim was to establish the temporal course of NAA

change following injury and correlate these changes

to outcome.

Methods

After obtaining informed consent according to institutional proce-

dures, patients of GCS 8 or less were transported from the Neuro-

science ICU to the magnetic resonance (MR) suite. During transpor-

tation and the time of MRI-MRS, appropriate ventilation, sedation

and continuous monitoring of blood pressure (arterial line), pulse

oximetry, end-tidal CO2 and ICP was performed through MR com-

patible devices. The transport team consisted of a neurosurgical res-

ident, respiratory technician, critical care nurse and research sta¤.

Measurement of proton spectroscopy

Semi-quantitative analysis of NAA, creatine containing com-

pounds (Cr/PCr), and choline (Cho), were extracted from proton

spectra using 1HMRS in a 1.5 T (Vision/Siemens) system. In pa-

tients with focal lesions the location of an eight cm3 single voxel

was determined from T1-weighted images. For di¤usely injured pa-

tients the voxel was placed bilaterally, in a standard region of the

frontal lobes. Following localized shimming and water suppression

a spectrum was obtained using the PRESS pulse sequence with

1500/135 TR/TE and 256 acquisitions. These results were compared

with proton 1HMRS studies performed in five normal, age-matched,

control volunteers previously screened to exclude prior head injuries.

Analysis of single voxel NAA data

The NAA, Choline and Creatine were evaluated as ratios NAA/

Cho, NAA/Cr respectively. In the voxel analysis measuring

20 mm3, a single ratio of NAA/Cr or NAA/Cho was evaluated for

each voxel. For di¤use injury, voxels were obtained at symmetrical

sites so as to compare values within the brain hemispheres. In focal

injury, voxels were placed: in the core of the lesion, peripheral to the



lesion and at a distant site in the injured hemisphere. These were

compared to symmetrical sites in the uninjured hemisphere.

Results

All patients entered into the study were transported

from the neurointensive care unit (NCU) to the

imaging suites and returned to the NCU without

complication.

Single voxel MRS volunteer

After obtaining informed consent, single voxel MRS

was obtained in 5 volunteers ranging in age from 26 to

34 years. The values obtained from spectra are shown

in Table 1. The NAA integral values range from 41.18

to 61.44. The Integral values for Cr, Cho are also

shown in Table 1. Based on these integrals, the ratios

for NAA/Cho and NAA/Cr equal 2.08G 0.26 and

2.04G 0.31 respectively. There was no significant dif-

ference between ratios of NAA/Cho and NAA/Cr in

normal volunteers.

Single voxel MRS in patients with di¤use injury

Of the 15 injured patients, 10 patients were classified

as di¤use injury. The voxels were positioned in the

white matter. (Figure 1) We observed that NAA/Cho

Table 1. Single voxel proton spectroscopy: normal volunteers

Volunteer NAA Cr Cho NAA/Cho NAA/Cr

1 41.18 22.42 17.39 2.37 1.84

2 61.44 29.59 31.66 1.94 2.07

3 56.55 34.66 31.20 1.81 1.63

4 51.97 21.90 27.04 1.92 2.37

5 54.52 24.02 23.05 2.36 2.27

Av 53.13 26.52 26.07 2.08 2.04

S.D. 7.53 5.48 5.98 0.26 0.31

Fig. 1. Proton spectroscopy di¤use brain injury – patient 18 years
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and NAA/Cr studies measured within the first 72

hours of injury were generally higher and gradually de-

clined as time from injury increased. This is illustrated

in Fig. 1 where the ratios are near normal levels in

a patient with di¤use injury studied 72 hours post

injury where NAA/Cho and NAA/Cr measured 1.82

and 1.55 respectively. However, as time progressed,

NAA/Cho and NAA/Cr ratios declined to levels of

1.26 and 1.15 at 10 days post injury. This patient was

graded severe disability at 6 months. Within the first 10

days the NAA/Cho and NAA/Cr for the entire group

averaged 1.59G 0.46 and 1.44G 0.21 respectively.

Beyond 10 days (range 10–75 days), the average

NAA/Cho and NAA/Cr for di¤use injury fell to

1.05G 0.44 and 1.05G 0.30 respectively. The reduc-

tion in these ratios was statistically significant.

(p < 0.03, p < 0.015)

Single voxel MRS in patients with focal injury

The NAA/Cho and NAA/Cr ratios of the patients

with focal injury during the first 10 days post injury

averaged 1.45G 0.19 and 1.37G 0.46. These ratios

were close to the values obtained with di¤use injury

during the first 10 days. Similar to di¤use injury, the

ratios for focal injury declined as time progressed to

values of 0.92G 0.26 and 1.07G 0.13. This reduction

was statistically significant. (NAA/Cho, p < 0.15)

Over time, the values reduced sharply up to 10 days

and stabilized thereafter. We also compared NAA/

Cho of the peri-lesion area and the contralateral site

in patients with focal injury. We observed, as expected,

the NAA/Cho ratio was reduced in the peri-lesion area

measuring 1.14G 0.35 compared to the symmetrical

site in the opposite hemisphere where NAA/Cho

measured 1.74G 0.49. This di¤erence was statistically

significant. (p < 0.006)

Discussion

In many cases, it is not possible to ascertain the de-

gree of functional brain damage in the severely injured

patient soon after injury. It is particularly di‰cult to

assess the prognosis in di¤use injury where the extent

of frank structural damage observed on CT may be

minimal. Our studies show that brain neurochemistry

is altered significantly after brain injury. The reduc-

tions seen of NAA/Cr ratio after traumatic brain in-

jury indicate that mitochondrial impairment has taken

place and that in addition to the rampant axonal se-

vere di¤use injury, the brain must overcome an energy

crisis as signified by the reduction in ATP stores [3]. Of

interest is the observation that the reductions of NAA/

Cr and NAA/cho occur beyond 72 hours in di¤use in-

jury. In fact, the reductions seen gradually reduce and

do not plateau at a lower level until 10 days post in-

jury. This would infer that the processes leading to

neurochemical damage have been triggered but their

e¤ect is not realized for several days. It is not clear if

these processes can be reversed but it is our sense that

the window of opportunity for pharmacologic inter-

vention is much wider than originally thought. The

NAA/Cho and NAA/Cr ratios in patients with focal

injury were not unlike those of di¤use injury. In gen-

eral the same pattern of a slow decline was observed.

However, if we compare peri-lesion area to the con-

tralateral voxel, there was a clear di¤erence soon after

injury. With regard to prognosis, it is di‰cult to ascer-

tain the direction of recovery or deterioration within

the first 72 hours post injury. The NAA/Cr and

NAA/Cho ratio reductions seen in traumatic brain in-

jury are reversible. This would suggest that for pur-

poses of prognosis, it is necessary to obtain MRS data

at least 10 days after injury before an assessment of

outcome is made. Finally, we express caution in the in-

terpretation of NAA values, as it is entirely possible

that the reduction might have occurred as a result of

ischemic damage to the tissue. For this reason, current

studies are focused on measuring both CBF and MRS

parameters simultaneously. Nevertheless, the prognos-

tic value of NAA/Cr to assist in management and also

to serve as a surrogate endpoint for clinical trials ap-

pears promising.
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Summary

Aneurysmal subarachnoid hemorrhage (SAH) can be complicated

by reduction of regional cerebral blood flow (rCBF) from large

conductance vessels leading to focal edema appearing as an area of

hypoattenuation on CT. In this study we included 29 patients with

SAH due to aneurysmal rupture, having 36 CT low density areas

within the middle cerebral artery territory in whom a total of 56

Xenon-CT (Xe-CT) studies were performed. Collectively, we eval-

uated 70 hypoattenuated areas. rCBF levels were measured in two

di¤erent regions of interest drawn manually on the CT scan, one

in the low density area and the other in a corresponding contrala-

teral area of normal-appearing brain tissue. In the low density

area (22.6G 22.7 ml/100 gr/min) rCBF levels were significantly

lower than in the contralateral area (32.8G 17.1 7 ml/100 gr/min)

(p ¼ 0.0007). In the injured areas deep ischemia (CBF < 6 ml/

100 g/min) was present in only 25.7% of Xe-CT studies, suggesting

that hypodense areas are not always ischemic, whereas in 43.7% of

the lesions/Xe-CT studies we found hyperemic values. Patients with

a better outcome had hyperemic lesions, suggesting brain tissue

recovery in injured areas.

Keywords: Aneurysm; cerebral blood flow; cerebrovascular circu-

lation; cerebral circulation; ischemia; outcome; subarachnoid hem-

orrhage; tomography; xenon.

Introduction

Aneurysmal subarachnoid hemorrhage (SAH) can

be complicated by cerebral ischemia due to inadver-

tent intraoperative vascular occlusion, thromboem-

bolic events related to embolization, vasospasm or

compression/distortion of arterial vessels following

transient brain herniation. It is generally accepted

that in animal models an acute reduction of cerebral

blood flow (CBF) below 18 ml/100 gr/min in a major

vascular territory leads to a focal post-ischemic cyto-

toxic edema formation [2]. In vivo, cytotoxic edema,

representing irreversible ischemic brain damage, can

be appreciated as an area of hypoattenuation on

computed tomography (CT) [14]. However, a critical

reduction of regional CBF (rCBF) may be transient

because recanalization and reperfusion may occur,

sometimes associated with a postischemic hyperperfu-

sion due to ‘‘luxury-perfusion’’ [10]. In addition, CT

scans are not able to provide any information on the

extent and severity of perfusional deficits associated

with ischemic lesions. Therefore, considering ischemia

as a decrease of rCBF below accepted ischemic thresh-

olds, it is conceivable that low density lesions corre-

sponding to vascular territories observed after SAH

may not always be actually ischemic.

The knowledge of rCBF values in low density areas

related to SAHmay be of potential interest in outcome

prediction as well as in treatment planning. It is rea-

sonable to believe that patients having low density

areas associated with not-ischemic rCBF levels have

more chances to recover.

The primary hypothesis of the study was that the

low density areas complicating SAH are not always

associated with ischemic rCBF levels. Secondly, we

examined whether SAH patients having low density

areas not associated with ischemic rCBF present a bet-

ter clinical outcome. As regional ischemia a¤ecting

the mean cerebral artery (MCA) is highly relevant for

the patient’s prognosis, we measured rCBF levels by



means of Xenon-CT (Xe-CT) in SAH patients having

CT hypoattenuated lesions in the MCA territory.

Materials and methods

Patients

From January 2000 to December 2002, 191 patients with aneurys-

mal subarachnoid hemorrhage were admitted to the Intensive Care

Unit at Bufalini Hospital, Cesena-Italy. Seventy patients underwent

rCBF measurements by Xe-CT, 47 of them developed at least one

hypoattenuated zone on the CT scan. We enrolled in a prospective

study 29 patients having at least one hypodensity area greater than

1 cm2 in the MCA territory. Patients with a hypodensity area on

the initial CT scan and those with bilateral hypodensity zones were

excluded. Parenchymal hypoattenuation on the CT scan 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 a vascular territory.

Patient’s management

An intraventricular catheter to measure intracranial pressure

(ICP) was placed in all the patients. Shortly thereafter, the patients

were angiographically studied to detect aneurysms and to evaluate

the best indicated stabilization procedure: embolization or surgery.

After aneurysmal coiling or clipping, the patients were re-evaluated

to plan the treatment. Cases with better Hunt & Hess grade and

without impairment of vital functions were admitted to the ICU after

surgical or angiographic procedure and evaluated for ventilatory

weaning. In cases having a poor neurological status, poor control of

airway reflexes, unstable or elevated ICP, a new low density area on

CT or critical CBF areas on Xe-CT, sedation and analgesia were

prolonged. A staircase treatment protocol was used to maintain an

ICP of below 20 mmHg and a cerebral perfusion pressure (CPP)

of above 70 mmHg. Patients with critical rCBF and/or suspected

vasospasm were treated with a further elevation of CPP, roughly to

90 mmHg.

Specific management in patients with low density zones in MCA

territory

Once a focal lesion was found and rCBF measured, the treatment

applied was consistent with the ICP level, the extent of the lesion, the

cardiovascular reserve status and the risk of medical complications.

In patients with elevated ICP and large low density areas having

either ischemic or hyperemic rCBF values, the treatment consisted

of external decompression, CPP levels no higher than 70 mmHg

and deep sedation. In patients having borderline values of rCBF in

low density areas treatment aimed at maintaining elevated CPP

(90 mmHg) was prolonged.

Outcome evaluation

Clinical and radiological severity on admission was graded ac-

cording to Hunt & Hess [5] and Fisher [4] scores. Daily mean and

maximum values of hourly ICP were recorded to calculate ICP sum-

mary values throughout the acute phase. Outcome was evaluated at

one year after SAH. The following three categories of outcome were

defined: good, equal to good recovery and moderate disability in the

Glasgow Outcome Scale (GOS); poor, equivalent to severe disabil-

ity, and finally dead and persistent vegetative state [6].

Planning of Xe-CT studies

Initial Xe-CT CBF studies were obtained shortly after stabiliza-

tion of the aneurysm. Further serial Xe-CT studies were performed

when a new low density area or an ICP elevation were found and/or

an increased treatment level of ICP or persistent elevated CPP values

had to be maintained to recover rCBF levels.

Study details

During the Xe-CT studies, all patients were artificially ventilated

and sedated. Special care was taken to maintain the systemic param-

eters stable during transport from the intensive care unit to the Xe-

CT room and also during the Xe-CT measurements. CBF measure-

ments were performed using a CT scanner (Picker 5000) equipped

for Xe-CT CBF imaging (Xe/TC system-2TM, DDP, Inc., Houston,

TX). The CT slices were placed to analyze the core region of low

density area found in the corresponding standard CT. Repeated Xe-

CT studies were carried out with the same positioning, angle of CT

slices, scans and parameters as used in the previous studies.

Cerebral blood flow analysis

Two di¤erent regions of interest (ROIs) larger than 1 cm2 were

drawn freehand on the CT scan, one around the low density area

and the other around a mirror region of the hypodensity area placed

symmetrically on the corresponding normal-appearing brain tissue

of the contralateral hemisphere. The rCBF mean values of each

ROI were expressed in ml/100 gr/min. Di¤erent groups were defined

according to rCBF levels detected in hypodense lesions: severe ische-

mia (CBF < 6 ml/100 g/min) (Fig. 1), moderate ischemia (CBF > 6

and <18 ml/100 g/min), reduced flow (CBF > 18 and <33.9 ml/

100 g/min), relative hyperemia (CBF > 33.9 and <55.3 ml/100 g/

min) and absolute hyperemia (CBF > 55.3 ml/100 g/min) (Fig. 2)

[8, 9, 11, 16].

Statistical analysis

Comparison of rCBF and areas between low density zones and

mirror areas was performed by means of two tail paired t-test. The

frequency of distribution of rCBF in di¤erent groups was ana-

lyzed by means of Chi-square t-test. Severity index variables were

compared with parametric or non-parametric statistics. A value of

p < 0.05 was considered significant.

Results

Patient characteristics

As reported in Table 1, more than half of the pa-

tients had a poor Hunt & Hess grade and Fisher score.

We performed 56 Xe-CT studies in 29 patients who,

collectively, developed 36 hypodensity areas on CT

scans. Among the causes recognized, vasospasm and

post-surgical or post-embolization impairment of

vessel patency were predominant. As Xe-CT measure-

ments were carried out at least twice in 16 of these

patients, a total of 70 low density areas/Xe-CT studies

were assessed. The median time elapsed between

bleeding and aneurysmal surgery or embolization
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and low density lesion/Xe-CT studies was respectively

194 hrs (IQR 220) and 121 hrs (IQR 223). The

physiological parameters recorded during the Xe-

CT studies suggest that they were performed in a

stable condition: ICP was 22.9G 8 mmHg, CPP

75.1G 15.3 mmHg, PaCO2 38.7G 5.3 mmHg, Hb

10.2G 1.4 gr/dl, Ht 30G 3.5%, SaO2 96.7G 1.8%,

temperature �C 37.2G 1.0.

CBF values

As illustrated in Table 2, the size of CT hypoat-

tenuated lesions was remarkably large (2357.9G
1699.6 mm2). rCBF levels were significantly lower

in the low density area (22.6G 22.7 ml/100 gr/min)

than in the contralateral normal-appearing area

(32.8G 17.1 7 ml/100 gr/min) (p ¼ 0.0007). Only

25.7% of the low density areas examined had an

rCBF under the threshold of severe ischemia, whereas

43.7% of these lesions had an rCBF above the hypere-

mic threshold.

Outcome

As indicated in Table 3, outcome categories were

not related to di¤erences in conventional predictors,

except for higher maximum ICP levels in patients

with poor outcome. On the other hand, the size of the

low density area seems highly associated with poor

outcome. Interestingly, a better outcome was found in

patients having hyperemic low density lesions.

Discussion

The current study confirms the hypothesis that is-

chemic rCBF values are inconsistently found in low

Fig. 1. A low density area associated with severe ischemia (1.5 ml/100 gr/min); rCBF in contralateral normal-appearing area was 41.8 ml/

100 gr/min

Fig. 2. A low density area associated with absolute hyperemia (rCBF 95.1 ml/100 gr/min); rCBF in contralateral normal appearing area was

45.3 ml/100 gr/min
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density areas after reduction of regional arterial flow in

large conductance vessels. In fact, according to

previous studies [7, 15], we found rCBF levels in low

density areas lower than in contralateral normal-

appearing tissue, indicating an ongoing focal hypoper-

fusion. However, rCBF levels suggestive of irreversible

ischemic damage were present only in approximately

one-fourth of the low density areas examined.

The pathogenesis of hypodense lesions included

in this study was variable and, in decreasing order

of frequency, they were: vasospasm, post-surgical-

embolization impairment of vessel, patency impair-

ment and, finally, distortion of vessels following

reversible brain herniation. As a consequence, the

pathogenetic mechanisms of initial injury as well as

the time-evolution of rCBF changes in the a¤ected

areas could be heterogeneous, explaining why hypo-

dense areas can be associated with a wide range of

rCBF values. In fact, it seems reasonable to believe

that while some vessels are permanently occluded

leading to deep irreversible ischemia, others are only

temporarily impaired due to the removal of the exter-

nal compression and/or recanalization. On the other

hand, a prolonged critical decrease of rCBF in feeding

arteries may lead to a progressive distal microvascular

ischemia, independent of the status of the main vessels.

This study may be of some interest for the clinical

setting. Cerebral perfusion pressure management and

triple H therapy, (hypervolemia, hemodilution hyper-

tension), have been applied to prevent or revert focal

ischemic delayed deficit in SAH [3]. The physiological

background of these treatments suggests the possibility

that an improvement of CBF values can be obtained

both in large conductance vessels and in microcircula-

tory territories [3]. However, only in few cases have

these physiological therapies been performed in associ-

ation with a serial monitoring of rCBF values which

could improve the cost/e¤ectiveness of these treat-

ments [1]. In fact, HHH therapy may be complicated

by cardiovascular complications and, potentially, wor-

sening of cerebral lesions due to vasogenic edema and

hemorrhagic infarction [12].

Our data also suggest that, in the selected case-

mix involving only patients with low density areas in

MCA territory, a better outcome seems to be associ-

ated with hyperemic values. These data should be con-

firmed in a multivariate analysis since in the present

univariate analysis the extension of low density area

seems more relevant than the rCBF levels. Ischemic le-

sions with early hyperperfusional pattern have already

Table 1. Characteristics of 29 SAH patients having a focal low den-

sity lesion undergoing Xe-CT studies

Patients, n 29

Age, median (IQR) years 54 (20.7)

Sex, n (%) female 19 (65.5)

Hunt & Hess scale,

score, n (%)

I 6 (20.7)

II 3 (10.4)

III 6 (20.7)

IV 9 (31)

V 5 (17.2)

Location of bleeding

aneurysm, n (%)

mean cerebral artery 13 (44.8)

carotid artery 5 (17.2)

anterior circulation 7 (24.2)

posterior communicating

artery

4 (13.8)

Fisher CT grade-1st CT,

n (%)

grade I 2 (6.9)

grade II 5 (17.2)

grade III 14 (48.3)

grade IV 8 (27.6)

Surgery, n (%) 20 (69)

Embolization, n (%) 9 (31)

Timing of procedure

post bleeding, hrs

14 (43.5)

Causes of low density

areas, n (%)

vascular distortion 4 (13.8)

post-surgery or post-

embolization

11 (37.9)

vasospasm 14 (48.3)

Outcome at 12 months,

n (%)

dead 10 (34.5)

persistent vegetative state 1 (3.4)

severe disability 8 (27.6)

moderate disability 6 (20.7)

good recovery 4 (13.8)

Table 2. Characteristics of 36 low density areas in 70 Xe-Ct lesions studies

Low density area Contralateral normal area

Area mm2 2357.9G 1699.6 1859G 1223.8 pa 0.0001

rCBF ml/100 gr/min 22.6G 22.7 32.8G 17.1 p ¼ 0.0007

rCBF <6 ml/100 gr/min, n/% 18 (25.7) 1 (1.6) pa 0.0001

>6 anda18 ml/100 g/min, n/% 23 (32.9) 13 (20.3)

>18 ml/100 gr/min <33.9 ml/100 gr/min, n/% 11 (15.7) 22 (34.4)

>33.9 anda55.3 ml/100 g/min, n/% 12 (17.1) 23 (35.9)

>55.3 ml/100 gr/min, n/% 6 (8.6) 5 (7.8)
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been described in SAH patients with vasospasm [15].

In stroke patients, positron emission tomography

studies have demonstrated that hyperperfusion is a

beneficial phenomenon associated with spontaneous

recanalization and good tissue outcome, when it oc-

curs early in the acute ischemic phase, whereas it repre-

sents a harmful event more commonly related to poor

tissue outcome if it arises later in the subacute ischemic

stage [10]. The present results seem to indicate that late

hyperperfusion, also, could produce a favourable clin-

ical e¤ect.

Last but not least, focal probes (ptiO2 and/or mi-

crodialysis) were placed in CT low density areas con-

sidering them to be ischemic and with the aim of

monitoring and improving regional circulation and

metabolism [13]. The study results suggest that a phys-

iological interpretation may be incomplete if not asso-

ciated with direct rCBF measurements.

In conclusion, rCBF studies in CT low density

areas show that only in one-fourth of the cases CBF-

ischemia is fully established. Conversely, hyperemia is

frequent in these areas, suggesting that rCBF levels can

be restored in the injured areas.
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Summary

The pathogenesis and the viability of edematous tissue may be dif-

ferent in traumatic hematomas and traumatic contusions. We tested

the hypothesis that mapping of regional Cerebral Blood Flow

(rCBF) was di¤erent in these two subtypes of traumatic intraparen-

chymal lesions. We evaluated rCBF by means of Xenon-enhanced

computerized tomography (Xe-CT) in 59 traumatic intracerebral

lesions from 43 patients with severe head injury. One-hundred-nine

intracerebral lesions/Xe-CT CBF measurements were obtained.

The rCBFwas measured in the hemorrhagic core, in the intralesional

oedematous low density area and in a 1 cm rim of apparently normal

perilesional parenchyma of both lesion subtypes. Not statistically

significant lower rCBF levels were found in the edematous area of

traumatic contusions. In traumatic hematomas rCBF levels were

lower in the core than in the low density area, suggesting that rCBF

in edematous area is marginally involved in the initial traumatic

injury and that edema is probably influenced by the persistence of

the hemorrhagic core. Conversely, in the traumatic contusions a dif-

ference in rCBF values was found between core, low density area and

perilesional area, indicating that rCBF of the low density area is re-

lated to a concentrical distribution of the initial injury.

Keywords: Cerebral blood flow; cerebral circulation; head injury;

ischemia; traumatic cerebral hemorrhage; traumatic contusions;

traumatic hematomas; xenon-CT.

Introduction

Traumatic intraparenchymal lesions are consis-

tently associated with edema, the extent of which is

potentially relevant for the mass e¤ect with elevation

of intracranial pressure (ICP). The viability of the

edematous tissue is still a matter of discussion because

it is of interest for both medical and surgical manage-

ment. As microvascular ischemia could be implicated

in cytotoxic edema development, the measurement of

regional cerebral blood flow (rCBF) has been applied

to quantify regional ischemia and to predict tissue via-

bility within the edematous area associated with cere-

bral contusions. However, the threshold of ischemia

in comatose, sedated head-injured patients has not yet

been defined. At the same time, di¤erent rCBF levels

have been found in previous studies [3–5, 7, 8, 11, 14],

probably due to the evaluation of di¤erent subtypes of

contusions having potentially di¤erent mechanisms

in edema formation. In addition, di¤erent forms of

edema can be identified in various temporal phases

which characterize the evolution of cerebral contu-

sions. Vasogenic edema seems to be predominant in

later days, roughly afther four days day post-injury,

whereas osmotic and cytotoxic edema may occur in

early phases.

It is well known that traumatic intraparenchymal

lesions range from large traumatic hematomas, trau-

matic contusions, ‘salt and peppers’ contusions and

low density contusions to petecchiae [9]. Thus, it seems

reasonable to believe that in each type of lesion the

pathogenesis and the form of edema could be di¤erent.

In the clinical setting, the ‘surgical’ doubts concerning

the viability of edematous areas are restricted to small

traumatic hematomas and contusions. Concerning

traumatic hematoma, the existence of a not-evacuated

hemorrhagic core within the cerebral parenchyma is

commonly associated with an enlargement of the

perihematoma edema. This phenomenon has been de-

scribed in intraparenchymal spontaneous hematomas

[1] and growing evidence supports the opinion that



the formation of vasogenic edema is mediated by the

hemorrhagic core through the shedding of toxic mole-

cules [15]. In contrast, in traumatic contusion the sig-

nificance of the hemorrhagic component is, smaller.

In these lesions, the scattered blood is embedded in

necrotic edema [9], as a consequence of diapedesis

and not of a primary bleeding, and the evolution of

edema would in part be independent from the extent

of the central hemorrhagic core, but could be related

to cytotoxic phenomena due to a reduction of rCBF.

Thus, edema surrounding the core in traumatic hema-

toma may be predominantly vasogenic and associated

with a minor reduction of rCBF, whereas edema lo-

cated around the clot in traumatic contusions could

be cytotoxic and related to ischemic rCBF levels. To

test this hypothesis we evaluated the absolute rCBF

values in two di¤erent intraparenchymal lesions:

traumatic hematomas, excluding large hematomas,

and contusions, excluding purely low density trau-

matic contusions.

Material and methods

Patient’s summary and case mix selection

From July 1999 to October 2001, 106 severely head-injured pa-

tients (GCSa 8) with 148 traumatic intraparenchymal lesions were

admitted to the Neuro Intensive Care Unit of our hospital and 63 of

these patients underwent Xenon-CT. Among the patients consecu-

tively submitted to Xenon-CT studies, at least one intraparenchymal

lesion was present in 56 patients in whom, collectively, 84 intrapar-

enchymal lesions were present. Among these lesions, large traumatic

hematomas, ‘salt and pepper’ contusions, low density contusions and

petecchiae were excluded. The 59 remaining intraparenchymal le-

sions, collected in 43 patients, were categorized by a single neuro-

radiologist (EF), unaware of the hypothesis of the study and not

involved in statistical analysis in two subtypes: contusions in which

the hemorrhagic core (larger than 1 cm in diameter) consisted of

multiple confluent islands embedded in low density edematous tissue

(Fig. 1) and traumatic hematomas, having a well-defined hemor-

rhagic core larger than 2 cm in diameter and, if any, a well distrib-

uted peri-core edema (Fig. 2).

Stable xenon-enhanced CT CBF measurement and CBF analysis

CBF studies were conducted using a CT scanner (Picker 5000)

equipped for Xe-CT CBF imaging (Xe/TC system-2TM, Diversified

Diagnostic Products, Inc., Houston, TX). All patients were artifi-

cially ventilated, sedated, and paralysed. Further details concerning

the Xe-CT studies have been earlier described [4]. Lesional rCBF

was calculated by dedicated software (Xe-CT System Version 1.0 w

6, 1998, Diversified Diagnostic Products, Inc, Houston, TX) and

was expressed in ml/100 gr/min in three di¤erent ROIs larger than

1 cm2 drawn freehand on the diagnostic CT as previously published

[4]: 1) within the lesional hemorrhagic core (hemorrhagic core); 2) in

the peri.-core low-density edematous area (intralesional low-density

area); 3) within 1 cm of the normal-appearing brain tissue surround-

ing the low density area (perilesional normal-appearing area). An

additional ROI was placed in a normal-appearing brain tissue area,

with a shape that corresponded to the intraparenchymal brain lesion

(hemorrhagic core plus intralesional low-density area), located sym-

metrically in the contralateral hemisphere (contralateral lesion ‘‘mir-

ror’’ area). If the contralateral lesion ‘‘mirror’’ area displayed an

altered coe‰cient of density at CT scan, this ROI was not analyzed.

The di¤erences between the values of the rCBF measured in the

contiguous intraparenchymal lesion ROI were measured: delta

core/edema (equal to the rCBF measured in the hemorrhagic core

rCBF core minus the rCBFmeasured in the intralesional low-density

area) and delta edema/normal (equal to the rCBF measured in the

intralesional low-density area minus the rCBF measured in the nor-

mal appearing area), delta normal/contralateral (equal to the rCBF

Fig. 1. Regional CBF in a traumatic contusion evaluated in three di¤erent ROIs: (1) within the hemorrhagic core; 10.5 ml/100 gr/min, (2) in

the edematous low-density area, 23.2 ml/100 gr/min, (3) around a 1 cm. rim of normal-appearing brain tissue surrounding the perilesional low-

density area, 32.4 ml/100 gr/min. The concentrical distribution of the ROIs is self-evident
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measured in the normal appearing area, minus the rCBF measured

in the contralateral area). According to previous authors [7, 8, 11,

14], a value of CBF below 18 ml/100 gr/min was used to dichoto-

mize the rCBF measurements.

Statistical analysis

The data were checked for normality. Mean values of CBF mea-

sured in the core, the intralesional low-density area and the perile-

sional normal-appearing area were compared by means of ANOVA.

Comparison between the ROIs was made by applying the Sche¤è

test. To test the hypothesis that there were di¤erences in the rCBF

distribution in the three concentric ROIs, as well as in the rCBF delta

between ROIs, the traumatic hematoma and traumatic contusion

groups were compared by means of a pooled t-test. To test the

hypothesis that the rate of ischemia was higher in the traumatic con-

tusion group than in the traumatic hematoma group, we compared

the frequency of ischemia by means of a chi-square test. A value of

p below 0.05 was considered significant.

Results

The demographic and clinical parameters of our

case material are reported in Table 1. Mean physio-

logical values during the Xe-CT studies were consis-

tent with a stabilized condition: ICP was 20.9G
10.5 mmHg, CPP 67.8G 13.7 mmHg, PaCO2 37.6G
5.1 mmHg, Hb 10.2G 1.6 gr/dl, SaO2 97.1G 2%

and temperature 37.2G 0.9 �C. As some of the 59 con-

tusions were repeatedly studied by 82 Xe-CT examina-

tions during the acute phase, we analyzed a total of 109

contusion studies. The median time elapsed, respec-

tively between injury and intraparenchymal lesion/

Xe-CT studies, was 89 hours (IQR 106).

The rCBF measured in the intralesional low-density

area of contusions (29.7G 19.6 ml/100 gr/min) was

lower than in the corresponding area of hematomas

Fig. 2. Case example of rCBF in a traumatic hematoma evaluated in in three di¤erent ROIs: (1) within the hemorrhagic core; 9.9 ml/100 gr/

min, (2) in the edematous low-density area, 44.5 ml/100 gr/min, (3) around a 1 cm. rim of normal-appearing brain tissue surrounding the per-

ilesional low-density area, 63.5 ml/100 gr/min. Marked rCBF reduction in the core and minor derangement of rCBF in low density and perile-

sional normal appearing area can be observed

Table 1. Characteristics of 42 severely head injured patients undergo-

ing Xe-CT studies

Patients, n 43

Age, median

(IQR)

years 35 (32)

Sex, n (%) male 31 (74.4)

best worst

Initial GCS,

median (IQR)

7(6) 4(4)

motor GCS,

median (IQR)

4(3) 2(4)

Pupillary

reactivity, n

(%)

normal 24 (57.1) 22 (52.3)

one pupil dilated

unreactive

11 (26.2) 16 (38.9)

bilaterally dilated

unreactive pupils

0 (0) 4 (9.5)

Worst CT, n (%) di¤use injury I 0 (0)

di¤use injury II 5 (15.7)

di¤use injury III 4 (12.5)

di¤use injury IV 0 (0)

evacuated mass

lesions

21 (65.6)

not evacuated mass

lesions

2 (6.2)

Outcome at 12

months, n (%)

dead 7 (18.4)

persistent

vegetative state

5 (13.2)

severe disability 7 (18.4)

moderate disability 5 (13.2)

good recovery 14 (36.8)
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(35.1G 21.3 ml/100 gr/min) but the di¤erence did not

reach statistical significance (p ¼ 0.1795). Although

not statistically relevant, rCBF levels below 18 ml/

100 gr/min were more frequent in contusions (32.7%)

than in hematoma (24.6%) intralesional low-density

areas. The rCBF values of the hemorrhagic core was

lower (p ¼ 0.055) in hematomas than in contusions.

No di¤erences were found when the rCBF measured

in the perilesional normal-appearing areas were com-

pared between the two groups.

Di¤erences in rCBF levels were observed when we

cumulatively assessed the various ROIs in each of the

two lesion subgroups (pa 0.0001). However in the

traumatic contusion group (Fig. 1) we found a steady

improvement of rCBF from the centre to the periphery

of the lesion, whereas in traumatic hematomas (Fig. 2)

a significant di¤erence in rCBF was found only be-

tween core and intralesional low density area. In

traumatic hematoma the reduced rCBF levels in the

intralesional low density area with respect to the per-

ilesional area did not reach statistical significance.

The extent of rCBF delta core/edema and the delta

edema/normal was comparable (p ¼ 0.6325) in trau-

matic contusion, while consistent di¤erences were

found in traumatic hematoma (pa 0.0001). No dif-

ferences were found between the perilesional normal-

appearing area rCBF and the contralateral normal-

appearing area rCBF in either of the lesion groups.

Discussion

The primary hypothesis that the edema surrounding

the core was associated with a lesser reduction of rCBF

in traumatic hematomas than in traumatic contusions

was not confirmed statistically. Conversely, di¤erences

in flow mapping were found between the two groups.

A constant degree of derangement of rCBF was de-

tected from the periphery to the centre in traumatic

contusions, whereas in traumatic hematomas we ob-

served lower rCBF values in the core than in the edem-

Table 2. Details concerning the mapping of rCBF measured during lesion/Xe-CT studies

Traumatic contusion Traumatic hematoma p

52 (43 contra) 57 (47 contra)

CBF (ml/100 gr/min) lesional hemorrhagic core 19.6G 17.9*^ 14.0G 11.8*^ 0.055

intralesional low density area 29.7G 19.6*$ 35.1G 21.3*$ 0.1795

perilesional normal appearing area 41.4G 18.6^$&

Anova pa 0.0001;

*p ¼ 0.028,

$p ¼ 0.0079,

^pa 0.0001

41.0G 20.1^$&

Anova pa 0.0001;

*pa 0.0001,

$p ¼ 0.24,

^¼pa 0.0001,

0.9143

contralateral normal appearing area 39.0G 18.9&

&p ¼ 0.5367

36.8G 22.2&

&p ¼ 0.3211

0.6247

Area (mm2) lesional hemorrhagic core 441.2G 337.2* 234.8G 230.6* 0.0003

intralesional low density area 1088.5G 554.4*$ 932.8G 625.5*$ 0.1737

perilesional normal appearing area 782.5G 283.0$

ANOVA pa 0.0001;

*pa 0.0001,

$pa 0.001,

^pa 0.0001

729.7G 346.2$

ANOVA pa 0.0001;

*pa 0.0001,

$pa 0.001,

^pa 0.0001

0.3620

contralateral normal appearing area 1576.6G 533.6 1275.7G 715.3 0.0273

CBF values below 18

ml/100 r/min (%)

lesional hemorrhagic core 63.3 70.2 0.4507

intralesional low density area 32.7 24.6 0.3473

perilesional normal appearing area 9.6*

pa 0.0001

12.3*

pa 0.0001

0.6570

contralateral normal appearing area 9.3*

p ¼ 0.9586

12.8*

p ¼ 0.9486

0.6015

CBF (ml/100 gr/min) Delta hemorrhagic core –

intralesional low density area

�10.2G 16.4* �21.1G 14.4* 0.0004

Delta intralesional low density area

– perilesional normal appearing

area

�11.6G 15*

*t-test p ¼ 0.6235

�5.8G 15.4*$

*t-test pa 0.0001

0.0504

Delta perinormal normal appearing

– contralateral normal appearing

0.6G 14.1$

&t-test p ¼ 0.0003

2.0G 14.9$

$t-test p ¼ 0.0325

0.6336
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atous area. The rejection of the primary hypothesis

may be due to an overlap in the case mix of the groups

selected. This may also be one of the reasons explain-

ing the wide range of rCBF values measured in trau-

matic intraparenchymal lesions in previous investiga-

tions [3–5, 7, 8, 11, 14]. Notwithstanding the potential

limitations in the criteria of group selection, the study

may have the advantage that it compares lesions in

patients undergoing the same medical and surgical

management and suggests that, although in absence

of statistical di¤erences in rCBF levels, mechanisms

of edema formation could be divergent in traumatic

contusions and hematomas. In fact, the pattern of

rCBF in traumatic contusions is in agreement with

the basic pathological knowledge suggesting a contin-

uum in severity from the periphery to the centre of the

contusion. The strongly reduced rCBF values found in

the hemorrhagic core were consistent with the destruc-

tion of parenchyma at the centre of energy application

associated with a central necrosis, vascular disruption,

diapedesis of red blood cellsand osmotic edema. More

peripherally the swelling of the astrocytes may gener-

ate a primary critical hypoperfusion, low rCBF and

cytotoxic edema. The surrounding normal-appearing

tissue and its rCBF levels may not be directly a¤ected

by the initial traumatic impact. A constant, average

improvement of 10 ml/100 gr/min was found in the

traumatic contusions moving from the core to the

edematous area and thereafter to normal-appearing

tissue, confirming von Oettingen study’s results [14].

On the other hand, rCBF mapping in the traumatic

hematoma category seems substantially di¤erent. In

the hemorrhagic core, rCBF values were lower than

in the surrounding edematous area. Even if the patho-

genesis of traumatic hematomas is not fully know, it is

probable that primary bleeding from small arterioles

after traumatic injury represents the main factor. The

hemorrhagic core may be detected at pathological ex-

amination as a clot, not as an hemorrhagic infarction

or as a central necrosis. In contrast to the hemorrhagic

core, similar rCBF values were recorded in perihema-

toma low density and normal-appearing areas suggest-

ing that peri-core edema a¤ects a previously normal

tissue with mechanisms which only marginally pertu-

bate cerebral perfusion. Considering that vasogenic

edema does not a¤ect rCBF [13] and seems preponder-

ant in spontaneous hemorrhage [10], it is reasonable to

presume that edema formation in traumatic hemato-

mas may be primarily due to vasogenic mechanisms

generated by the presence of the hemorrhagic core.

This type of edema could be related to the volume of

the hemorrhagic core [1], associated with a potentially

reversible [12] non-ischemic reduction of rCBF [10],

and coupled with a reduction of regional metabolism

[16].

In conclusion, the results of the present study do not

definitively confirm patterns in the pathogenesis of

traumatic intraparenchymal lesions, but help to better

define two possible mechanisms, previously hypothe-

sized [3]. The first, probably more applicable to trau-

matic contusions, in which rCBF is directly a¤ected

by the initial destructive insult injury and involved in

edema pathogenesis. The second, more applicable to

traumatic hematomas, in which edema is the result of

a di¤usion of the pathogenetic process from the centre

to the periphery and in which rCBF is marginally af-

fected. The validation of this hypothesis may be of in-

terest in order to improve the specificity and the timing

of experimental medical therapies in traumatic hema-

toma [2] directed at reducing the progression of initial

bleeding and edema as well as of surgery aimed at re-

moving the central clot and preventing further edema

[6]. Conversely, if low CBF values in edematous tissue

surrounding traumatic contusions will be confirmed to

be associated with a poor viability, there would be less

doubt with regard to surgical evacuation, when an ICP

elevation occurs or when an inappropriate elevation of

the level of medical management is required.
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Summary

Following traumatic brain injury, as a consequence of ionic distur-

bances and neurochemical cascades, glucose metabolism is a¤ected.

[18F]-2-Fluoro-2-deoxy-D-glucose (FDG) – Positron Emission To-

mography (FDG-PET) provides a measure of global and re-

gional cerebral metabolic rate of glucose (rCMRglc), but only dur-

ing the time of the scan. Microdialysis monitors energy metabolites

over extended time periods, but only in a small focal volume of the

brain.

Our objective in this study is to assess the association of parame-

ters derived from these techniques when applied to patients with

traumatic brain injury. Eleven sedated, ventilated patients receiving

intracranial pressure monitoring and managed using Addenbrooke’s

Neurosciences Critical Care Unit protocols were monitored. Dialy-

sate values for glucose, lactate, pyruvate, and glutamate, and the

lactate to glucose (L/G), lactate to pyruvate (L/P) and pyruvate to

glucose (P/G) ratios were determined and correlated with rCMRglc.

FDG-PET scans were performed within 24 hours (five patients),

or between 1 and 4 days (two patients) or after 4 days (six patients).

Two patients were rescanned 4 and 7 days after their initial scan. A

20 mm region of interest (ROI) was defined on co-registered CT

scan on two contiguous slices around the microdialysis catheter.

Mean (Gsd) for rCMRglc was 19.1G 5.5 mmol/100 g/min, and the

corresponding microdialysis values were: glucose 1.4G 1.4 mmol/

L; lactate 5.3G 3.6 mmol/L; pyruvate 164.1G 142.3 mmol/L;

glutamate 15.0G 14.7 mmol/L; L/G 11.0G 16.0; L/P 27.3G 7.9

and P/G 381G 660. There were significant relations between

rCMRglc and dialysate lactate (r ¼ 0.58, P ¼ 0.04); pyruvate

(r ¼ 0.57, P ¼ 0.04), L/G (r ¼ 0.55, P ¼ 0.05), and the P/G

(r ¼ 0.56, P ¼ 0.05) but not between rCMRglc and dialysate glu-

cose, L/P or glutamate in this data set.

The results suggest that increases in glucose utilization as assessed

by FDG-PET in these patients albeit in mainly healthy tissue are

associated with increases in dialysate lactate, pyruvate, L/G and the

P/G ratio perhaps indicating a general rise in metabolism rather than

a shift towards non-oxidative metabolism. Further observations are

required with regions of interest (microdialysis catheters positioned)

adjacent to mass lesions notably contusions.

Keywords: Brain glucose metabolism; FDG-PET; microdialysis;

traumatic brain injury.

Introduction

Cerebral metabolism following traumatic brain

injury can be quantified by imaging (Positron Emis-

sion Tomography) and catheter (microdialysis) tech-

niques [1]. [18F]-2-Fluoro-2-deoxy-D-glucose (FDG)

– Positron Emission Tomography (FDG-PET) pro-

vides a measure of global and regional cerebral meta-

bolic rate of glucose (rCMRglc), but only during the

time of the scan. Microdialysis monitors energy sub-

strates and metabolites (e.g. glucose, lactate, pyru-

vate) over extended time periods but only in a small

focal volume of brain. We have previously employed

these complementary techniques simultaneously in

patients with traumatic brain injury, demonstrating a

significant relation between the microdialysis-derived

lactate/pyruvate ratio and the PET-derived oxygen ex-

traction fraction [2].

In terms of glucose metabolism following traumatic

brain injury there is now good evidence that hypergly-

colysis (an increase in glucose utilisation) is present,

particularly in and adjacent to focal mass lesions [3].

The objective of this study was to explore the relation

between PET and microdialysis parameters of glucose

metabolism, in particular to utilise microdialysis to

determine the fate of glucose undergoing hyperglycol-

ysis.

Material and methods

The study was approved by the Local Research and Ethics Com-

mittee, and UK Radiation Protection Committee. Informed assent

from the patient’s next of kin was obtained. Patients with traumatic

brain injury older than 16 years, sedated, ventilated, and with intra-



cranial pressure monitoring were eligible for the study. Patients were

managed according to Addenbrooke’s Neurosciences Critical Care

Unit protocols [4, 5]. Eleven patients were studied using a combina-

tion of cerebral microdialysis and FDG-PET scans performed in the

adjacent Wolfson Brain Imaging Centre. Two patients were re-

scanned 4 and 7 days after their first scan. Comprehensive neuro-

intensive care monitoring and treatment were maintained through-

out the PET scans.

Cerebral microdialysis

Microdialysis catheters (CMA 70, 10-mm membrane, CMA,

Stockholm, Sweden) were inserted into the frontal cerebral paren-

chyma, in conjunction with the intracranial pressure sensor (Cod-

man, Raynham, MA, USA) using a triple-lumen cranial access

device (Technicam, Newton Abbot, UK) [6]. The catheters were in-

serted to a depth of 30 mm monitoring predominantly white matter,

and were perfused with Perfusion Fluid CNS for Microdialysis

(NaCl 147 mmol/L, KCl 2.7 mmol/L, CaCl2 1.2 mmol/L, MgCl2
0.85 mmol/L, CMA Stockholm, Sweden) at a rate of 0.3 ml/min us-

ing the CMA106 pump (CMA, Stockholm, Sweden). Vials were

changed at 20 minute intervals during FDG-PET scanning. Micro-

dialysate was analysed for glucose, lactate, pyruvate and glutamate

using a CMA600 bedside microdialysis analyser (CMA, Stockholm,

Sweden). The delay from the microdialysis membrane to the collect-

ing vial (the dead space) is 17 minutes, and this was accounted for

in the study design. The catheters were inserted at least four hours

before the PET scan to ensure baseline stability.

FDG-PET technique

All scans were performed in the Wolfson Brian Imaging Centre

(WBIC) using standardized protocols on a GE Medical Systems

Advance Whole-Body tomograph (General Electric Company, Mil-

waukee, WI, USA) with a spatial resolution of 5 mm� 5 mm�
6 mm. All FDG scans were acquired in 3D (septa out) mode. As

standard procedure, a transmission scan was performed with exter-

nal germanium-68 rod sources (10 minutes duration) to calculate

the attenuation correction for each patient scan. Patients were in-

jected intravenously with a 10 ml dose of circa 74 MBq [18F] FDG

by infusion over 60 seconds. The radiochemical purity of [18F]-FDG

exceeded 98%. Arterial blood samples were taken at 0.5, 1, 1.5, 2, 3,

4, 5, 7, 10, 15, 25, 35, 45, and 55 minutes post-infusion, resulting in

14 samples for the input function. For the first 5 minutes following

FDG injection, the frame rate of the scanner was 1 frame per minute.

Between 5 minutes and 55 minutes, the frame rate was reduced to 1

frame every 5 minutes, and in the final 20 minutes, reduced further to

1 frame every 10 minutes. Consequently, over 55 minutes 13 frames

were recorded. The PET emission data was reconstructed using the

PROMIS 3D filtered back-projection algorithm, with corrections

applied for attenuation, scatter, random counts, and dead time.

After reslicing CT images to 5 mm, PET and CT images were co-

registered and analyzed using custom-designed automated software

(PETAN) [7] incorporating elements of several di¤erent software

packages, including Statistical Parametric Mapping (SPM99, Well-

come Department of Cognitive Neurology, London, UK), Matlab

5.2 (MathWorks, Natick, MD, USA), Analyze 5 (AnalyzeDirect,

Lenexa, KS, USA), and registration by multiresolution optimization

of mutual information (mpr, Department of Radiologic Sciences,

Guy’s Hospital, London, UK) [8, 9].

Data analysis

A 20 mm region of interest (ROI) was defined on the co-registered

CT scan around the sensor on two contiguous slices to represent the

volume of brain measured with the microdialysis catheter. The size

of the ROI has previously been determined [2, 10] aiming to keep

the region as focal as possible whilst at the same time limiting param-

eter variance. By superimposing this ROI over the PET scans, ROI

values for glucose utilization (rCMRglc) were obtained using the

Huang operational equation [11].

Data obtained from FDG-PET and microdialysis were compared

using least square linear regression and then analysis of variance

(ANOVA).

Results

The age of patients ranged from 17 to 65 years

with nine males and two females. Microdialysis

monitoring started 24G 16 hours (range 8–62.5) post

injury. FDG-PET scans were performed on average

85G 73 hours (range 12 hours to 7 days 21 hours)

after injury. Five patients were scanned within 24

hours, two between 1 and 4 days and six patients

were scanned more than 4 days after injury. Mean

(Gsd) for rCMRglc was 19.1G 5.5 mmol/100 g/min,

and the corresponding microdialysis values were:

glucose 1.4G 1.4 mmol/L; lactate 5.3G 3.6 mmol/L;

pyruvate 164.1G 142.3 mmol/L; glutamate 15.0G
14.7 mmol/L; lactate to glucose ratio (L/G) 11.0G
16.0; lactate to pyruvate ratio (L/P) 27.3G 7.9 and

the pyruvate to glucose ratio (P/G) 381G 660. In this

data set there were significant associations between

rCMRglc and dialysate lactate, pyruvate (see figures 1

a & b respectively), the L/G and P/G ratios but not

between rCMRglc and dialysate glucose, L/P or gluta-

mate (Table 1).

Discussion

In this study, we have shown that associations

exist between measures of glucose utilisation,

rCMRglc, derived from FDG-PET imaging and mi-

crodialysate parameters of energy metabolism, extra-

cellular fluid lactate, pyruvate, L/G and P/G ratios.

However, no significant correlation was observed be-

tween rCMRglc and dialysate glucose, glutamate or

L/P ratio.

The cerebral microdialysis values reported here

are similar to those of previous studies in head injury

[2, 12–15]. A significant correlation between dialysate

L/P ratio and PET derived oxygen extraction fraction

in patients with head injury has previously been re-

ported by our group [2]. Although this finding suggests

an association between metabolic stress and tissue hy-

poxia, the OEF observed in these patients appeared

to be within the normal range (i.e. not exceeding 0.7).
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Another study examining the relationship between

brain tissue oxygen, PbO2, and tissue chemistry found

that large increases in microdialysis parameters nor-

mally occurred only when tissue oxygen levels fell to

very low levels [16]. Irrespective of the availability of

oxygen, mitochondrial dysfunction may be a barrier

to oxidative glucose use [17, 18].

Bergsneider et al. were first to report evidence of ce-

rebral hyperglycolysis in severely head injured patients

and presumed that over half the patients studied

showed either global or regional hyperglycolysis

within the first week following injury [3]. We have ob-

served a case in which microdialysis was performed

within a region of brain showing evidence of hyper-

glycolysis from FDG-PET and Oxygen-15-PET imag-

ing. In this case, dialysate glucose values were very

low (<0.25 mmol/L) whilst other parameters were

high; lactate > 12 mmol/L; pyruvate > 450 mmol/L;

L/P > 36; and glutamate > 50 mmol/L, consistent

with hyperglycolysis.

Further work from our group on CPP augmentation

(from @70 mmHg to @90 mmHg using norepine-

phrine to control CPP) showed significantly increased

levels of PbO2 and significantly reduced regional OEF

[19]. However, this did not produce significant changes

in regional chemistry as measured using microdialysis,

albeit in a small patient group (eleven). The trends ob-

served in association with CPP augmentation were av-

erage falls in lactate 30%, L/P ratio 20%, and glycerol

13% without changes in glucose and pyruvate levels.

Furthermore, of three patients with baseline L/P ratio

above 25 (25 being regarded as the upper limit of nor-

mal [20, 21], in one of these patients the L/P ratio fell

to a normal level during CPP augmentation.

In patients with head injury the application of FDG-

PET, in terms of the selection of operational equation,

the use of population derived rate constants, and the

general assumptions made regarding the relationship

between the tracer, FDG, and endogenous glucose, re-

quires further validation. In these patients we feel that

correlation using a technique such as microdialysis

may provide support for FDG-PET in the global and

regional assessment of tissue glucose metabolism albeit

as a snap-shot only. Whether, this approach can gener-

ate reliable estimates in terms of quantifiable values is

at present a matter for debate.

On the other hand, microdialysis has the potential to

measure metabolic rates but probably requires the use

of labeled metabolite markers and use of calibration

techniques. Nevertheless microdialysis does permit

longer term monitoring of tissue chemistry although

only within the immediate vicinity of the catheter.

Consequently appropriate placement of the microdial-

ysis catheter is critical. It should be remembered that

microdialysis measures the extracellular fluid con-

centration of energy parameters, and not production,

utilisation or elimination of substances per se. Con-

sequent dialysate levels represent a summation of the

processes described above and interpretation of results

Fig. 1 a, b. Graphs showing dialysate levels for (a) lactate and (b) pyruvate for individual patients with head injury, plotted against FDG-PET

derived regional cerebral metabolic rate of glucose utilisation, rCMRglc

Table 1. Correlation between [18F]-2-fluoro-2-deoxy-d-glucose –

positron emission tomography (FDG-PET) derived rCMRglc and

microdialysis parameters of glucose utilisation and glucose extracellu-

lar space metabolites representing metabolism

rCMRglc Glucose Lactate Pyruvate Glutamate L/G L/P P/G

r �0.31 0.58 0.57 0.414 0.55 0.19 0.56

P n.s. 0.04 0.04 n.s. 0.05 n.s. 0.05

The rCMRglc is the region-of-interest cerebral metabolic rate of

glucose utilisation. L/G, L/P and P/G are the dialysate lactate to

glucose, lactate to pyruvate and pyruvate to glucose ratio, respec-

tively. The r value is the regression coe‰cient. The value n.s. is non-

significant to P < 0.05.
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relies on an understanding of the tissue biochemistry

and physiology involved. Despite these reservations

we feel that this data suggests that higher levels of lac-

tate, pyruvate, L/G and P/G but not L/P ratio are as-

sociated with PET-derived increased regional glucose

utilisation. This indicates a general rise in metabolism

rather than a shift towards non-oxidative metabolism.

Further work is required to establish if this observation

translates to patients in whom the region of interest is

adjacent to contusions.
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Summary

Objectives. We investigated the e¤ect of shunt surgery in patients

with Normal Pressure Hydrocephalus (NPH) using Single Photon

Emission Computerised Tomography (SPECT).

Materials &Methods. Thirteen patients diagnosed with NPHwere

assessed clinically and using (99mTc)-SPECT andMRI both pre- and

post-operatively. Regions of interest were placed manually on T2

MRI and transferred to co-registered SPECT. Di¤erences between

pre- and post-operative cerebellum-normalised regional cerebral

blood flow (rCBF) were calculated and analysed in relation to clini-

cal findings represented by a new disability scale.

Results. The patients presented initially with 50G 30% disability

score and improved following the surgery by 6G 10% (p ¼ 0:1). We

did not observe any significant rCBF changes in the whole group

of patients (overall rCBF di¤erence ¼ þ0:3%, p ¼ 0:4). Some im-

provement was in basal frontal lateral cortex, basal ganglia and tha-

lamus (þ5%, p ¼ 0:08 to 0.2). Patients with <30% disability score

initially (N ¼ 4) had a reversed pattern of changes compared to

those with more symptoms (p < 0:05).

Conclusions. The small patient sample failed to show significant

changes in rCBF due to NPH or surgery. There is indication that in

patients with good initial clinical presentation there is little space for

relevant clinical improvement and increase in rCBF.

Keywords: Hydrocephalus; surgery outcome; disability score

system; image processing; single Photon Emission Computerised

Tomography.

Introduction

Ventricular enlargement and tissue distortion in hy-

drocephalic brain results in a range of functional dis-

orders probably due to a disturbance of cerebral

function. The latter can be estimated using a choice

of imaging methods for cerebral blood flow (CBF)

and metabolism o¤ering a potential for objective eval-

uation of the disorder [5]. In this paper we contrib-

ute to the ongoing discussion by studying the relation-

ship between the single photon emission tomography

(SPECT) CBF and the main clinical symptoms of hy-

drocephalus combined into a novel disability assess-

ment scale.

Material and methods

This study was performed on 13 patients with a clinical diagnosis

of hydrocephalus (age: median 67, range ¼ 19–79 years) of various

aetiology: trauma (N ¼ 3) cerebrovascular (N ¼ 2) idiopathic

(N ¼ 7) other (N ¼ 1) and a history of symptoms 1–7 years long

(median 4 years). The patients were given surgical shunt treatment

except of 4 who had aqueduct stenosis and were treated with 3rd ven-

triculostomy. All cases were assessed both before and 3 months after

surgery using a battery of psychoneurological tests and imaging.

From about 120 clinical variables we used only 7 factors to construct

a composite scale of symptom prevalence representing a weighted

proportion of functional disturbances with impact on the quality of

life (Table 1).

Preoperative and postoperative cerebral blood flow imaging

was performed using 1000-MBq of (99mTc)-d,l-HMPAO (Ceretec;

Amersham) administered intravenously at rest with eyes closed.

Scans were carried out on a three-headed SPECT gamma-camera

system (General Electric, Neurocam 2). For anatomic reference we

used contemporaneous T2 MRI scans performed on 1.5T camera

(Magnetom Vision plus, Siemens). To obtain the outline of the

Table 1. Scoring system for scalar disability scale in hydrocephalus.

The final normalisation step limits the e¤ect of missing values and sub-

stitution of specific criteria

Categories and test conditions Score range

Motor function

– Walking – any subjective problems

– Walking slower than 10 m in 12 s

– Romberg balance test < 1 minute

0–3

Mental capacity

– MMSS < 27

– Wakefulness – any problems

– Sleep time > 8 h

0–3

Incontinence 0–1

Total score ¼ ‘‘none’’–‘‘all’’ symptoms 0–7/7 ¼ 0%–100%



brain, the CBF volumes were thresholded at 50% of maximum inten-

sity and corrected using morphological operations to close ventricle

and white matter volume inside of the brain and exclude extracranial

tissue. Similar procedure was performed on T2 MR volumes with a

threshold in the first minimum of intensity histogram and appropri-

ate procedure for exclusion of non-brain tissue, such as eyes. The seg-

mentation was checked in all scans and manually adjusted if neces-

sary. We matched the CBF volume to MR minimising the average

distance between the outlines (top-hat method) and subsequently re-

sampled it trilinearly to the MR coordinates. Thus, the regions of in-

terest (ROIs) placed on MR could be directly referred to SPECT for

pixel intensity analysis. Elliptical ROIs were placed bilaterally [6] in

locations as named on Fig. 1. We analysed the maxima of pixel dis-

tributions in each ROI. After normalisation to the average of the

maxima of the left and right cerebellum counts in each scan, the re-

sulting maxima of relative CBF (rrCBF) they are assumed to carry

the information about CBF distribution in grey matter [1]. As the

control values we used 75 years old age group of controls from an

earlier study.

Results

On clinical assessment 1 patient worsened, 7 re-

mained the same, 5 improved after surgery; range �1

to þ2 of 7 selected major NPH functional impair-

ments. This corresponds to an improvement following

the surgery by 5.5% (SD ¼ 10%, p ¼ 0:1) from an ini-

tial disability score of 50% (SD ¼ 30%).

The regional blood flow values are presented in Fig.

1. In none of the ROIs, neither preoperatively nor

postoperatively, there were no statistical di¤erences

from controls. None of the rCBF changes resulting

from surgery were statistically significant either. Sub-

dividing the patients did not yield any statistical di¤er-

ences depending on scale factors, outcome nor aetiol-

ogy. Even without Bonferroni correction for multiple

comparisons only a few changes were significant. E.g.:

in response to surgery rrCBF increased in patients with

noncomunicating hydrocephalus in thalamus (þ0.06,

p ¼ 0:03), in continent patients increased in mesial

temporal (þ0.07, p ¼ 0:02) and decreased in frontal

medial regions (�0.05, p ¼ 0:04). Avoiding such possi-

bly spurious results, we pooled the data between the

ROIs to relate the initial clinical presentation score to

both the amount of clinical improvement and rrCBF

change (Fig. 2).

Discussion

Despite the conceptually attractive link between

blood flow and cerebral function, methods based on

assessment of cerebral blood flow show a poor relation

to clinical evidence as shown in a recent review of mul-

timodal technology applied in normal pressure hydro-

cephalus [5]. Our negative findings of both a baseline

di¤erence from normal controls and the postoperative

increase in the grey matter CBF are consistent with the

conclusions of Owler and Pickard [5]. It is worth not-

ing that the sample material in this study is small and

considerably varied both in the patient’s age, aetiology

and clinical presentation. From the literature it ap-

pears that if there are changes in baseline CBF and

corresponding compensation after shunt surgery, they

are, without doubt, small in comparison with the relia-

bility of any method currently available to estimate

them. In contrast to our earlier study [7], in this one,

due to SPECT camera upgrade we had to close mate-

rial at 13 cases. It is possible that this number is not

large enough to achieve statistical significance in the

observed e¤ects. Even though we can recognise a simi-

lar pattern of initial decrease and postoperative recov-

ery in thalamus, mesial temporal and some frontal re-

gions, the variability is too great to allow statistical

significance (Fig. 1). The changes do not become more

clear-cut with subdividing the material into groups

based on initial presentation. Even though there was a

perceptible trend suggesting that the patients who have

had more clinical disability present more improvement

both on clinical score and rrCBF, the reduction in

number of cases after subdivisions makes the chance

of non-spurious statistical significance even weaker.

Only overall relation such as presented in Fig. 2 can

be treated with moderate confidence.

Another potential factor in the analysis of our data

may be the relatively low incidence of clinical symp-

toms in our group of patients. From figure 2 we can

see that the initial minimal presentation with clinical

symptoms is related to an overall decrease in rrCBF

and does not prevent increasing the number of disabil-

ities after surgery. Inclusion of such cases according to

current trends [2] in a mixed group like this one, may

result in averaging the e¤ect to near zero, such as in

our small study. It must be noted that the functional

improvement depends most profoundly on the way,

how the clinical symptoms are measured. Typically,

each of the symptoms is assessed in its own arbitrary

scoring scale or using physical measurement units ob-

tained from an appropriate test [3, 4]. Unfortunately,

even though the multiplicity of indexes enables de-

tailed study of all clinical factors, the overall picture is

often di‰cult to comprehend. To help with this, there

are overall scales such as the NPH Scale for gait distur-

bance and dementia or the Rankin scale for handicap

but they do not span across all clinical symptoms and

170 S. K. Piechnik and L. Hultin
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give complex total scores. In this study we have con-

structed a blueprint of a symptomatic disability score,

which makes it easier to compare the overall clinical

presentation of a hydrocephalic patient using a per-

centage of the life a¤ecting incapacities within three

categories. We used 3 criteria in motor and mental sec-

tions compared to only one for incontinence reflecting

their weight on daily life. The main advantage of the

new scoring system is that overall normalised scalar

scores can be compared even if some tests are replaced

or skipped. The score carries similar information on

the scale 0–100% of disability provided that allotment

of tests within the sections is kept similar. Another po-

tential advantage of the test is its close relation to the

quality of life by concentrating on the di¤erences be-

tween norm and disability rather than on parametric

changes, which are often too small to have impact on

daily activities. This last property is most specifically

responsible for the lower outcome of shunt surgery

than the outcome generally reported in the literature

[3]. Even in this small sample, nearly all patients im-

proved on at least one parameter out of the initial

120. In the group there is also statistically significant

improvement from average 13 to 21 seconds on ability

to keep the balance (p ¼ 0:04). Nevertheless, 21 sec-

onds is far from the ability to stand unattended and

therefore it would not be recognised as a life a¤ecting

clinical improvement on the proposed scale. As any

new idea, this one will benefit from further analysis,

more systematic selection of clinical criteria and rele-

vant disability thresholds and verification on a larger

patient sample.
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Summary

The objective of the study was to evaluate radiation-induced cere-

bral injury on dynamic susceptibility contrast-enhanced (DSCE)

perfusionMR imaging and study its relationship with morphological

severity and disease progression.

Thirty-one patients with known radiation injury to the tem-

poral lobes where studied. Gradient and spin-echo T2-weighted,

gadolinium-enhanced T1-weighted and DSCE perfusion MR imag-

ing were obtained in the coronal plane through the anterior temporal

lobe. Regions of interest where selected in the anterior temporal

lobes and the superior frontal lobe as control for analysis of perfu-

sion parameters.

The mean transit time (MTT) was prolonged in both the High

Dose Zone (HDZ) receiving from two-thirds to the total dose of

66–71. 2 Gy, and the Intermediary Dose Zone (IDZ) receiving up

to 87% of the total dose. The HDZ but not the IDZ showed a low

relative cerebral blood volume (rCBV) and relative cerebral blood

flow index (rCBFi). The rCBV and rCBFi were significantly lower

in both HDZ and LBZ in temporal lobes with severe lesions com-

pared to the temporal lobes with mild lesions but there was no signif-

icant di¤erence in bolus transit parameters. The rCBV and rCBFi

were significantly lower in both HDZ and IDZ of the swollen tempo-

ral lobes compared to those without swelling.

It was concluded that DSCE perfusionMR imaging demonstrated

a derangement in perfusion in radiation-induced cerebral injury in

rCBV, rCBFi and MTT, which were related to the severity of the

radiation-induced injury and the dose of irradiation delivered.

Keywords: Dynamic susceptibility enhanced MRT; radiation in-

duced brain injury; cerebral blood volume; cerebral blood flow.

Introduction

Radiation-induced cerebral necrosis is one of the

most serious complications of radiation therapy

(RT) in cerebral and skull base tumors. Vascular

injury as the primary event has been widely accepted

[1–4]. Damage of the endothelium may be associated

with thrombosis and narrowing of lumen from de-

ranged proliferation. Dynamic susceptibility contrast-

enhanced (DSCE) MR imaging has been applied clin-

ically in the investigation of stroke, brain tumor, and

dementia. The objectives of the current study were

to evaluate quantitatively the various perfusion pa-

rameters of DSCE perfusion MR imaging in

radiation-induced temporal lobe injury and to study

their relationship with morphological severity and

dose received.

Materials and methods

Thirty-one patients with known radiation injury to the temporal

lobes after RT for nasopharyngeal carcinoma were studied. There

were 26 men and five women, aged 36–75 years (mean, 52 years).

The interval between RT andMR imaging ranged from 6 to 16 years

(mean, 8.5 years). All patients were treated on standard RT plans us-

ing left, right and anterior radiation beams with a dose of 66–77 Gy

covering the nasopharynx and adjacent at risk regions. All patients

were recurrence free. The irradiated part of the temporal lobes could

be segregated into an intermediate dose zone which was irradiated by

the lateral radiation beams but not the anterior radiation beam (due

to shielding by eyeshields in the anterior beam). This zone received

67% to 87% of the tumor dose, depending on the relative weighting

of the lateral and anterior beams in di¤erent plans. The lower bound-

ary of the intermediate dose zone corresponded to the plane of the

floor of the pituitary fossa. The infero-medial portion of the anterior

temporal lobes below the level of the floor of the pituitary fossa was

irradiated by both the lateral beams and the anterior beam and thus

subject to 100% tumor dose.

MRI was performed using a 1.5 T MR imager (Gyroscan ACS

NT, Philips Medical System, Best, the Netherlands). Coronal 4 mm

slices through the anterior temporal lobe were obtained on three

pulse sequences:

(i) Gradient and spin-echo T2-weighted [Repetition time (TR)

4550 ms, echo time (TE) 90 ms];

(ii) DSCE perfusion MR imaging;

(iii) Gadolinium-enhanced T1-weighted (TR 500 ms, TE 15 ms).



DSCE perfusion MRI was performed with a gradient echo echo-

planar technique. Acquisition was started 10 s after 20 ml intrave-

nous gadodiamide (Omniscan, Nycomed) injection, in a concentra-

tion of 0.5 mmol/ml delivered by means of an automatic injector

(Medrad, Pitsburgh, PA, USA) at a rate of 5 ml/s, with forty

dynamic scans performed in a temporal resolution of 1.9 s (TR/TE

360/30 ms, flip angle 45�, EPI factor 11, FOV 25 cm, matrix

128� 256, 1 NSA).

Four sections at the anterior temporal lobe were chosen for analy-

sis. In each section, two regions of interest (ROIs) on each side were

chosen:

(i) the lateral part of the upper half

(ii) the medial part of the lower half

ROI was selected with avoidance of contrast enhanced areas as

shown on T1-weighted images. The lower ROI was targeted at a

high dose zone (HDZ) > 60 Gy whilst the upper ROI was targeted

at the intermediate dose zone (IDZ) < 60 Gy. ROI was selected with

avoidance of contrast enhanced areas as shown on T1-weighted

images.

An ROI in white matter of the superior frontal lobe on each side

served as control.

Using the tracer kinetic method on the assumption that the T2*

signal decrease is linearly and inversely related to the concentration

of gadolinium [5], the data was used to generate signal intensity time

curve using a gamma variate function based model with five relative

perfusion parameters measured [6]:

TA (time of appearance): the time point the gamma-variate function

starts;

TP (time to peak contrast concentration): the time point where the

function reaches its maximum;

MTT (mean transit time): the first moment of the curve;

rCBV (regional cerebral blood volume): area under the curve;

Relative regional cerebral blood flow index (rCBFi ¼ rCBV/MTT)

is calculated by the central volume theorem [7].

Normalized perfusion parameters expressed as ratio were obtained

by dividing the values in the ROIs of the anterior temporal lobes by

the average of ROIs in the ipsilateral frontal lobe on the correspond-

ing four sections.

Results

The perfusion parameters in the anterior temporal

and frontal lobes of all patients are shown in Table 1.

The normalized perfusion parameters with relation

to morphological severity of temporal lobe lesions are

given in Table 2.

Discussion

A mild but significantly increase in TP was seen in

the HDZ of temporal lobes with necrosis but no signif-

icant delay in TP was observed in the IDZ in the same

group of patients. This would suggest that the narrow-

ing of the feeding vessel does not occur in the large sup-

plying artery to the anterior temporal lobe (the middle

cerebral artery and its major branch) which supplies

both the HDZ and IDZ but in the more peripheral

branches within the HDZ.

The elevation of MTT in the HDZ or IDZ indicates

damage to the vascular unit which is associated with

a rise in MTT with delayed emptying of contrast-

material. This may occur as a result of narrowing of

small arteries or arterioles, occlusion of small arterio-

les and capillaries, or telangiectatic change.

Significantly reduced rCBV was found in IDZ as

well as HDZ of the temporal lobes with severe lesions.

The changes may relate to direct RT damage to the

capillary bed which may occur in both IDZ and

HDZ. In severe lesions the change to necrotic cysts or

microcysts is necessarily accompanied by loss of vascu-

lar spaces and reduction in rCBV.

Table 1. Perfusion parameters in anterior temporal and frontal lobes

in all patients

All Cases (62 lobes in 31 subjects)

Perfusion

parameter

Frontal lobe Intermediate dose

zone in anterior

temporal lobe

High dose zone

in anterior

temporal lobe

rCBV 1.90G 0.65 2.05G 1.17# 1.58G 0.97*

MTT 8.07G 1.10 9.09G 1.67** 9.04G 1.9**

rCBFi 0.24G 0.084 0.23G 0.14# 0.18G 0.11**

TA 14.7G 1.88 14.18G 2.21*# 15.3G 3.26

TP 20.2G 2.26 20.25G 2.59# 21.05G 2.47**

* P < 0:01, temporal lesion compared with frontal lobe, paired T-

test, ** P < 0:001, temporal lesion compared with frontal lobe,

paired T-test, # P < 0:01, superior temporal compared with inferior

temporal lobe, paired T-test.

Table 2. Normalized perfusion parameters with relation to severity

Ratio of perfusion

parameters in

temporal lobe

relative to ipsilateral

frontal lobe

Necrotic

group

(n ¼ 39)

Mild

group

(n ¼ 23)

Unpaired

T-test,

2 tail

Intermediate dose zone in anterior temporal lobe

rCBV 0.92G 0.56 1.44G 0.47 P ¼ 0:00037

MTT 1.15G 0.19 1.1G 0.12 NS

rCBFi 0.83G 0.55 1.32G 0.46 P ¼ 0:0006

TA 0.97G 0.11 0.95G 0.07 NS

TP 1G 0.07 1G 0.03 NS

High dose zone in anterior temporal lobe

rCBV 0.66G 0.41 1.18G 0.24 P < 0:0001

MTT 1.15G 0.26 1.08G 0.11 NS

rCBFi 0.57G 0.36 1.12G 0.22 P < 0:0001

TA 1.06G 0.17 1.0G 0.09 NS

TP 1.06G 0.09 1.02G 0.05 NS
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In conclusion, DSCE perfusion MR imaging dem-

onstrated a derangement in perfusion in radiation-

induced cerebral injury in rCBV, rCBFi and MTT,

which were related to the severity of the radiation-

induced injury and the dose of irradiation delivered.
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Summary

Postural related changes in cerebral hemodynamics and hydro-

dynamics were studied using Magnetic Resonance Imaging (MRI)

measurements of cerebral blood flow and cerebrospinal fluid (CSF)

flow dynamics. Ten healthy volunteers (mean age 29G 7) were

studied in supine and upright (sitting) postures. A Cine phase-

contrast MRI technique was used to image the pulsatile blood

flow to the brain, the venous outflow through the internal jugular,

epidural, and vertebral veins, and the bi-directional CSF flow be-

tween the cranium and the spinal canal. Previously published anal-

yses were applied to calculate and compare total cerebral blood

flow (TCBF), intracranial compliance and pressure in both pos-

tures. A lower (12%) mean TCBF was measured in the upright po-

sition compared to supine position. A considerable smaller amount

of CSF flow between the cranium and the spinal canal (58%), a

much larger intracranial compliance (a 2.8-fold increase), and a

corresponding decrease in the MRI-derived ICP were also mea-

sured in the sitting position. These changes suggest that the in-

creased cerebrovascular and intracranial compliances in the upright

posture are primarily due to reduced amounts of blood and CSF

residing in their respective intracranial compartments in the upright

position. This work demonstrates the ability to quantify neurophy-

siologic parameters associated with regulation of cerebral hemody-

namics and hydrodynamics from dynamic MR imaging of blood

and CSF flows.

Keywords: CSF flow dynamics; cerebral blood flow; MR phase

contrast; ICP; body posture; intracranial compliance.

Introduction

Cerebral hemodynamics and intracranial hydrody-

namics are highly a¤ected by body posture. Character-

ization of blood and CSF flow dynamics in upright

and supine postures may provide insight into the cou-

pling that exist between blood and CSF flow dynamics

and may further explain complex neurophysiologic

changes associated with di¤erent body postures. The

ability to image and characterize posture related neu-

rophysiologic changes may have practical implications

for the diagnosis and treatment of neurological prob-

lems; it may enhance the use of sitting position for

several cranial and cervical spine surgeries, the use

of postural changes for management of increased

intracranial pressure (ICP) in the intensive care, and

may help optimize shunt therapy for hydrocephalic

patients.

Since changes in cerebral hemodynamics and in-

tracranial hydrodynamics are coupled, simultaneous

measurements of hemodynamic and hydrodynamic

parameters at di¤erent postures may contribute to

our understanding of cerebral physiology. Studies in

healthy subjects to date, however, were limited by the

invasiveness of current methods for measurement of

parameters such as intracranial compliance and pres-

sure. Our lab has recently developed a system-based

analysis of MRI measurements of transcranial blood

and CSF flows for noninvasive quantitation of total

cerebral blood flow (TCBF), intracranial compliance

and ICP [1, 2]. Thus, the purpose of our study was

to quantify the e¤ect of posture on cerebral hemody-

namics and hydrodynamics.

Materials and methods

Ten adult volunteers (3 males, 7 females, mean age 29G 7 years)

with no known neurological problems were imaged in both upright

and supine positions in a Signa SP/i 0.5T vertical gap MRI scanner

(GE Medical Systems, Milwaukee). The imaging protocol was ap-

proved by the institutional review board and informed consent was

obtained from all subjects. The vertical gap allows the subject to be

positioned seated upright, with his or her upper cervical spine at the

magnet isocenter as shown in Fig. 1.

Two retrospectively gated cine phase-contrast scans were used to



measure arterial inflow, venous outflow, and CSF flow between the

cranium and the spinal canal. A scan with high velocity encoding

(VENC ¼ 80 cm/s) located above the carotid bifurcation perpendic-

ular to the direction of flow was used to quantify blood flow. The

scan parameters were TR ¼ 19 ms, FA ¼ 25 deg, FOV ¼ 16 cm,

NEX of 2 or 4, and slice thickness ¼ 8 mm. A second scan with low

velocity encoding (VENC ¼ 7–9 cm/s) located at the level of C2

perpendicular to the direction of the flow was used to quantify the

slower CSF flow and venous flow in the vertebral plexus. The param-

eters of the low VENC scan were TR ¼ 28 ms, FA ¼ 30 deg,

FOV ¼ 16 cm, NEX of 2 or 4, and slice thickness ¼ 8 mm.

Measurements of total cerebral blood flow and CSF flow

Each of the two cine phase-contrast MRI scans generates a set of

32 velocity-encoded images of the pulsatile flow during one cardiac

cycle with pixel values proportional to velocity. Volumetric flow

rate (VFR) through a blood vessel or the cervical spine CSF space

was obtained by integrating the velocities through the lumen cross-

sectional area. An automated lumen segmentation technique, pulsa-

tility based segmentations (PUBS) [3], was used to delineate the

boundary of the lumens for improved measurement accuracy and re-

producibility. Mean VFR over the cardiac cycle is then calculated

for each of the four vessels carrying blood to the brain, the right

and left internal carotid and vertebral arteries. TCBF is obtained by

summation of the mean VFR of the four vessels. Venous outflow was

quantified in the following venous pathways, the internal jugular

veins (IJV), vertebral veins, epidural veins, and the deep cerebral

veins.

CSF flow during the cardiac cycle was measured from the low-

velocity encoding phase-contrast image series. Since the CSF flow is

bi-directional, outflow toward the spinal canal occurs in systole and

reverse flow during diastole, the amount of CSF volume that flows

back-and-forth (oscillatory CSF volume) is obtained by integrating

the absolute values of the CSF flow waveform over the cardiac cycle

and dividing the sum by two.

MRI-based derivation of intracranial and cerebral vascular

compliance

Intracranial compliance (defined as the ratio of volume and pres-

sure change, dV/dP) is measured invasively by injecting a known vol-

ume of fluid into the ventricles and measuring the resulting pressure

change [4, 5]. The MRI-based method is analogous to the invasive

method except for it utilizes the small change in intracranial volume

and the corresponding pressure change that occur naturally with

each cardiac cycle to derive the intracranial compliance and ICP,

noninvasively [1]. The pressure change during the cardiac cycle is de-

rived from the CSF pressure gradient waveform, which is calculated

using the Naveir Stoke relationship between spatial and temporal de-

rivatives of the CSF velocities and the pressure gradient. The intra-

cranial volume change (ICVC) during the cardiac cycle is derived

from the instantaneous di¤erence between arterial blood inflow, ve-

nous blood outflow, and CSF volumetric flow rates into and out of

the cranial vault. A mean ICP value is then derived based on a linear

relationship that exists between intracranial elastance (the inverse of

compliance) and ICP [5]. An intracranial compliance index and the

derived ICP (MR-ICP) were calculated for each subject at the two

postures.

Results

In the supine posture, the venous outflow is primar-

ily through the IJV while in the upright posture the

IJV’s were either partially or fully collapsed and the

main pathway for venous drainage was the cerebral

venous plexus. An example of high-velocity encoding

phase-contrast images from one of the subjects ob-

tained in the supine and the upright postures is shown

in Fig. 2. In these images, white pixels represent veloc-

ity in the cranio-caudal direction, i.e., venous flow, and

black pixels are flow toward the brain, i.e., arterial

flow. In the supine posture, venous flow velocities are

seen mainly in the IJV while in the sitting posture, ve-

nous flow velocities are seen mainly in the vertebral

veins.

A lower TCBF was measured in the sitting posture

compared with the upright posture in each of the

10 subjects. The average and standard deviation

(SD) TCBF in the supine and upright postures were

825G 166 and 724G 127 ml/min, respectively. The

mean and SD percentage reduction in TCBF was

12G 7%. Average and SD of mean venous flow

through the IJV in the supine and upright postures

were 614G 143 and 304G 261 ml/min, respectively.

The inter-subjects average and SD of the total CBF,

the oscillatory CSF volume, intracranial volume

change, intracranial compliance, and the derived MR-

ICP are summarized in Table 1. Compared with the

Fig. 1. A subject sitting in the vertical gap of the MRI scanner
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supine position, in the sitting position, on average, the

oscillatory CSF volume is smaller by a factor of 2.4,

the intracranial compliance is larger by a factor of

2.8, and the ICP is lower by a factor of 2.4. All these

changes are statistically significant at a P value of 0.02

or smaller.

Plots of the measured CSF flow waveforms at

the two postures are shown in Fig. 3. The CSF flow

waveforms are plotted together with the net transcra-

nial blood flow (arterial inflow-venous outflow) to

demonstrate how the CSF flow is driven by the net

blood flow. Note that the in the supine position, the

CSF flow waveform follows the A-V flow waveform

‘‘more closely’’ – an indication of a lower intracranial

compliance.

Discussion

A comprehensive characterization of the cerebral

hemodynamics, venous drainage, and intracranial hy-

drodynamics in healthy subjects in the supine and sit-

ting postures was performed using a vertical gap MRI

scanner and a system based analysis of CSF and blood

volumetric flow rates. Statistically significant di¤er-

ences between supine and sitting postures were docu-

mented and quantified. On average, approximately

50% of the venous outflow through the IJV in the su-

pine position shifts in the sitting position to secondary

venous channels, e.g., epidural, vertebral, and deep

cervical veins. This is in agreement with previously re-

ported findings of reduced flow in the IJV in the sitting

posture [6, 7]. However, in this study, a smaller frac-

tion of the flow through the IJV shifted to secondary

veins compared with the approximately 90% reported

recently by Valduaze et al. [7]. This di¤erence can be

explained by the reduced reproducibility and accuracy

of ultrasound based VFR measurements. In addition,

hydrodynamic parameters were also strongly a¤ected

by the body posture. Di¤erences in the hydrodynamic

parameters between the two postures included a 2.4-

fold reduction in the CSF volume that moves in and

out of the cranium and a large increase (2.8-fold)

in the intracranial compliance with a corresponding

decrease in mean ICP. All these changes are consistent

with a more compliant intracranial compartment

Fig. 2. One of the 32 high velocity-encoding axial phase-contrast Gradient Echo MR images obtained in the supine (A) and upright (B) pos-

tures. Black pixels indicate flow in the cranio-caudal direction (i.e., arteries) and white pixels indicate flow in the caudal-cranio direction (i.e.,

veins). For this subject, in the supine posture the dominant venous drainage is through the jugular veins (white arrows), and in the upright

posture the dominant flow is through the vertebral veins (white arrows)

Table 1. Mean and SD of main hemodynamic and hydrodynamic pa-

rameters measured in supine and upright postures

Supine

(MeanG SD)

Upright

(MeanG SD)

TCBF (ml/min) 825G 166 724G 127

Oscillatory CSF Volume (ml) .55G .12 .23G .11

ICVC (ml) .48G .15 .89G .44

Compliance Index 7.3G 2.6 20.2G 10.7

MR-ICP (mmHg) 10.6G 3.6 4.5G 1.8

* All di¤erences are statically significant with a P value of 0.002 or

smaller.
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caused by smaller mean volumes of blood and CSF re-

siding in the intracranial space in the sitting position.

The amplitude of the net transcranial blood flow is

much larger in the sitting position than in the supine

position (Fig. 3). A larger net transcranial blood flow

results in a larger increase in blood volume during the

systolic phase. However, because of reduced volumes

of blood and CSF in the cranial vault in the sitting po-

sition, the blood entering the cranium can be easily ac-

commodated even with less CSF being displaced into

the spinal canal. The combination of smaller amount

of CSF that leaves the cranium with each cardiac cy-

cle, and larger net transcranial inflow explains the

larger ICVCmeasured in the sitting position (Table 1).

The MRI-based hemodynamic and hydrodynamic

measurements provide a clearer picture of the postural

related physiological changes. An accepted explana-

tion for a lower ICP in an upright posture argues that

venous flow is increased in that position and this

avoids compression of the jugular veins [8]. Since in

steady state, mean venous outflow equals mean arte-

rial inflow, the total venous outflow, as is TCBF, is

actually reduced in the upright posture. The lower

ICP is therefore, most likely, the result of the increased

intracranial compliance due to a lower mean volume

of the intracranial compartment caused by the reduced

volume of CSF and blood. The shift of blood and CSF

volume out of the cranium occurs during the transition

from the supine to the upright posture. Further, the

ability to quantify, noninvasively, the e¤ect of posture

on important neurophysiologic parameters o¤ers a

new diagnostic test for the evaluation of functions

such as regulation of CBF and ICP, and the e¤ect of

pathologies on these functions.
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Summary

To confirm the reliability of a refill kinetic method of ultrasonic

harmonic perfusion imaging (HPI) capable of quantifying separate

parameters of microvascular blood flow velocity and volume in brain

tissue, we evaluated acetazolamide (ACZ) cerebrovascular reactivity

by transcranial HPI in comparison with Doppler sonography

(TCD).

Methods. HPI during continuous Levovisttm infusion with

changing pulsing intervals (t) and TCD time-averaged maximum ve-

locity (TAMX) in the middle and posterior cerebral arteries were

evaluated before and after ACZ administration in 12 patients, 8

without and 4 with a temporal skull defect. Plateau value (A) and

rise rate ðbÞ of intensity (I) represented by HPI time-intensity curves

of I(t) ¼ A(1� e�b�t) were analyzed on the axial diencephalic plane.

Results. 1) A significantly decreased in proportion to the region of

interest location depth only in the intact skull cases. 2) Despite inter-

and intra-individual data scattering, in correspondence with TAMX

increases after ACZ, significant b increases were more frequently

identified than increases of A.

Conclusions. Cerebral vasoreactivity analysis utilizing refill ki-

netics of transcranial HPI can potentially provide separate quantifi-

cation based on microvascular blood velocity and volume (capillary

patency) with consideration of depth-dependant ultrasound attenua-

tion. This should be suitable for bedside evaluation of neurointensive

care patients.

Keywords: Transcranial ultrasonic perfusion imaging; second har-

monic imaging; echo-contrast agents; transcranial Doppler sonogra-

phy; acetazolamide cerebrovascular reactivity; refill kinetics; quanti-

fication; skull defects; intact skull.

Introduction

Transcranial ultrasonic harmonic imaging utilizing

echo-contrast agents (ECA) has been introduced

for repeatable non-invasive bedside measurements of

brain tissue perfusion, and has been used in quantita-

tive evaluation utilizing intravenous bolus tracer ki-

netics [10, 12, 17]. Parameters from time-intensity

curve analysis after a bolus ECA injection have been

evaluated [4, 6, 10, 12, 17] and correlated with dy-

namic CT [17] and perfusion MRI [8]. However,

quantitative reliability of the transcranial harmonic

perfusion imaging (HPI) has not yet been established,

mainly due to skull- and depth-dependent attenuation

of the ultrasound signals [10, 12, 17]. Furthermore, the

dye-dilution principle [7] commonly utilized in neuro-

radiological perfusion imaging would not be applica-

ble for the bolus kinetics of HPI due to the additional

problems of bubble saturation [1] and shadowing ef-

fects [13].

To overcome problems of intravenous bolus ki-

netics, refill kinetics utilizing constant ECA intra-

venous infusion have been introduced in myocardial

echocardiography [20] and have been tested in the

quantitative evaluation of brain tissue perfusion in

canine subjects with skull defects [11] and with an

intact skull [14], and in normal subjects [15]. The refill

kinetic method of HPI is able to quantify separate pa-

rameters of microvascular blood flow volume (A) and

velocity ðbÞ in brain tissue without knowledge of arte-

rial input function [20]. Furthermore, calculated blood

flow (F ¼ A� b) correlates neatly with cerebral blood

flow measured by radiolabeled microsheres [11].

To overcome the problem related to depth-

dependent attenuation, we have introduced acetazola-

mide (ACZ) vasoreactivity tests for quantitative evalu-

ation at the same depth by HPI, and correlated these

with transcranial Doppler sonography (TCD) and dy-

namic CT [18]. The objective of this study is to confirm



the reliability of this method. Therefore, we evaluated

ACZ cerebrovascular reactivity in neurological pa-

tients by transcranial HPI and compared this with

TCD.

Materials and methods

The subjects were 12, mainly stroke patients (aged 55–85 years;

mean, 72) with stable clinical conditions in the chronic stage: 8 pa-

tients had an intact skull (IS) and 4 patients had craniectomized skull

defects (SD) (Table 1). Informed consent was obtained from patients

and/or patients’ family members.

Utilizing a SONOS 5500 ultrasound system with a S4 ultrabands

(1.8/3.6-MHz) transducer (Philips) 124 images, taken by transient

response harmonic B-mode imaging, were evaluated during con-

tinuous Levovisttm (400 mg/ml) infusion via the antecubital vein,

with changing pulsing intervals (t: ms) of: 250, 500, 750, 1000, 1500,

2000, 3000, 4000 (Fig. 1a). The investigation depth was 12 cm with a

focus on 6 cm. The mechanical index, system gain, and compression

were 1.6, 75 (or 100) and 70, respectively. The images were recorded

by T-INT mode and stored on an MO disk. The HPI was evaluated

at resting state with 2 infusion rates (0.5 and 1 ml/min.), and 15

minutes (0.5 ml/min.) and 30 minutes (1 ml/min.) after Diamox1

500 mg intravenous injection (Figs. 1 and 2). Time-averaged maxi-

mum velocity (TAMX) in the middle and posterior cerebral arteries

(MCA and PCA) was measured by TCD just before HPI. The rela-

tive changes (%D) of TAMX were also evaluated at rest and after

ACZ administration (TAMX after ACZ – TAMX at rest/TAMX

at rest� 100). Time-intensity curves of HPI were created for 3 re-

gions of interest (ROI) on the axial plane involving the temporal

lobe (TL), basal ganglia (BG), and thalamus (Th) via a temporal

window (Fig. 1b). Quantification was performed by Acoustic Densi-

tometry [2]. Plateau value (A) and rise rate (b) of intensity (I) repre-

sented by a curve of I(t) ¼ A(1� e�b�t) and calculated F value

(¼ A� b) were analyzed. The curve-fittings for measured data were

analyzed by Kyplot (version 2.0). Utilizing a Student t-test and one-

way analysis of variance (ANOVA), statistical significance was set at

p values less than 0.05.

Results

a) TCD (Table 2): TAMX both in the MCA and

PCA after ACZ significantly increased (except for

30 min. in theMCA) in IS cases and tended to increase

in SD cases. These increases (%D) in the MCA and

PCA were 20–21% and 27–40% in IS cases and 24–

30% and 25–37% in SD cases, respectively.

b) HPI (Table 3): 1) In IS cases only, A decreased in

proportion to ROI location depth (Fig. 1b) in both

infusion rates, and both at rest and after ACZ. The de-

creases of A were significant at rest during 1 ml/min.

infusion. In contrast, in SD cases there was no such

tendency of decreases in proportion to ROI location

depth. However, A in BG tended to be higher than in

TL and Th for both infusion rates and both at rest and

after ACZ. Regarding infusion rates, there was no de-

pendency in IS cases, but there was a tendency of

increase in SD cases. 2) In terms of b, there was no ten-

dency of decreases proportional to ROI location depth

in either IS or SD cases. However, in comparison with

A, inter- and intra-individual data scattering of b was

so pronounced that it resulted in further data scatter-

ing of F. Furthermore, the data scattering was more

apparent in SD cases than in IS cases. 3) Increases after

ACZ were more frequently identified in b (Fig. 2b),

thereby impacting on F, mainly in IS cases. Significant

increases were observed only in IS cases of b and F in

the Th and b in the BG during 0.5 ml/min. infusion

and F in the BG during 1 ml/min. infusion. ACZ

e¤ects for A were not apparent, particularly in IS

cases.

Discussion

In order to clarify the e¤ects of temporal skull- and

depth-dependant ultrasound attenuation, we eval-

uated parameters derived from the refill kinetics of 3

ROIs (TL, BG, and Th) both in IS and SD cases. As

a result, A showed proportional decreases to ROI

location depth, particularly in IS cases. The A is the

plateau value of the echo-enhancement so that the

intensity of echo-enhancement directly depended on

the ultrasound attenuation. In contrast, we confirmed

the result of a previous study [15] that b did not show

attenuation in both IS and SD cases.

In the relationship between infusion rate increase

Table 1. Clinical characteristics of patients with an intact skull (IS)

and skull defects (SD)

IS SD

n 8 4

Age meanG SD

(range)

75G 10

(58–85)

64G 11

(55–79)

Primary diagnosis

Cerebral infarction

lacunar 2 0

atherothrombotic 1 0

embolic 3 0

Cerebral hemorrhage 1 2

Subarachnoid hemorrhage 0 2

Alzheimer dementia 1 0

Major site of lesions*

R 3 2

L 3 2

Di¤use or none 2 0

Examined side

R 7 2

L 1 2

* CT, MRI, MRA, and/or Color Duplex Sonography.

184 T. Shiogai et al.



F
ig
.
1
.
A

6
8
-y
ea
r-
o
ld

IS
p
a
ti
en
t
w
it
h
la
cu
n
a
r
in
fa
rc
ti
o
n
s
in

th
e
C
o
ro
n
a
R
a
d
ia
ta
:
(a
)
S
er
ia
l
h
a
rm

o
n
ic

p
er
fu
si
o
n
im

a
g
es

w
it
h
in
cr
ea
se
s
o
f
p
u
ls
in
g
in
te
rv
a
ls
( t
)
d
u
ri
n
g
co
n
ti
n
u
o
u
s

L
ev
o
v
is
tt
m
in
fu
si
o
n
(1

m
l/
m
in
)

Quantitative evaluation of cerebrovascular reactivity in brain tissue by a refill kinetic method 185



F
ig
.
1
b
(c
o
n
ti
n
u
ed

).
D
a
ta

a
n
d
fi
tt
ed

cu
rv
es

in
th
e
3
re
g
io
n
s
o
f
in
te
re
st
(R

O
I
)
p
la
ce
d
a
t
th
e
te
m
p
o
ra
l
lo
b
e
( T

L
),
b
a
sa
l
g
a
n
g
li
a
(B

G
),
a
n
d
th
a
la
m
u
s
(T

h
)
(a
rr
o
w
s)
a
n
d
a
re

p
re
se
n
te
d

in
o
p
en

ci
rc
le
s,
cl
o
se
d
ci
rc
le
s,
a
n
d
o
p
en

tr
ia
n
g
le
s,
re
sp
ec
ti
v
el
y
.
A

a
n
d
b
v
a
lu
es

w
er
e
ca
lc
u
la
te
d
b
y
th
e
t-
in
te
n
si
ty

cu
rv
es

in
th
e
3
R
O
Is

186 T. Shiogai et al.



F
ig
.
2
.
A

5
8
-y
ea
r-
o
ld

IS
p
a
ti
en
t
w
h
o
h
a
s
a
la
rg
e
em

b
o
li
c
in
fa
rc
ti
o
n
in

th
e
fr
o
n
ta
l-
te
m
p
o
ra
l
lo
b
es
:
(a
)
H
a
rm

o
n
ic
p
er
fu
si
o
n
im

a
g
es

a
t
re
st
(l
o
w
er

p
a
n
el
s )
a
n
d
a
ft
er

A
C
Z
(u
p
p
er

p
a
n
el
s)
.

T
h
e
R
O
Is
a
t
th
e
T
L
a
n
d
B
G

(a
rr
o
w
s)
a
re

sh
o
w
n
in

th
e
le
ft
a
n
d
ri
g
h
t
im

a
g
es
,
re
sp
ec
ti
v
el
y
.

Quantitative evaluation of cerebrovascular reactivity in brain tissue by a refill kinetic method 187



and refill kinetic parameters, dependent increases of A

and/or F were identified in studies of a myocardial ex-

periment [20] and in a cerebral experiment in normal

subjects with an intact skull [14, 15]. However, we

identified a tendency of A increases only in SD cases

and no dependency in IS cases. This discrepancy in IS

cases seems to be caused by skull-dependent ultra-

sound attenuation in relation to an ECA di¤erence be-

tween the first generation of ECA Levovisttm used in

our study and second-generation ECA Optisontm in

the previous studies [14, 15]. Levovisttm, which con-

sists of air with galactose particles and palmitic acids,

is necessary mainly to destroy bubbles when creating

harmonic perfusion images and, therefore, is more

suitable for SD cases [19] than IS cases. Optisontm,

which consists of a perfuluoropropane gas with albu-

min solution, is able to produce harmonic signals

which come from resonant or oscillating phenomena

produced by relatively low acoustic pressure and,

therefore, is more suitable for images of microcircula-

Fig. 2b (continued ). A and b values were calculated by the t-intensity curves in the left panel of TL and in the right panel of BG. Data and fitted

curves were presented at rest (closed circles) and after ACZ (open circles)

Table 3. HPI findings at rest and 15 minutes (ACZ15) and 30 minutes (ACZ30) after acetazolamide administration*

IS SD

0.5 ml/min. 1 ml/min. 0.5 ml/min. 1 ml/min.

at rest ACZ 15 at rest ACZ 30 at rest ACZ 15 at rest ACZ 30

A TL 6.38G 3.76 7.58G 3.60 6.33G 1.80† 7.59G 3.83 4.07G 2.81 4.10G 1.29 7.96G 4.53 12.2G 5.67

BG 3.08G 1.11 2.58G 0.96 3.18G 0.96† 3.23G 1.36 15.5G 6.29 35.0G 21.8 52.8G 38.2 39.9G 27.6

Th 0.80G 0.37 1.13G 0.40 1.31G 0.70† 0.97G 0.48 8.05G 5.72 6.98G 3.17 21.6G 13.7 24.7G 12.1

b TL 16.0G 7.12 20.1G 8.97 7.62G 6.22 18.8G 7.90 32.8G 10.6 26.9G 13.6 15.2G 12.4 21.5G 19.8

BG 19.6G 7.14 37.8G 6.44§ 3.23G 1.10 13.8G 7.15 29.1G 15.4 27.6G 11.9 16.8G 12.2 38.6G 34.5

Th 15.6G 5.52 36.1G 5.92§ 19.4G 6.90 14.1G 5.33 50.4G 7.53 17.8G 12.4 27.5G 15.7 25.3G 20.0

F TL 36.5G 23.1 103G 79.5 52.6G 42.4 51.0G 29.1 188G 159 109G 52.2 86.7G 70.4 277G 272

BG 45.9G 17.3 118G 52.0 10.5G 4.41 26.8G 10.8§ 485G 321 289G 114 224G 76.3 2549G 2533

Th 4.64G 1.39 49.0G 20.1§ 16.0G 8.06 11.3G 5.77 517G 397 228G 201 445G 413 565G 552

* TL temporal lobe, BG basal ganglia, Th thalamus; meanG SE, † p < 0.05 (ANOVA), § p < 0.05 (Student t-test).

Table 2. TCD Time-averaged Maximum Velocity (TAMX, cm/s) at

rest and 15 minutes (ACZ15) and 30 minutes (ACZ30) after aceta-

zolamide administration*

IS SD

MCA at rest 48G 17 55G 11

ACZ15 (%D) 59G 27† (21G 19) 70G 4 (30G 24)

ACZ30 (%D) 56G 23 (20G 26) 70G 7 (24G 26)

PCA at rest 28G 9 30G 5

ACZ15 (%D) 38G 10‡ (27G 16) 41G 8 (25G 14)

ACZ30 (%D) 38G 13‡ (40G 24) 43G 6 (37G 27)

* MeanG SD, † p < 0.05, ‡ p < 0.01.
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tion [16], and would probably be advantageous in IS

cases. As a previous study [14] indicated, we confirmed

no dependence of infusion rates on b in either IS or SD

cases.

In relation to TCD TAMX increases after ACZ, sig-

nificant increases of b were more frequently identified

than those of F in only IS cases. The ACZ e¤ects for

A were not always apparent in both IS and SD cases.

An experimental study in IS cases showed higher in-

creases of F compared to b after ACZ [14]. In another

study involving craniectomized dogs during hyper-

and hypo-ventilation, changes of A were more signifi-

cant than b and F [11]. Several factors probably a¤ect

these discrepancies of vasoreactivity on the basis of A,

b, and F ¼ A� b, e.g. pathological di¤erences, ROI

size involving gray and/or white matter, presence of

temporal bone, temporal bone structure and thickness,

PaCO2, ACZ dose, and time after ACZ etc.

Ultimately, ACZ vasoreactivity utilizing refill ki-

netics is able to evaluate capillary patency by A in-

crease, and flow velocity in the microcirculation by b

increase [5], separately. Our results on the basis of

ACZ vasoreactivity in mainly ischemic stroke patients

indicated that cerebral capillary patency is more dis-

turbed than microvascular velocity in the pathological

brain tissue.

Inter- and intra-individual data scattering of param-

eters, particularly b impacting on F, were probably

due to probe holdings during data acquisition (less

than 3 minutes in this study), dynamic range between

harmonic B-mode in our study and integrated back-

scatter in previous studies [14, 15], inhomogeneous

insonation conditions in relation to inter-individual

di¤erence of temporal bone windows [14, 15] and skull

defect size, and so on. Recently, to overcome the prob-

lems of refill kinetics, diminution [9] and depletion

[3] kinetics have been introduced; however, further

studies are essential for complete quantitative mea-

surements of brain tissue perfusion. In conclusion, ce-

rebral vasoreactivity analysis utilizing refill kinetics of

transcranial HPI can potentially provide separate

quantification based on microvascular flow velocity

as b and volume (capillary patency) as A in the brain

with consideration of depth-dependant ultrasound at-

tenuation. In particular, b is suitable as a marker of

vasoreactivity disturbance in ischemic brain tissue

and advantageous for independence of depth and in-

fusion rates. This would be suitable in bedside evalua-

tions of neurointensive care patients with ischemic

brain injuries.
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Summary

Cerebral blood flow and ICP are important neurophysiologic pa-

rameters known to be a¤ected by pathology and by trauma. Limited

data on the relationship between these parameters following head

trauma is inconsistent with regard to whether these parameters are

correlated. Data on the relationship between these parameters in

the healthy state is not readily available due to a lack of noninvasive

means to measure these important parameters. A recently developed

noninvasive MRI-based method for simultaneous measurement of

total cerebral blood flow and intracranial pressure was applied to es-

tablish the relationship between ICP and TCBF values in healthy

subjects. Seventy-one simultaneous measurements of CBF and ICP

were obtained from 23 healthy young adults. These results demon-

strated that CBF values span over a much narrower range compared

with ICP. The relationship between the inter-individual CBF and

ICP measurements suggest that in the healthy state and in rest these

parameters are not correlated.

Keywords: ICP; cerebral blood flow; CSF flow dynamics; MRI;

phase contrast MRI.

Introduction

Data on the relationship between cerebral blood

flow (CBF) and ICP in the healthy state is not readily

available due to a lack of noninvasive means to mea-

sure these important neurophysiological parameters.

Limited information on the relationship between CBF

and ICP following head injuries have been reported

[1–3]. Uzzel et al. found significant occurrence be-

tween hyperemia and intracranial hypertension in

young severely head-injured adults [1]. Muizelaar

et al. who studied children with severe head injuries

did not find occurrence between the course of ICP

and hyperemia nor was there correlation between the

level of CBF and ICP [2]. In contrast, Sharples et al.

documented in pediatric patients with traumatic brain

injuries an inverse relation between elevation in ICP

and CBF [3]. Therefore, there is clearly a need to better

characterize the relationship between ICP and CBF.

This work aims to establish the distribution of total

CBF (TCBF) and mean ICP measured simultaneously

in young healthy adults using a noninvasive magnetic

resonance imaging (MRI) based technique [4]. Total

CBF is obtained by direct measurement of the volu-

metric blood flow through the four arteries supplying

blood to the brain. ICP is derived from measurements

of intracranial volume and pressure changes during the

cardiac cycle. The study further tests whether the levels

of CBF and ICP, measured at rest in the supine pos-

ture, are correlated.

Materials and methods

Twenty-three young adults (20 males, range 20 to 39, mean age

25G 5 years) with no known neurological problems participated in

the study. The imaging protocol was approved by the institutional

review board and informed consent was obtained from all subjects.

CBF and ICP were measured in five subjects multiple times, both

within the same MRI session and at di¤erent days in order to quan-

tify the normal intra-individual variability of the MR-derived CBF

and ICP measurements. All MRI scans were obtained when the sub-

jects were at rest in the supine posture. A total of 71 simultaneous

measurements of CBF and ICP were obtained.

TCBF and ICP were derived from MRI measurements of blood

and cerebral spinal fluid (CSF) flows into and out from the cranial

vault during the cardiac cycle [4]. Briefly, the method utilizes the

small changes in intracranial volume and pressure that occur natu-

rally with each cardiac cycle. The amplitude of the pulse pressure is

derived from the CSF pressure gradient waveform, which is calcu-

lated from measurements of the CSF velocities. The intracranial vol-

ume change is derived from the instantaneous di¤erences between

volumetric arterial blood inflow, venous blood outflow, and CSF os-

cillatory flow. Elastance (the inverse of compliance) is then derived

from the ratio of the measured pressure and volume changes. A

mean ICP value is derived based on a linear relationship that exists

between intracranial elastance and ICP [5]. The total CBF is calcu-



lated from the sum of the mean volumetric flow rate through the four

arteries supplying blood to the brain. The method has been previ-

ously validated in baboons, flow phantoms, with computer simula-

tions and in measurements in healthy subjects and patients [6].

The MRI technique used to obtain the volumetric flow data is a

retrospectively gated cine phase-contrast scan. A scan with high ve-

locity encoding (VENC ¼ 70 cm/s) located above the carotid bifur-

cation perpendicular to the direction of flow was used to quantify

blood flow. The scan parameters were TR ¼ 19 ms, FA ¼ 25 deg,

FOV ¼ 14 cm, and slice thickness ¼ 6 mm. A second scan with low

velocity encoding (VENC ¼ 7–9 cm/s) located at the level of C2

perpendicular to the direction of the flow was used to quantify the

slower CSF flow and venous flow in the vertebral plexus. The param-

eters of the low VENC scan were TR ¼ 19 ms, FA ¼ 20 deg,

FOV ¼ 14 cm, and slice thickness ¼ 8 mm.

Measurements of total cerebral blood flow

Each of the two cine phase-contrast MRI scans generates a set of

32 velocity-encoded images of the pulsatile flow during one cardiac

cycle with pixel values proportional to velocity. Volumetric flow

rates (VFR) through the blood vessels or the cervical spine CSF

space were obtained by integrating the velocities through the lumen

cross-sectional area. An automated lumen segmentation technique,

pulsatility based segmentations (PUBS) [7], was used to delineate

the boundary of the lumens for improved measurement accuracy

and reproducibility. Mean VFR over the cardiac cycle is then calcu-

lated for the right and left internal carotid and vertebral arteries.

Total CBF is obtained by summation of the mean VFR of the four

vessels.

Data analysis

The distribution and frequency of the measured values, inter-

individual mean and relatively standard deviations of the TCBF

and MR-derived ICP values were calculated and compared. The

inter- and intra-session measurement variability was also calculated

as a reference. The values of TCBF were plotted against ICP values

to assess the relationship between these parameters and a linear re-

gression was applied to calculate the Pearson product moment corre-

lation coe‰cient.

Results

The distribution of the TCBF and MR-ICP mea-

surements are shown in Fig. 1. TCBF values range

from 514 to 956 mL/min and ICP values range

from 3.5 to 17.1 mmHg. The mean and the percent-

age standard deviation are 700 ml/minG 13% and

9.6 mmHgG 31%, respectively. The relationship be-

tween the inter-individual TCBF and ICP measure-

ments is shown in Fig. 2. The trend line obtained with

a linear regression analysis is shown superimposed

on the data points. No significant correlation is found

between TCBF and ICP. The correlation coe‰cient

value was close to 0 (R ¼ 0.042). The inter-session

measurement variability ranged between 3% and 7%

for the TCBF measurement and between 7% and 20%

Fig. 1. The distribution of the total CBF (left) and the MRI-derived ICP (MR-ICP) measurements (right). The mean value and the relative

standard deviation were 700 ml/minG 13% and 9.6G 31%, respectively. Note that the ICP values are distributed over a wider range relative to

the CBF values

Fig. 2. Plot of total CBF measurements vs. the MR-ICP measure-

ments. The trend line obtained by linear regression analysis demon-

strates that CBF and ICP are not correlated
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for the MR-ICP measurement. The respective inter-

session measurement variability is smaller than the

corresponding TCBF and ICP inter-individual mea-

surement variability.

Discussion

Total CBF values measured in the current study are

within the previously reported range measured in

healthy young adults by either MRI [8] or by duplex

ultrasound [9] achieved by summation of volumetric

blood flow through the arteries leading blood to brain.

The MRI derived ICP values ranged from 3.5 to

17.1 mmHg with the maximum number of measure-

ments between 7 and 9 mmHg. Wide distribution of

ICP values measured invasively in normal human sub-

jects has been previously reported: from 2 to 16 mmHg

in one study [10] and up to 18 mmHg in another [11].

Three of the 71 MRI measurements were between

16 mmHg and 17.1 mmHg – above the upper limit

found in the 1937 study. However, it is not possible to

determine whether this represents a normal variation

of ICP, an MRI measurement error, or the true ICP

value, as no invasive values were available for compar-

ison. Based on the current view that ICP value of

20 mmHg is a critical threshold for elevated ICP [12],

no false positives (elevated ICP) were measured with

MRI.

It is interesting to note that the relative range of

TCBF values spans a much narrower range than ICP.

The relative SD of the ICP and TCBF measurements

are 31% and 13% respectively. Since these values are

larger than the inter-session measurement variability,

it is reasonable to assume that the narrower distribu-

tion of TCBF reflects the autoregulation of CBF. Fi-

nally, it is apparent that there is no significant correla-

tion between rest CBF and ICP values in the healthy

state. The lack of correlation suggests that at rest these

parameters can be considered independent of each

other. The data presented in this study concerns the

steady state rest values of these important neurophy-

siologic parameters. To answer whether changes in

CBF and ICP following intervention are correlated,

these measurements need to be repeated at rest as well

as following intervention or a change in the steady

state such as a di¤erent posture.
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Summary

Objective. Tympanic membrane displacement (TMD) measure-

ments may be useful in the management of patients with hydroce-

phalus if they can be directly associated with measurements of ICP.

We have compared TMD measurements using the Marchbanks

Measurement System with invasive ICP monitoring.

Methods. Twenty-nine patients who were undergoing routine in-

vasive monitoring using a Camino fibre optic ICP measurement sys-

tem as part of their clinical management were studied. Simultaneous

measurements of ICP and TMD in both sitting and supine positions

were successfully made in thirteen patients.

Results. Thirty-nine pairs of readings were obtained. The invasive

ICP readings varied from 1 to 36 mmHg in the supine position and

from �12 to þ35 mmHg sitting. Corresponding TMD values varied

from �275 to þ277 nL in the supine position and �133 to þ466 nL

sitting. Linear regression showed a significant negative relationship

between the two measurements (r ¼ �0:57, p ¼ 0:0013).

Conclusions. There is a strong negative linear association between

mean TMD and invasively measured ICP and this relationship is

highly significant. Nevertheless, TMD is a poor surrogate for ICP

in clinical terms because the predictive limits of the linear regression

are too wide. However, serial intra-patient measurements may be

useful to determine changes in ICP with time.

Keywords: Hydrocephalus; shunt; intracranial pressure; tympanic

membrane displacement; non-invasive ICP.

Introduction

The failure rate of shunt valves implanted to treat

hydrocephalus is high and often associated with ab-

normal ICP. Invasive monitoring normally involves ei-

ther placing a transducer-tipped catheter into the sub-

dural space or parenchyma of the brain, or measuring

pressure directly via the ventricle. This invasive proce-

dure can be poorly tolerated by patients, is not without

risk, and requires significant hospital resources. A non-

invasive estimate of ICP would help in the decision to

introduce or replace a shunt system.

Stimulation of the acoustic reflex can induce a dis-

placement in the tympanic membrane and this dis-

placement may depend on ICP, according to the fol-

lowing rationale. The acoustic reflex is a protective

mechanism whereby the stapedius muscle contracts in

response to a loud noise. The resulting displacement of

the tympanic membrane serves to protect the ear from

potentially damaging noise levels. The kinematic chain

involves the stapes, the innermost of the ossicles, which

rests on the oval window of the cochlear. This is a thin,

flexible membrane; consequently the pressure of the

cochlear fluid determines the resting position of the

stapes. This in turn influences the tympanic membrane

displacement (TMD) resulting from the acoustic reflex

[1].

If there is a patent communication between the in-

tracranial and cochlear fluid spaces [2], TMD, as mea-

sured by the volume change in the outer ear, should

reflect changes in ICP. Normal ICP results in a bi-

directional displacement whereas in cases of high ICP

the resting position of the stapes on the protuberant

oval window causes an inward movement of the tym-

panic membrane. When the ICP is low, the stapes rests

into the oval window, and contraction of the stapedius

muscle causes an outward movement of the tympanic

membrane. There is little published evidence on the re-

lationship between TMD and ICP. This study tests the

hypothesis that TMD and ICP have a linear relation-

ship and studies a group of patients who were undergo-

ing routine ICP monitoring.

Methods and materials

Twenty-nine patients who were undergoing invasive measurement

of ICP as part of their clinical management were studied. The local



Ethics Committee approved the study and informed consent was ob-

tained prior to patient recruitment to the study.

In each subject, TMD was measured as a response to an applied

acoustic stimulus, using the Marchbanks Measurement System

(MMS) analyser. Prior to each set of patient measurements, tympan-

ometry was performed to ascertain normal middle ear function and

pressure using a Kamplex KT20 hand-held UniTymp. The acoustic

reflex threshold (ART) was determined for each ear. Measurement

of TMD was recorded with the sound level set above the ART in

both sitting and supine positions. In some cases normal middle ear

function could only be determined in one ear and therefore only

that ear was tested.

For each ear, cochlear aqueduct patency was tested using a simple

postural test. In any individual, the ICP is naturally lower when sit-

ting than when supine. If there was an incorrect or negligible change

in TMD with posture using the Marchbanks system, it was assumed

that the cochlear aqueduct was not patent and therefore the readings

obtained were excluded from the analysis.

For all test procedures, the noise exposure was within specified

safety limits – no sound level above 110 dB was used in any part of

the test.

The non-invasive test was carried out by sealing the ear canal with

a rubber ear tip of appropriate size. A 1 kHz tone was applied for

300 ms at intervals of one second, at a sound intensity 10 dB above

the ART. The MMS analyser measured TMD over each stimulus

response cycle, recording the average waveforms of ten reliable re-

sponses with a time resolution of 2 ms. Responses containing arte-

facts (heart beat or movement) were rejected automatically by the

analyser; consistency of the responses to be averaged was confirmed

by operator observation.

The mean displacement of the tympanic membrane from the point

of maximum inward displacement to the end of the stimulus (Vm)

was calculated (Fig. 1).

Invasive monitoring

In each patient the ICP was simultaneously mea-

sured directly using a Camino fibre optic transducer

as part of the patient’s routine clinical management.

This involved drilling a burr hole through the skull

under either local or general anaesthetic, screwing in

a fixation bolt and introducing the transducer-tipped

catheter so that its distal tip lay in the subdural space.

Results

Thirty-nine pairs of valid readings of ICP and TMD

were obtained from 18 ears of 13 patients where a pa-

tent cochlear aqueduct was assessed. One patient had

to be excluded from the analysis because their ART

was too close to the safety limits to allow a sound level

10 dB higher to be used.

In eight patients, only one ear was tested. The TMD

values obtained ranged from �275 to þ212 nL in the

supine position and from �133 to þ434 nL in the sit-

ting position. In the five patients with bilateral results

the TMD values ranged from �55 to þ457 nL in the

supine position and from �197 to þ529 nL in the sit-

ting position. For these bilateral readings there was a

left/right di¤erence in TMD in the supine position of

between 93 and 359 nL, and of between 125 and

353 nL in the sitting position. Since the right and left

values are not independent, it was decided to use the

mean values, in order to maintain statistical integrity.

The combined range of TMD values was therefore

�275 to þ277 nL in the supine position and �133 to

þ466 nL sitting. ICP values, calculated in the same

way, ranged from þ1 to þ36 mmHg supine and from

�12 to þ35 mmHg sitting.

Linear regression showed a significant negative rela-

tionship between displacement and ICP (r ¼ �0:569,

p ¼ 0:001, Fig. 2). One patient attended for measure-

ments on two occasions and manifested a change in

Fig. 1. Calculation of mean TMD (Vm) from displacement/time

plot

Fig. 2. Scatter plot showing linear regression of ICP vs TMD (Vm),

including 95% confidence and prediction limits
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TMD with ICP that was consistent with the trend of

the complete data set.

Discussion

The aim of this study was to compare a non-invasive

method of ICP measurement with invasive ICP moni-

toring in patients undergoing invasive monitoring

as part of their routine clinical management. There is

a strong negative linear association between mean

TMD measured at ARTþ10 dB, and invasively mea-

sured ICP and this relationship is highly significant.

The relationship between supine and sitting values

for the one patient who had two sets of measurements

is consistent between the two sessions. Furthermore,

the changes between supine and sitting closely follow

the trend in the data as a whole. Nevertheless, TMD

is a poor surrogate for ICP in clinical terms because

the predictive limits of the linear regression are ap-

proximatelyG25 mmHg. This variability makes it dif-

ficult to make a clinically useful estimate of ICP. It has

been suggested [3] that serial intra-patient measure-

ments may be useful to determine changes in ICP over

time, particularly if a baseline non-invasive measure-

ment is recorded when the patient is asymptomatic.

Our observations are consistent with this hypothesis

and it may well be that such serial measurements can

be used in the assessment of patients with hydrocepha-

lus and in the determination of possible shunt malfunc-

tion. Further work is required on the repeatability and

variability of these measurements to ascertain their ex-

act clinical utility.

Acknowledgment

This study was supported by a grant from Action Medical Re-

search, The Garfield Weston Foundation.

References

1. Marchbanks RJ (1989)Method and Apparatus forMeasuring In-

tracranial Fluid Pressure. United States Patent no 4,841,986

2. Wagner N, Walsted A (2000) Postural-induced changes in intra-

cranial pressure evaluated non-invasively using theMMS-10 tym-

panic displacement analyser in healthy volunteers. Acta Otolar-

yngol [Suppl] 543: 44–47

3. Madan S, Burge DM, Marchbanks RJ (1998) Tympanic mem-

brane displacement testing in regular assessment of intracranial

pressure in eight children with shunted hydrocephalus. J Neuro-

surg 88: 983–995

Correspondence: I. R. Chambers, Regional Medical Physics De-

partment, Newcastle General Hospital, Newcastle upon Tyne, NE4

6BE, UK. e-mail: i.r.chambers@ncl.ac.uk

Clinical comparison of tympanic membrane displacement with invasive ICP measurements 199



Acta Neurochir (2005) [Suppl] 95: 201–205

6 Springer-Verlag 2005

Printed in Austria

Gravity valves for idiopathic normal-pressure hydrocephalus: a prospective study
with 60 patients

U. Meier

Department of Neurosurgery, Unfallkrankenhaus Berlin, Berlin, Germany

Summary

Objective. Are hydrostatic valves superior to conventional di¤er-

ential pressure shunts in patients with normal-pressure hydrocepha-

lus, with regard to the postoperative results of treatment and possible

complications?

Methods. From September 1997 to January 2002, 60 patients with

idiopathic normal-pressure hydrocephalus were treated by surgical

implantation of hydrostatic valve at the Unfallkrankenhaus Berlin.

In a prospective study, the clinical examination and a CT examina-

tion were carried out preoperatively, postoperatively and 1 year after

the operation.

Results. One year after the operation, the clinical picture was very

good for 33% of the patients, good for 33% and satisfactory or poor

for 17%, each, of the patients. 3 dislocations (5%) of ventricular or

abdominal catheters and three valve infections were found as valve-

independent. As valve-dependent complications, underdrainage was

found in 4 patients (7%) and radiological signs of overdrainage in 2

patients (3%), while 1 patient (1.7%) showed symptomatic over-

drainage.

Conclusion. According to our experience, hydrostatic Dual-switch

valves Aesculap2 are superior to conventional di¤erential pressure

shunts without an additional gravity unit especially with regard to

the treatment of patients with idiopathic normal-pressure hydroce-

phalus, concerning both the postoperative results and the incidence

of possible complications. A clinical improvement can be achieved

for 83% of such patients.

Keywords: Normal-pressure hydrocephalus; idiopathic; outcome;

complications; shunt operation; Dual-switch valve; hydrostatic

valves.

Introduction

Despite the existence of modern, neuroradiological

diagnostic methods, the accurate diagnosis and ther-

apy of a normal-pressure hydrocephalus (NPH) still

presents a challenge for the clinician. On the one hand,

the clinical symptoms, e.g. the onset of gait disorders

or the impairment of the short-term memory, often

accompanied by vegetative symptoms like headaches

and dizziness under physical strain, must be regarded

as rather unspecific. On the other, the discrimination

of the symptoms, through di¤erential diagnostics, just

cited from demential illnesses and degenerative genesis

(Morbus Binswanger, Morbus Alzheimer) is often dif-

ficult [14].

For patients with idiopathic normal-pressure hydro-

cephalus (iNPH), conventional di¤erential pressure

shunts have the disadvantage that, when the patient

stands up, they open abruptly, or stay open for too

long and thereby exert suction on the cerebrospinal

fluid (CSF) volume of the possibly already atrophic

damaged brain. The principal question is if such suc-

tion phenomena, and the resulting complications due

to overdraining, can be suppressed or prevented by us-

ing hydrostatic valves [11].

Materials and method

From September 1997 to January 2002, 60 patients with

idiopathic normal-pressure hydrocephalus (iNPH) were surgically

treated by implanting a hydrostatic valve (Dual-switch valve
Aesculap2) at the Unfallkrankenhaus Berlin. The results of the clinical

examination, the intrathecal infusion test and the cerebrospinal tap

test served as a decision aid for the shunt operation [9]. The 41 male

(68%) and 19 female patients (32%) were of an average age of 66

years (44–83 years). With all these patients, the clinical and CT ex-

amination was carried out preoperatively, postoperatively and 1

year after the operation in a prospective study.

Diagnostics

Following the clinical examination with findings of gait ataxia and

additional symptoms [8] and the detection of a ventricle enlargement

through neuroradiological imaging methods, the intrathecal infusion

test was carried out (Fig. 1). The dynamic infusion test, which was

performed on the patient in horizontal position, via lumbar punc-

ture, in the computer-assisted constant flow technique at an infusion

rate of 2 ml/min, was used for computing the ICP-dependent resis-

tance to cerebrospinal outflow as a parameter of the CSF dynamics



[6, 7]. A resistance to outflow (Rout) exceeding 13 mmHg*min/ml

was defined as pathological [9]. Immediately after the infusion test,

a diagnostic CSF drainage of at least 60 ml was carried out (Cere-

brospinal tap test). Improvement of the clinical symptoms within

the next 2–3 days established the indication for a shunt operation.

If the symptoms, especially the gait ataxia, did not improve, an exter-

nal lumbar drainage was performed for 2–3 days (Fig. 1). If this re-

sulted in an improvement of the symptoms, a DSV was implanted as

a ventriculo-peritoneal shunt [11].

Working principle of the Dual-switch valve

The valve comprises two valve chambers operating independently,

one for the lying patient and one for the standing or sitting patient. In

this way, the intraventricular pressure (IVP) can be kept within the

physiological range even when the patient is standing up, and acci-

dental overdrainage is prevented systematically. The appropriate

pressure chamber is activated by a tantalum ball, which blocks the

CSF drainage at the low-pressure side of the valve when the patient

sits or stands up. Only when a critical IVP is reached in the vertical

position too, the high-pressure stage of the valve opens and thus pre-

vents any further pressure rise (Fig. 2). The valve setting pressure rat-

ings of the DSV for all of the 60 patients with iNPH are shown in

Table 1.

Clinical grading

The results of the clinical examinations were assessed according to

the Black grading scale for shunt assessment and the NPH recovery

rate based on the clinical grading for normal-pressure hydrocepha-

Fig. 1. Diagnostic pathway for normal-pressure hydrocephalus
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lus, by Kiefer [5]. All graded examination results were classed into

four groups. The group showing excellent results is characterized by

a NPH recovery rateb 7 points; the group showing a good develop-

ment after the implantation scores an NPH recovery rateb 5 points;

the group showing a fair or satisfactory development contains pa-

tients with a NPH recovery rateb 2 points, and the group showing

poor results is characterized by a NPH recovery rate < 2 points.

Results

A gait ataxia was diagnosed as the leading symptom

of idiopathic normal-pressure hydrocephalus (iNPH)

in all 60 patients. 26 patients (43%) showed a urinary

incontinence as a late symptom. 32 patients (53%)

showed mnestic disorders, mostly of the short-term

memory and, in few cases, demential symptoms. The

average resistance in the intrathecal infusion test was

determined as Rout ¼ 21G 7 (13–47) mmHg*min/ml.

For 53 patients (88%), the clinical symptoms im-

proved, especially the gait ataxia after the cerebrospi-

nal tap test. Because of a negative finding in the cere-

brospinal tap test, 7 patients (12%) received a lumbar

CSF drainage for 3 days. After that, the gait ataxia im-

proved in these patients. All 60 patients were surgically

treated with Dual-switch valves Aesculap2 (DSV) as

ventriculo-peritoneal shunt implants.

Outcome

The outcome for the 60 patients after implantation

of a DSV indicated by iNPH are shown in table 3:

33% (20) of the patients showed a very good outcome,

33% (20) a good outcome, 17% (10) a satisfactory out-

come and 17% (10) a poor outcome 1 year after the

shunt was implanted. The average rating on the Kiefer

scale, equivalent to the severity of the symptoms caused

by the iNPH, dropped from 9G 3 points before the

operation to 5G 3 points after the operation, or 4G 3

points at the follow-up examination, i.e. by more than

half. The postoperative NPH recovery rate were com-

pared to those obtained from the follow-up examina-

tion 1 year after the shunt implantation. This yielded

a postoperative ratio of 5:1G 2:5, i.e. a result in the

transition region between satisfactory and good out-

comes, and a figure of 5:3G 3:5 one year after the op-

eration, i.e. a good outcome, on average, or an average

improvement of the clinical symptoms by 53%.

Complications

Regarding the valve-independent complications fol-

lowing the shunt implantation, the infection rate of 5%

(3 patients) is the dominant factor. The implant was re-

moved from all patients with shunt infections. After

the remediation of the focus of infection, new valves

were implanted in all patients. In 2 cases, the same

low-pressure valve rating was chosen for the second

implantation as for the initial one. In one case we de-

cided for the lower rating for the low-pressure stage of

the DSV. In two cases, a ventricular catheter had to be

revised due to incorrect positioning, and in one case

the abdominal drainage tube required revision because

Fig. 2. Working principle of the Miethke dual-switch valve

Table 1. Valve opening pressure of the DSV for all 60 patients with

iNPH

Valve opening

pressure [mmH2O]

300 400 500 Total

80 – 2 – 2

100 2 13 15 30

130 – 7 18 25

160 – 3 – 3

Fig. 3. Therapeutic results
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of its dislocation (dislocation rate: 5%). Thus, the

valve-independent complications amounted to 10% (6

patients).

In 2 patients (3%) carrying an DSV, neuroradiolog-

ical imaging procedures showed an obvious decrease

of the ventricular size and narrow, subdural hygromas

as a direct sign of overdrainage. One of those patients

(1.7%) showed symptoms related to this neuroradio-

logical finding, such as nausea, vomiting and head-

aches. In this patient a shunt revision was performed

involving the implantation of higher-rate low-pressure

stage of the DSV. In the other patient, the subdural hy-

gromas was resorbed, without any clinical symptom,

within 6 weeks. 4 patients (7%) su¤ered a worsening

of their symptoms despite the shunt operation. In these

patients, the ventricle size, as seen in the computer to-

mogram, increased slightly. A shunt revision involving

the implantation of a lower-rate low-pressure stage of

the DSV was performed on these 4 patients. The clini-

cal development after that revision showed 2 patients

with a significant marked improvement of their symp-

toms, while the clinical symptoms of the 2 other pa-

tients did not improve after the revision. Hence, the

valve-dependent rate of complications amounts to

10% (6 patients).

The shunt-dependent morbidity thus amounted to

20 percent. Independent of the shunt implantation, 2

patients deceased within the period covered by this

study, 5–7 month post operationem, one of a heart at-

tack and one of a tumor illness, which had not been di-

agnosed prior to the operation. Another patient died

of a lung embolism 6 days after the shunt operation,

despite proper thrombotic prophylaxis. Thus, the

operation-related lethality amounts to 1.7%, while the

shunt-related lethality is 0 percent.

Ventricle width

The preoperative and postoperative Evans index

and the catamnestic Evans index 1 year after the oper-

ation allowed drawing up a balance for the ventricle

size. For 80 percent of the patients with iNPH, the

evaluation did not yield any significant reduction of

the ventricle width, despite an improvement in clinical

symptoms and a good or very good development after

the implantation of this valve type [10].

Discussion

All valves in use operate according to the

di¤erential-pressure principle. This means, the passage

through the valve is opened as soon as the pressure dif-

ference between the inlet and the outlet of the valve ex-

ceeds its specific opening pressure.

Outcome

According to literature, the general improvement

rates after a shunt operation for patients with normal-

pressure hydrocephalus (NPH) vary between 31% and

96%, with an average of 53%. Ameta-analysis by Van-

neste [15] yielded improvement rates of 30–50 percent

for idiopathic NPH and 50–70 percent for secondary

NPH an. The meta-analysis by Hebb et al. [4] cites an

improvement rate of 59% following a shunt operation

on iNPH and a long-term improvement rate of 29%.

The results of our study – 66% good or excellent out-

comes and 17% satisfactory results, i.e. an overall im-

provement rate of 83 percent – clearly exceed these in-

ternational findings. The necessity of diagnosis and

therapy of normal-pressure hydrocephalus at an early

stage cannot be emphasized enough, since, at a later

stage, cerebral autoregulation disorders are already

manifested and adversely a¤ect the therapy outcome

following a valve implantation [11].

Complications

Grumme et al. [3] cite a lethality of 0–6 percent

and an incidence of overdrainage phenomena of 6–20

percent after shunt operations on patients with

normal-pressure hydrocephalus. Hebb et al. [4] give a

complication rate of 38%, a revision rate of 22% and

an incidence of a combination of lasting neurological

deficits and lethality of 6%. The lethality of 1.7% and

the overdrainage rate of 3% found by this study are

lower than those international figures [2, 12]. Our fig-

ures concerning peri- and postsurgical complications,

at 20%, are at the lower edge limit of the 20–40 percent

range quoted by Vanneste [46]. Especially the low

overdrainage rate achieved with the DSV (3% accord-

ing to radiological criteria, 1.7% symptomatically)

compared to standard valves has to be emphasized at

this point. The hydrostatic valves reduced the risk of

overdrainage related to the design principle of the

valve, but this also brought problems of underdrainage

to the foreground. Four patients (7%) of our sample

group had to be operated on again because of under-

drainage, which was detected clinically and in intrathe-

cal infusion tests. These 4 patients were treated by im-
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planting an DSV of a lower pressure rating for the hor-

izontal position.

In the British Shunt Registry [13], which covers

more than 9000 cases, underdrainage is the dominant

problem, at 52%. In that report, overdrainage as a

cause for postoperative complications is quoted as

very rare (3%). In contrast to this, Scandinavian

groups assert [1] that 80% of all shunt complications

are caused by overdrainage.

Conclusions

After 6 years of experience with the DSV, we arrived

at a clearly positive assessment of the reliability of the

design principle of this gravity-assisted hydrostatic

valve. The technical principle of the parallel two-

chamber system with large membranes allows mini-

mizing the incidence of overdrainage. In this respect,

it is clearly superior to conventional di¤erential pres-

sure valves as well as to adjustable valves and the

majority of hydrostatic valves. Because of the low inci-

dence of over- and underdrainage and the good post-

operative results, we recommend implanting DSV as

ventrico-peritoneal shunts for patients with iNPH.
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Summary

Objective. Previously, we documented association between CSF

circulation and transcranial-Doppler derived autoregulation in non-

shunted patients su¤ering from hydrocephalus. In the present study

we sought to investigate the relationship between the resistance

to CSF outflow and pressure-reactivity both in shunted and non-

shunted NPH patients.

Material and methods. Sixty-eight patients (47 non-shunted and 21

shunted) with NPH have been examined as a part of routine diagnos-

tic procedure. Resistance to CSF outflow (Rcsf ) was measured using

a ventricular constant rate infusion test. Cerebrovascular pressure-

reactivity was assessed as a moving correlation coe‰cient (PRx) be-

tween coherent ‘slow waves’ of ICP and arterial blood pressure

(ABP). This variable has previously been demonstrated to correlate

with the autoregulation of CBF in patients following head injury.

Results. In non-shunted patients cerebrovascular pressure-

reactivity (PRx) was negatively correlated with Rcsf (R ¼ �0:5;

p < 0:0005). This relationship was inverted in shunted patients: a

positive correlation between PRx and Rcsf was found (R ¼ 0:51;

p < 0:03).

Conclusion. Cerebrovascular pressure-reactivity is disturbed in pa-

tients with normal resistance to CSF outflow, suggesting underlying

cerebrovascular disease. This result confirms our previous finding

where transcranial Doppler autoregulation was investigated. After

shunting the pressure-reactivity strongly depends on shunt function-

ing and deteriorates when the shunt is blocked.

Keywords:Hydrocephalus; autoregulation; CSF flow; shunt.

Introduction

The pathophysiology of hydrocephalus includes

three major components: disturbed cerebrospinal fluid

(CSF) circulation, poor pressure-volume compensa-

tion and the interference of abnormal CSF flux with

cerebral blood flow (CBF).

The first component manifests as an impaired out-

flow or absorption of CSF usually seen in hydrocepha-

lus [2], commonly expressed as an increased resistance

to CSF outflow (Rcsf ).

The second component, the pressure-volume com-

pensatory reserve, can be regarded as a mechanism by

which the cranial cavity adapts to a change in intracra-

nial volume to maintain a stable intracranial pressure

(ICP). It is probably predominantly expressed by a

bu¤ering capacity of low-pressure compartment of

cranial venous volume.

The third component is responsible for a reduction

of CBF and an impairment of mechanisms of CBF

regulation. It appears that CBF is decreased in patients

su¤ering from NPH, although it remains unclear

whether this reduction is a cause or an e¤ect of NPH

[1]. It has recently been reported that cerebrovascular

reactivity to changes in partial pressure of carbon di-

oxide in arterial blood and in reaction to acetozolo-

mide are commonly depleted in NPH [3, 7]. In our

previous study we demonstrated an association be-

tween pressure-autoregulation assessed with transcra-

nial Doppler ultrasonography (TCD) and the resis-

tance to CSF outflow [6]. Our present objective is to

study the relationship between the resistance to CSF

outflow and cerebrovascular pressure-reactivity in

shunted and non-shunted NPH patients.

Material and methods

In this retrospective study we reviewed the data from 68 patients

(40 men and 28 women), who presented with clinical and radiologi-

cal symptoms of NPH (progressive dementia, gait disturbances with

or without urinary incontinence, along with communicating hydro-

cephalus on brain CT/MRI with a bicaudate ratio > 0:25). The

age range was 25–86 years (mean 58). 21 patients had a ventriculo-

peritoneal shunt in-situ at the time of examination. All patients un-

derwent a computerized CSF infusion test being a part of diagnostic

procedure in the Addenbrooke’s Hospital CSF Clinic. In non-

shunted patients the aim was to determine their resistance to CSF



outflow, which is one of the predictors of response to shunting. In

shunted patients the aim was to assess the shunt function in-vivo, as

they had the persistence or recurrence of some clinical signs. This ex-

amination is a part of routine diagnostic procedure in our hospital.

Data were analyzed retrospectively and anonymity and confidential-

ity were maintained throughout.

Two needles, which were used for the infusion and the pressure

measurement, were placed either into a subcutaneous reservoir that

was connected to the intraventricular catheter or into the shunt ante-

chamber. Before the infusion was started, baseline ICP was recorded

for 10 minutes. The infusion of a normal saline solution was then

started at a rate of 1.5 ml/min or 1 ml/min. When a steady state of

ICP plateau was reached, the infusion was stopped. The recording

was continued until ICP decreased to a steady baseline level. During

the whole period of recording a Finapress finger cu¤ measured the

arterial pressure (ABP).

An IBM-compatible personal computer recorded and processed

the data during the infusion test, to obtain mean CSF pressure, pulse

wave amplitude of CSF pressure and to calculate the resistance to

CSF outflow. ICP andABP waveforms were processed during the in-

fusion test to obtain an additional index describing cerebrovascular

pressure-reactivity (PRx). The index is based on the concept of as-

sessing vascular responses by observing repetitively the reaction of

ICP to spontaneous fluctuations of ABP [4]. Using computational

Fig. 1. Relationship between slow waves of arterial pressure (ABP) and intracranial pressure (ICP). Upper panel: PRx negative indicating

good pressure-reactivity. Lower panel: PRx positive indicating poor pressure-reactivity
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methods PRx was determined by calculating the correlation coe‰-

cient between 40 consecutive, time-averaged (over 6 sec periods)

data points of ICP and ABP. A positive PRx signifies a positive gra-

dient of the regression line between the slow components of ABP and

ICP, which has been shown to be associated with a passive behavior

of a non-reactive vascular bed. A negative value of PRx reflects nor-

mal reactive cerebral vessels, as ABP waves provoke inversely corre-

lated waves in ICP (Fig. 1). This index correlates well with indices of

autoregulation based on transcranial Doppler ultrasonography. Fur-

thermore, abnormal values of PRx indicative of poor autoregulation

have been demonstrated to be predictive of a poor outcome follow-

ing head injury [4].

Calculated variables were averaged over 10-min. periods at the

baseline and during the plateau phase of infusion (Fig. 2) and a

non-parametric paired test (signed-rank) was used for comparison

of time-averaged values at the baseline and during the elevated ICP

within the phase of constant rate infusion. Regression analysis was

used, after checking the normal distribution of data, to compare

compensatory and cerebrovascular-reactivity indices with the resis-

tance to CSF outflow, separately for shunted and non-shunted

patients.

Results

The measured parameters responded to the change

in mean ICP between the baseline and the infusion.

The mean values and standard deviations are given in

Table 1 together with the significance levels for the dif-

ferences (paired signed-rank test).

In the group of non-shunted patients 28 had a resis-

tance to CSF outflow above 13 mmHg of which 12

above 18 mmHg/(ml/min). In the group of shunted

patients 9 tests evaluated the shunt as functioning nor-

mally and 5 tests revealed a shunt blockage [5]. In 8

cases ‘possible under drainage’ was revealed (i.e. Rcsf

was increased in comparison to the hydrodynamic re-

sistance of the shunt, but lower than 10 mmHg/(ml/

min)).

Of all the CSF compensatory parameters derived

from the infusion test, the resistance to CSF outflow

(Rcsf ) and the baseline ICP demonstrated significant

associations with cerebrovascular reactivity (PRx):

In non-shunted patients, the regression between PRx

and Rcsf indicated a negative linear relationship

(R ¼ �0:5; p < 0:0005) (Fig. 3a).

Fig. 2. Example of data recorded during the infusion test. Infusion of 1 ml/min started at 14 minutes and continued until the 40th minute. ICP

Intracranial pressure, ABP arterial pressure, AMP pulse amplitude of ICP, PRx pressure reactivity index

Table 1. ICP, ABP and derived parameters before and during infu-

sion

At the baseline During infusion P value

ICP [mmHg] 7.7 (5.7) 23.1 (10.1) 2:47 � 10�12

ABP [mmHg] 85 (28) 92 (36) 0.000247

CPP [mmHg] 76.8 (28) 67.6 (34.3) 0.00019

PRx 0.11 (0.21) 0.18 (0.26) 0.047

Magnitude of B

waves [mmHg]

0.71 (0.76) 2.26 (1.23) 0
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In shunted patients, we observed an opposite rela-

tionship between PRx and Rcsf: both parameters

were positively associated (R ¼ 0:51; p < 0:03) (Fig.

3b).

There was no correlation between PRx and ventric-

ular size (bicaudate ratio), opening ICP, Rcsf or ela-

stance coe‰cient of the intracranial space.

Following the infusion study 27 patients with in-

creased Rcsf were shunted. 14 of them improved 6 did

not show any signs of improvement (1 of them got

worse). 8 patients were not available for the follow-

up. When PRx was compared between improved

and non-improved patients it appeared that it indi-

cated nearly significantly (p ¼ 0:082) worse pressure-

reactivity in patients who did not improve (PRx ¼
0:25G 0:23) in comparison to patients who demon-

strated improvement (PRx ¼ 0:050G 0:21).

Discussion

The negative correlation between cerebrovascular

pressure reactivity (PRx) and Rcsf for non-shunted

patients was in agreement with our previous findings

about CBF autoregulation assessed using transcranial

Doppler ultrasonography. We found that patients with

a higher Rcsf tended to have a better autoregulation

than patients with a lower Rcsf. Similarly, in the

present study, patients with higher Rcsf had better

pressure-reactivity (lower PRx). This paradoxical find-

ing was attributed to the possible higher rate of cere-

brovascular disease in patients with ventricular dilata-

tion and normal circulation of CSF. Consequently,

such patients tend not to exhibit clinical improvement

after shunting. The shunt cannot restore normal con-

ditions of cerebral vascular reactivity (and hence

improvement of CBF) when the problem lies only or

predominantly within the cerebrovascular tree. In hy-

drocephalus, where there is a pathological link be-

tween disturbed CSF circulation (manifested by in-

creased Rcsf ) and reduced CBF, shunting can

improve CSF distribution and hence CBF.

The relationship between PRx and Rcsf in shunted

patients was found to be positive, i.e. inverse to the

negative correlation between these two parameters in

non-shunted patients. This indicates that the shunt

may influence cerebrovascular haemodynamics.

The presented data suggest an association between

the three pathophysiological components of hydroce-

phalus: CSF circulation and haemodynamic reactivity.

We found a positive relationship between PRx and

Rcsf in shunted patients, which is opposed to the neg-

ative relationship between these two parameters in

non-shunted patients. This indicates an interference of

the shunt with cerebrovascular haemodynamics.
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Summary

Objective. To establish a more accurate indication for endoscopic

third ventriculostomy (ETV) in patients with noncommunicating

hydrocephalus through the analysis of the evolution of postoperative

mean intracranial pressure (ICPM).

Method. Intracranial pressure (ICP) was recorded overnight dur-

ing 8-hour periods with an intraventricular probe. A personal com-

puter connected to the ICP monitor minutely recorded the values of

ICP. Twenty-four patients were monitored from day 1 to day 3 after

ETV. The evolution of ICPM was analysed with an ANOVA test for

repeated measures. The relevance of di¤erent factors (age, etiology,

size of the lesion leading to hydrocephalus, clinical course and out-

come) on the evolution of ICPM was explored with a two-factor

ANOVA.

Results. ICPM progressively decreased from day 1 to day 3 after

ETV (p ¼ 0:03). ICPM on the first postoperative day was 15.81G
2.04 mm Hg (meanG standard error) and 13.43G 1.44 mm Hg on

the third postoperative day. Di¤erent patterns in the evolution of

ICPM have been detected according to the age of the patient and

the clinical course of hydrocephalus.

Conclusion. ICPM progressively decreases after ETV. This pattern

is not constant. It has been clearly detected in children and in acute

forms of hydrocephalus.

Keywords: Noncommunicating hydrocephalus; endoscopic third

ventriculostomy; intracranial pressure.

Introduction

Noncommunicating hydrocephalus is a protean

clinical entity. The diagnosis is not always straight-

forward. Patients may present an acute intracranial

hypertension syndrome lasting for a few days and, on

the other hand, the diagnosis may be done in the pres-

ence of a more indolent clinical picture heralded by a

gait disturbance, a memory disorder or chronic head-

ache lasting for several months or even years. Endo-

scopic third ventriculostomy (ETV) has gained accep-

tance as the treatment of choice for this entity. If such

di¤erent clinical scenarios should be treated with an

ETV has not been convincingly answered [9].

The main hypothesis sustaining the design of this

study is the existence of a transmantle pressure gradi-

ent in the early stage of development of hydrocep-

halus. Experimental models [2] and the introduction

of biomechanics [4, 6, 7] to the study of hydrocephalus

support this assumption. However, a pressure gradient

with a higher pressure in the ventricles than in the sub-

arachnoid space has not been clearly demonstrated in

a clinical setting and in chronic forms of hydrocepha-

lus there is no transmantle pressure gradient [8].

If ETV is an e¤ective treatment for noncommuni-

cating hydrocephalus, intracranial pressure (ICP) de-

termined at the ventricular level should immediately

or gradually decrease after surgery. Through the anal-

ysis of the evolution of the mean intracranial pressure

(ICPM) in the postoperative period, our goal has been

to establish a more accurate indication for ETV in pa-

tients with noncommunicating hydrocephalus.

Methods

Overnight ICP recording was performed with an intraventricular

probe (Probe 3, Spiegelberg GmbH & Co., Germany) during the

first 3 postoperative days in 24 patients with noncommunicating

hydrocephalus treated with ETV. ICP was monitored during 8-hour

periods. In thirteen patients ICP monitoring was extended until the

fifth postoperative day. The ICP monitor (Spiegelberg CPP Moni-

tor) is connected to a personal computer. A software (Midas CPP

Collection Program Version 3.0, developed by Ian Piper, Glasgow)

minutely records the value of ICP. This yields a total of 480 lectures

during an 8-hour period. The data are stored in an ASCII format file.

These data are imported by common software to calculate the value

of ICPM every day.

The evolution of ICPM in the immediate postoperative period was

analysed with an ANOVA test for repeated measures. The level of



significance chosen for this contrast was p ¼ 0:05. A two-factor AN-

OVA with repeated measures on one factor (one within, one between

factor) was used to analyse the influence of di¤erent factors of clini-

cal relevance on the evolution of ICPM. These factors include: age,

etiology, size of the lesion leading to hydrocephalus, clinical course

of the disease and outcome. The level of significance chosen for the

interaction was p ¼ 0:10. Informed consent was obtained from every

patient. This study was approved by the Local Ethics Committee of

Clinical Investigation.

This is an adult-based series (median age 51 yrs). Table 1 summa-

rizes the baseline characteristics. Age was subdivided in two groups;

children (a15 yrs) and adult patients. Etiology in primary aqueduc-

tal stenosis or intracranial mass. The size of the lesion leading to

hydrocephalus was categorized as larger or smaller than 30 mm ac-

cording to its maximal diameter. The clinical course of the disease

was subdivided in acute and chronic forms of hydrocephalus. The

former comprises patients with symptoms and signs of intracranial

hypertension lasting less than 2 weeks. Chronic forms of hydroce-

phalus are characterized by a more indolent clinical picture lasting

several months or even years usually heralded by gait disturbances,

headache, memory disorders or a cognitive deficit detected by neuro-

psychological testing. The outcome has been classified as satisfac-

tory, for those patients who improved and have remained clinically

well up to their last follow-up visit, and failures or shunted patients in

those cases in which clinical symptoms of hydrocephalus either re-

turned or never resolved and the patients required additional surgery

for treatment of hydrocephalus [5].

Results

ICPM gradually decreased during the immediate

postoperative period (p ¼ 0:03). ICPM on the first

postoperative day was 15.81G 2.04 mm Hg (meanG
standard error) and 13.43G 1.44 mm Hg on the third

postoperative day (Fig. 1). The gradient during this

48-hour period was 2.38 mm Hg. The same accounts

for the subset of patients who were monitored during

five days (p ¼ 0:01). The gradient is larger when a

more extended period of time is analysed (Fig. 2).

ICPM on the first postoperative day was 16.28G
2.56 mm Hg and 12.59G 1.80 mm Hg on the fifth

Table 1. Baseline characteristics of the series analysed: 24 patients

with noncommunicating hydrocephalus treated with endoscopic third

ventriculostomy and postoperative ICP monitoring

Characteristic n %

Sex

– Male 9 37.5

– Female 15 62.5

Age

– Adults (>15 yrs) 20 83.3

– Children (<15 yrs) 4 16.7

Etiology

– Intracranial mass 16 66.7

– Primary aqueductal stenosis 8 33.3

Size

– >30 mm 13 54

– <30 mm 11 46

Clinical onset

– Acute intracranial hypertension 18 75

– Chronic hydrocephalus 6 25

Outcome

– Satisfactory 21 87.5

– Shunt 3 12.5

n Mean SD SE

Day 1 24 15.81 10.02 2.04

Day 2 24 14.95 8.66 1.76

Day 3 24 13.43 7.08 1.44

Fig. 1. Evolution of ICPM during the first 3 postoperative days after

endoscopic third ventriculostomy. n Number of patients; SD stan-

dard deviation; SE standard error

n Mean SD SE

Day 1 13 16.28 9.24 2.56

Day 2 13 14.77 8.09 2.24

Day 3 13 14.31 6.97 1.93

Day 4 13 14.31 6.60 1.83

Day 5 13 12.59 6.50 1.80

Fig. 2. Evolution of ICPM during the first 5 postoperative days after

endoscopic third ventriculostomy. n Number of patients; SD stan-

dard deviation; SE standard error
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postoperative day, which represents a di¤erence of

3.69 mm Hg.

Influence of the clinical course on the evolution of

ICPM: acute and chronic hydrocephalus

Patients with acute hydrocephalus displayed a trend

towards higher values of ICPM than patients with

chronic hydrocephalus. The pattern of the evolution

of ICPM after ETV was di¤erent in both groups of

patients (p ¼ 0:01). ICPM progressively decreased in

acute hydrocephalus. By contrast, ICPM in chronic

forms of hydrocephalus remained stationary through-

out the immediate postoperative period (Figs. 3 and 4).

Influence of age on the evolution of ICPM: children

and adult patients

Children with noncommunicating hydrocephalus

have higher ICPM than adults. This subdivision of

age determines di¤erent patterns of the evolution of

ICPM after ETV (p ¼ 0:002). In the pediatric subset

of patients there is a decrease of ICPM from 31.81G
5.75 mm Hg on the first postoperative day to 22.73G
4.26 mm Hg on the third postoperative day. The

magnitude of the descent is 9.08 mm Hg. In adults,

the slope is much less pronounced (Fig. 5).

ACUTE CHRONIC

n Mean ES n Mean ES

Day 1 18 18.02 2.42 6 9.18 2.32

Day 2 18 16.63 2.11 6 9.93 2.28

Day 3 18 14.55 1.69 6 10.06 2.45

Fig. 3. Interaction between the clinical course (acute or chronic

hydrocephalus) and the evolution of ICPM. xex ACUTE; aia
CHRONIC

ACUTE CHRONIC

n Mean ES n Mean ES

Day 1 8 20.01 3.30 5 10.31 2.48

Day 2 8 17.07 3.16 5 11.10 2.40

Day 3 8 16.12 2.64 5 11.43 2.50

Day 4 8 15.57 2.14 5 12.29 3.40

Day 5 8 14.39 2.39 5 9.71 2.44

Fig. 4. Interaction between the clinical course and the evolution of

ICPM throughout 5 postoperative days. xex ACUTE; aia
CHRONIC

CHILDREN ADULTS

n Mean ES n Mean ES

Day 1 4 31.81 5.75 20 12.61 1.34

Day 2 4 26.88 6.08 20 12.57 1.25

Day 3 4 22.73 4.26 20 11.57 1.17

Fig. 5. Interaction between the age (children or adults) and the

evolution of ICPM. xex CHILDREN (>15 yrs); aia ADULTS

(>15 yrs)
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All pediatric patients had acute hydrocephalus.

Adult patients with chronic hydrocephalus were de-

leted to avoid the confounding e¤ect of the clinical

course of the disease (Fig. 6). This yielded 18 patients

with acute hydrocephalus monitored from day 1 to

day 3 after ETV. The e¤ect of age is maintained when

only acute forms of hydrocephalus are considered

(p ¼ 0:01).

The etiology (p ¼ 0:68), the size of the lesion

(p ¼ 0:31) and the outcome at the end of the follow-

up period (p ¼ 0:34) according to the above men-

tioned subdivision did not e¤ect the postoperative

evolution of ICPM.

Discussion

ICPM gradually decreases during a 48-hour interval

in the immediate postoperative period after ETV. The

magnitude of the gradient is in the range of 2 to

3 mm Hg. Larger gradients are detected when the pe-

riod of ICP monitoring is extended until the fifth

postoperative day, confirming a progressive decline of

ICPM throughout the immediate postoperative period

after ETV.

This pattern, however, is not uniform. The age of

the patient and the clinical course of the hydrocephalus

seem to definitely e¤ect the postoperative evolution of

ICPM. In the acute stage of development of hydroce-

phalus ICPM steeply decreases, while in chronic forms

of hydrocephalus ICPM remains stationary. The sub-

division of age in children and adults also e¤ected a

di¤erent response of the ICPM evolution of as a logical

reflection of changes in sti¤ness and in elastic proper-

ties of the brain parenchyma related with age. The de-

scent of ICPM in children is much more striking while

the response in adults was less perceptible.

By contrast, other factors considered of clinical rele-

vance did not seem to condition the postoperative evo-

lution of ICPM. Such factors include: subdivision of

etiology in intracranial mass or primary aqueductal

stenosis; the size of the lesion leading to hydrocephalus

according to its largest diameter and the outcome at

the end of the follow-up period.

Although ETV is a well-established indication

for noncommunicating hydrocephalus, the scenario

widely varies in terms of age at presentation, etiology,

clinical manifestation and duration of symptoms. This

variability may in part explain the rather consistent

failure rates in the range of 30% reported in most un-

selected series of patients with noncommunicating hy-

drocephalus [1, 3]. Such results and the heterogeneity

of the disease lead to define more precisely which pa-

tients with noncommunicating hydrocephalus are re-

ally candidates for ETV and which will be better

treated with a shunt. The role of ETV in adult patients

with chronic forms of noncommunicating hydroce-

phalus should be carefully considered. Both conditions

are associated with a pattern of the evolution of ICPM

in which changes are hardly detectable.
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Summary

Objective. Explore the relationship between lumbar Epidural Pres-

sure (LEDP) and CSFP through clinical studies and to determine

whether LEDP can represent CSFP.

Methods. We selected 150 cases of cerebral diseases at random for

this study. A special mini transducer was implanted into the lumbar

epidural space between the third and the 4th lumbar vertebra by

means of a No. 18 Touhy needle for monitoring of LEDP. In the

meantime, a traditional lumbar puncture was made between the 4th

and the 5th lumbar vertebrae and CSFP, which was taken as the

standard value, was measured using an ordinary catheter. The trans-

ducer was adjusted until the LEDP was equal to CSFP and was des-

ignated LEDP0. The LEDP0 was monitored continuously and was

translated into a continuous curve. In each and every case, a lumbar

puncture was repeated at 24, 48, 72 and 96 hours to obtain CSFP for

comparison and to explore the relationship between LEDP0 and

CSFP. While monitoring LEDP0, we observed the variation in pres-

sure when the patient breathed, coughed, changed posture, and also

if the clinical symptoms changed with intracranial hypertension.

Result. The values of the intracranial pressure measured by these

two methods were identical.

Conclusion. LEDP responded to the changes of CSFP.

Keywords: Lumbar epidural pressure; intraventricular pressure.

Introduction

After considerable research on the lumbar epidural

pressure (LEDP) measurement, many researchers

came to the conclusion that LEDP could represent

CSFP. However, in those studies, LEDP was not

monitored continuously. By using a mini transducer

we have conducted continuous monitoring with suc-

cess using LEDP in 150 cases of cerebral disease, and

compared the data with CSFP. These correlations is

the subject of this report.

Material and method

Transducer & instruments

This system consisted of the following:

a. A catheter transducer: The special transducer, 0.9 mm in diame-

ter was su‰ciently small to pass through a No. 18 Touhy needle

at its minimum and expanded to 8 mm � 8 mm � 10 mm at its

maximum with the catheter graded in millimeters.

b. A high-precision physiological pressure display: showing the

pressure (Unit: mmH2O) from the transducer translated the pres-

sure into a dynamic curve continuously;

c. A computer was used to record and save the dynamic pressure

data for subsequent analysis.

Operational method

With the patient lying on his/her side horizontally, we adjusted the

catheter transducer to zero based on the patient’s spinous process

line. A puncture was made between the third and the 4th lumbar ver-

tebra with a No. 18 Touhy needle and the transducer was implanted

into the lumbar epidural space by the graduation on the catheter.

Once the probe was out of the Touhy needle, we withdrew the needle

and connected the end of the catheter to the pressure display.

In the meantime, we, also made a lumbar puncture between the

4th and the 5th lumbar vertebra and measured CSFP with an ordi-

nary catheter (mmH2O). This reading was taken as the standard

value for comparison. After obtaining the CSFP reading, we ex-

panded the transducer slowly by means of a special device. The lum-

bar epidural pressure (LEDP) gradually increased. When it is was

equal to CSFP, we designated this pressure as LEDP0. We fixed the

catheter with adhesive and withdrew the puncture needle and let the

patient lie on his back while monitoring LEDP0. The readings were

translated into a curve and recorded on a computer.

These LEDP0 readings were gathered for 4 to 5-days of continu-

ous monitoring, during which several lumbar punctures are under-

taken at between the 4th and the 5th lumbar vertebra to gather

CSFP with an ordinary catheter. The two readings were compared.

After the monitor period, we reduced the size of the transducer and

withdrew it from the epidural space.

Clinical data

We included 150 cases of cerebral diseases taken at random: 101

cases male and 49 female ranging in age from 14 to 57 (29.8 on aver-



age). Among them were 110 cases of brain injury, 89 intracranial

hematomas, 40 intracranial tumor treatment, and 37 surgical cases

for tumor removal. No pathological changes such as a tumor in the

vertebral canal was found in these clinical practices.

Research method

While monitoring LEDP0 continuously in each of the 150 cases,

we made three or four lumbar punctures at 24 hours (time1), 48

hours (time2), 72 hours (time3), and 96 hours (time4) respectively in

order to gather CSFP for comparison. In time1 we designated P11 for

LEDP0, P12 for CSFP; for time2, P21 for LEDP0 and P22 for CSFP;

time3 coincides to P31 and P32; and so on. We explored the correla-

tion between LEDP0 and CSFP by comparing these two readings.

When monitoring LEDP0 we observed if pressure changes corre-

sponding to respiration, coughs, changes in posture, and if the clini-

cal symptoms were altered with intracranial hypertension.

Results

In the process of continuous monitoring of LEDP0

in these 150 cases, we measured these two pressures in

four prescribed times. Hence the four groups of read-

ings. The following results were obtained after making

a statistical analysis using SPSS software: We observed

the following.

1) The pressures measured by two di¤erent methods

demonstrated the same distribution characteristic,

i.e., the normal distribution. The result of the anal-

ysis is as shown in Table 1.

2) The pressures measured by two di¤erent methods

displayed a similar curve. For example, at time4,

the following chart (fshows their p-p normal proba-

bility distribution:

3) Table 2 comes into being after making interval esti-

mate based on a ¼ 0:1; 0:05, and 0.10.

As shown, the interval di¤erence at di¤erent periods is

insignificant.

4) Again, based on a ¼ 0:1; 0:05 and 0.10, make T

test and square deviation test on the means of these

twin sample readings. The tests show that, given

a ¼ 0:1; 0:05 and 0.10, the means and square devia-

tions illustrate no significant di¤erence in P11 and

P12, P21 and P22, P31 and P32, P41 and P42.

Conclusion

The readings of the pressure measured through the

two di¤erent ways are the same.

1. Classify CSFP as Lower than Normal (above

80 mmH2O), Normal (80–180 mmH2O), Slight

Growth (180–270 mmH2O), and Moderate

Growth (270–570 mmH2O). Among these 150

cases, the frequency distribution in P11, P21, P31

and P41 is as follows:

2. The LEDP0 waveform is found through continuous

monitor to fluctuate slightly with the patient’s in-

haling and exhaling. It’s mainly constituted by the

breathing wave with amplitude at 10–10 mmH2O.

The LEDP0 goes up when the jugular vein or ab-

dominal region is pressed upon and comes down

when the pressure eases. But sharp increase or de-

crease is displayed when the patient coughs with

the maximum amplitude of 410 mmH2O. When

the LEDP0 rises and exceeds the normal CSFP, the

clinical symptoms worsen as the patient feels head-

ache and vomits. The LEDP0 is observed to come

Table 1. Mean & square deviation

Mean Standard deviation Square deviation

P11 265.8667 51.43454 2645.5123

P12 266.2200 50.38468 2538.6157

P21 274.2933 51.15072 2616.3966

P22 274.1600 50.97625 2598.5782

P31 266.4533 46.30285 2143.9541

P32 267.2533 45.37187 2058.6065

P41 263.9067 44.89650 2015.6959

P42 263.5467 44.98360 2023.5246

Table 2. Interval estimate

a ¼ 0:1 a ¼ 0:05 a ¼ 0:10

P11 (254.9089,276.8244) (257.5682,274.1652) (258.9157,272.8176)

P12 (255.4859,276.9541) (258.0909,274.3491) (259.4109,273.0291)

P21 (263.3961,285.1906) (266.0406,282.5460) (267.3807,281.2059)

P22 (263.2999,285.0201) (265.9355,282.3845) (267.2710,281.0490)

P31 (256.5889,276.3178) (258.9828,273.9239) (260.1959,272.7108)

P32 (257.5872,276.9195) (259.9330,274.5737) (261.1217,273.3850)

P41 (254.3418,273.4715) (256.6630,271.1503) (257.8393,269.9741)

P42 (253.9632,273.1301) (256.2890,270.8044) (257.4675,269.6258)

Table 3. Frequency distribution (%)

Intracranial pressure

(mmH2O)

P11 P21 P31 P41

80–180 1.3 0.7 0 4.6

180–270 54.0 48.6 60.7 59.4

270–421 44.7 50.7 39.3 36.0
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down as dehydrated medicine like mannitol is

applied.

Discussion

The epidural space is a closed anatomic lacuna. As

early as 1967 Usubia discovers that dural outer pres-

sure is created when filling 10 to 20 ml physiological

saline into the lumbar epidural space, and it displays

a parallel relationship with CSFP. Shah also noted

that LEDP could indirectly reflect CSFP. Unfortu-

nately, this way of monitoring cannot last long because

the created pressure eases as the saline is assimilated

and di¤uses. Huamadu tried to measure LEDP by

placing Caelter transducer into dog’s lumbar epidural

space. However, due to the excessively small size of the

transducer, the transducer is cut o¤ from the contact

with the dural as the CSFP gets down. Consequently,

the communication is broken o¤. Therefore, it failed to

continuously reflect CSFP.

As is known to all, cerebrospinal fluid is the essential

volume compensatory substance when the intracranial

pressure changes. It keeps flowing along the designated

route. Dural is a flexible fiber membrane, keeping con-

tact with or detached from the vertebral canal on and

o¤. The surrounding hard vertebral lamina, yellow lig-

ament and pyramid limit its expansion. In the case of a

grown-up, from the third lumbar vertebra downward,

the dural contains no vertebral cord but the CSF en-

circled in subarachnoid cavity. The CSF communi-

cates its pressure to the latent lumbar epidural space,

thus maintains the dural’s pressure on the vertebral ca-

nal. This is a positive pressure equivalent to the CSF.

There still exists valveless intervertebral venous plexus

in the epidural space to receive blood from vertebral

cord. The venous plexus transport the blood up into in-

tervertebral vein through great occipital foramen and

further on into innominate vein, and down through

the lumbar veins in the intervertebral foramen into

inferior vena cava. Therefore, the extension of the ve-

nous plexus will press upon the dural and make the

CSFP change accordingly. So when the patient coughs

or his jugular vein or abdominal region is under

weight, the CSFP will go up. It is thus inferred that

bCSFP ¼ pure CSFP þ epidural venous plexus’ static

pressure. Based on these anatomic features we in-

vented a mini transducer whose size is able to expand

as required. When it expands to be in contact with the

vertebral canal wall and the dural and balances with

the CSFP, the pressure measured through the trans-

ducer is exactly equivalent to the CSFP.

The result demonstrates that the LEDP0 is basically

the same with the CSFP when the patient’s CSFP stays

normal or increases. And long time continuous moni-

toring shows that the two readings are in parallel

and conforms to the clinical symptoms. The LEDP0’s

translated waveform and amplitude are in conformity

with the CSFP change, especially when the patient

coughs and the jugular vein or the abdominal region

is pressed upon. Therefore, we conclude that LEDP0

can accurately correspond to the CSFP change. But it

is restricted to apply in the case of cerebral hernia or

vertebral canal obstruction.

Fig. 1.
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Evaluation of three new models of hydrocephalus shunts

Z. H. Czosnyka, M. Czosnyka, H. K. Richards, and J. D. Pickard

Academic Neurosurgical Unit, Addenbrooke’s Hospital, Cambridge, UK

Summary

Objective. To assess the hydrodynamic properties of three new

types of hydrocephalus valve.

Methods. Three new constructions have been recently tested in the

UK shunt Evaluation Laboratory: the magnetically adjustable

Strata Valve (Medtronic PS Medical), the gravitational Miethke

Dual-Switch Valve (Aesculap) and the ventriculo-sinus SinuShunt

(CSF Dynamics). Pressure-flow performance curves were assessed

in a minimum of three samples of each valve to study their long-

term variability, influence of temperature, negative outlet pressure,

external pressure, presence of pressure pulsations, etc.

Results. The operating pressure of the Strata Valve can be adjusted

magnetically in five steps. This Shunt prevents ‘siphoning’ but is sen-

sitive to external pressure. The Dual Switch Miethke Valve is a sys-

tem of two fixed-pressure ball-on-spring valves with a lower opening

pressure operating in a horizontal body position and higher when

vertical. This function is designed to cancel the e¤ect of siphoning

related to body posture. Both Strata and DSV valves have a low hy-

drodynamic resistance (less than 3 mm Hg/ml/min), and hence they

cannot prevent overdrainage related to nocturnal vasomotor waves.

The SinuShunt has a higher resistance (9 mm Hg/(ml/min)) and a

lower opening pressure. The valve is intended to drain CSF from

ventricles to the transverse sinus.

Conclusion. New shunt technology continues to evolve. Labora-

tory evaluation independent of the manufacturer forms an important

link between R&D laboratories and clinical practice.

Keywords:Hydrocephalus; shunt; laboratory evaluation.

Shunting for the management of communicating hy-

drocephalus remains the mainstream strategy. To help

the neurosurgeon choose from the many types of shunt

available, information about each shunt’s hydro-

dynamic properties should be available. The amount

of technical information provided by the manufac-

turers varies. In the mid-1990s, the new ISO standard

(ISO 7197) attempted to regulate the minimal require-

ments for the description of hydrodynamic properties

of the shunt, but this has not been fully implemented

by all manufacturers.

The UK Shunt Evaluation Laboratory has at-

tempted to provide technical information, independent

of the manufacturer and conforming to international

standards [2]. The testing protocol has been developed

and subsequently applied to at least 20 di¤erent

models of hydrocephalus shunts currently in use or

being introduced to clinical practice in the UK. This

study describes the relevant hydrodynamic properties

of three relatively novel shunt models.

Material and methods

Medtronic strata valve

The two primary attributes of this valve are opportunity to change

the valve’s operating pressure after implantation and its clinical abil-

ity to prevent siphoning. The Strata Valve is a di¤erential-pressure

hydrocephalus ball-on-spring valve (Fig 1a) incorporating a mag-

netically programmable mechanism to specify the operating pres-

sure. The Strata valve is integrated with a Delta Chamber (also

known from the literature as the Siphon Control Device [4]), which

prevents overdrainage related to the body posture.

Dual switch miethke valve (DSV)

This valve belongs to the group of gravitational valves, which have

been used for many years. It incorporates two di¤erent pathways for

CSF for the horizontal and for the vertical body position – Fig 1b.

The DSV is a fixed pressure valve. The valve is available in 9 combi-

nations of performance levels in horizontal [10, 13, 16] and vertical

position [30, 40, 50], coded xx/yy where xx and yy are opening pres-

sure levels in cmH2O relatively horizontally and vertically. Recently,

xx ¼ 5 cmH2O has been introduced (not tested) to aid the treatment

of Normal Pressure Hydrocephalus.

SinuShunt

The SinuShunt is a di¤erential pressure valve designed to drain

cerebrospinal fluid from brain ventricles to the cranial transverse ve-

nous sinus [1] – Fig 1c.

CSF is drained proportionally to the di¤erence between intracra-

nial pressure and transversal venous sinus pressure. The opening

pressure of the SinuShunt is intended to be low (0 mm Hg) and its



hydrodynamic resistance-close to physiological resistance to CSF

outflow (8 mm Hg/(ml/min)). With such parameters, the shunt is

supposed to restore physiological conditions of CSF outflow, usually

disturbed in hydrocephalus [1].

The testing rig has been previously described in detail [2], with its

schematic diagram presented in Figure 2. Measurement is controlled

by a standard IBM compatible personal computer with software de-

signed in-house (M.C.) which precisely measures flow through the

shunt and di¤erential pressure. Three shunts of the same type are

filled with deionised and deaerated water and mounted in three iden-

tical rigs.

Results

Numerical values of variables: opening pressures

and hydrodynamic resistances with and without distal

catheters of all valves are given in Table 1.

Fig. 1. Constructions of the three valves (provided by the manufacturers): (a) Strata Valve, (b) DualSwitch Valve. 1Titanium casing; 2 Silicone

diaphragm supported by flat spring. Left-low tension; Right-high tension spring; 3Closing ball; 4Outlet chambers. Right chamber (outlet from

high-pressure valve) is always open. Left chamber (outlet from the low-pressure valve) is open only in horizontal position; 5 Heavy tantalum

ball blocking low pressure valve in vertical position. (c) SinuShunt: 1 Connector; 2 One way valves; 3 Pre-chamber; 4 Resistance tube; 5Distal

catheter
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Strata

When tested without a distal catheter the valve had

an almost a linear pressure-flow characteristic (Fig

3a). Measurement points showed a good convergence

within and between tested samples. A negative outlet

pressure (�17 cm H2O, an equivalent to the value re-

cently reported [5]) did not alter the valve’s drainage

rate. However, the valve’s closing pressure changed

when an external (environmental) pressure was ap-

plied.

Programming of the valve was checked and the

pressure-flow curves found to be consistent with the

nominal data provided by the manufacturer (see Table

1). The valve may be accidentally re-programmed by

external non-homogeneous magnetic fields around

14 mT.

DualSwitch valve

The valve demonstrated an almost linear pressure-

flow curve (Fig 3b) with a good convergence of the

measurement points within and between tested sam-

ples. The DSV demonstrated an alteration in the

Fig. 2. Schematic diagram of testing rig

Table 1. Basic hydrodynamic parameters of the tested shunts. Values are given as meanG standard deviation

Valve Performance level Opening Pressure

[mm Hg]

Hydrodynamic resistance

(no drain)

Hydrodynamic resistance

(with drain)

Strata 0.5 1.5G 0:5 1.7G 0:6 2.8G 0:5

1 4.2G 0:7 00 00
1.5 6.1G 0:9 00 00
2 8.4G 1:5 00 00
2.5 10.7G 0:8 00 00

DSV 10 H 7G 0:6 2.2G 0:8 2.9G 1:1

13 H 9.5G 0:4 00 00
16 H 12G 1:1 00 00
30 V 22G 2:1 00 00
40 V 28G 1:9 00 00
50 V 38G 2:2 00 00

SinuShunt one level only 2.5G 1=2 9.6G 0:96 9.8G 0:8

DSV Dual Switch Valve. This valve consists of two parallel valves, coded by the values of their opening pressures in cm of water. H indicates

that the valve works in horizontal and V – in vertical position. Opening pressure is given in mmHg and hydrodynamic resistance in mmHg/(ml/

min)
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drainage rate when a negative outlet pressure was

applied. With the valve in horizontal position, the

pressure–flow curve shifted toward low pressures.

This is compensated by an increase in operating pres-

sure due to the change in the body position to vertical

by 20, 30 or 40 cmH2O, depending on shunt operating

pressure. There was no e¤ect of external pressure.

Pressure flow curve shifts to the right when the position

of the valve switches from horizontal to vertical. There

is no significant change of the slope of this curve (i.e.

both low and high pressure valves have the same hy-

drodynamic resistances). Magnetic field 3T did not

have any influence on the shunt’s performance.

SinuShunt

The valve had almost linear characteristic. All the

measurement points from the first 16 pressure-flow

tests from three valves showed a good convergence

within and between tested samples (see Fig 3c). The

flow through the SinuShunt was a¤ected by negative

outlet pressure (siphoning) but this e¤ect is eliminated

in-vivo by positioning the inlet (ventricles) and outlet

(transverse sinus) at the same hydrostatic level. None

of the tested parameters changed when an external

pressure was applied. 3 Tesla MRI did not alter the

valve performance.

All three shunts shared some hydrodynamic properties

A pulse waveform applied to the input pressure with

an amplitude changing from 1 to about 18 mm Hg

produced a significant decrease in operating pressure

of the range from 0.2 to 7.4 mm Hg. None of the pa-

rameters (opening, closing pressure and resistance)

were altered by a temperature change from 30 �C to

Fig. 3. Pressure flow performance curves of the tested shunts:

(a) Strata Valve: five di¤erent performance levels, (b) DSV (level

10/30): two performance curves in horizontal and vertical position,

(c) SinuShunt
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40 �C. Opening and closing pressures displayed very

limited (less than 1.5 mm Hg) variations during all

the tests. The changes were not systematically time-

related. Good agreement of the operating pressures

with the nominal data has been recorded (di¤erences

less than 1 mm Hg). No significant di¤erences in mea-

sured parameters were found between the three sam-

ples of each of the valves tested. The valves did not

show any reflux when tested according to the ISO

standard. Valves did not exhibit reversal of flow for an

outlet-inlet di¤erential pressure of up to 100 mm Hg.

Discussion

All of the assessed valves represent the latest prog-

ress in shunt technology. All of them resist the siphon-

ing e¤ect, each one in a di¤erent way. The Strata in-

corporates an anti-siphon device, the Miethke valve

takes advantage of gravitational forces and the Sinu-

Shunt eliminates the problem by the way it can be im-

planted. All three valves thus prevent CSF overdrain-

age related to body position. However, in clinical

practice, complications related to posture related over-

drainage amount to only few percent of all reported

shunt-related complications (unpublished data from

UK Shunt Registry). Only the Strata Valve is adjust-

able. External adjustment may help decrease the num-

ber of revisions after shunting, but the programming

mechanism is sensitive to external magnetic fields.

The valve can be accidentally reprogrammed, which

is a common feature of all currently used programma-

ble valves (also Sophy and Codman-Hakim) [7].

The Strata Valve is sensitive to external pressure.

The valve may be blocked by excessive subcutaneous

scarring of the scalp. The Strata and DSV valves have

low hydrodynamic resistance. This may make them

prone to overdrainage of CSF in the presence of noc-

turnal ICP vasogenic waves [2]. No matter how well

the opening/closing pressure mechanism is engineered,

variations of ICP (via pulse or respiratory waves) may

decrease a valve’s performance levels. There are clini-

cal reports in the literature about use of the presented

shunts. The Miethke DSV valve has been enthusias-

tically described, particularly by German neurosur-

geons [6] where it has been claimed to reduce the prob-

lem of overdrainage. The SinuShunt requires more

complex surgery than other shunts. There has been a

learning curve in the original centre – its implementa-

tion in other centres are awaited [1, 3]. The Strata

Valve is becoming gradually more popular as an alter-

native to the Codman-Hakim Valve. It has only 5 pro-

gramming levels as opposed to 18 in the Codman-

Hakim model. However, this may be su‰cient in the

management of hydrocephalus. The Strata Valve, un-

like Codman-Hakim, does not require X-ray to con-

firm the desired programming level. Patients with any

of these three valves may be safely MRI-scanned. The

Strata Valve should always be re-programmed after

scanning.
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Summary

Objective. Hydrostatic devices have considerable advantages

compared to ‘‘conventional’’ di¤erential-pressure-valves concerning

overdrainage, but are thought to imply a tendency to underdrain or

to clog. The aim of this study was to evaluate the ability of the

hydrostatic gravitational Dual-Switch-Valve (DSV) to minimize

overdrainage-related complications without increasing the danger

of underdrainage.

Results. In a series of 202 adult patients with di¤erent etiologies

treated with a ventriculo-peritoneal shunt including the hydrostatic

Dual-Switch-valve (DSV), 21 cases were suspected of su¤ering

from underdrainage. Using a new algorithmwe were able to di¤eren-

tiate obstruction in 6 patients from functional underdrainage in 15

cases, thus we saw an indication to reimplant a DSV with a lower

opening pressure in the latter.

Conclusion. The reasons for functional underdrainage were

multifold in our series, especially the intraperitoneal pressure is still

a ‘‘black box’’. Despite the ability of the DSV to avoid clogging

and to minimize overdrainage by its high-pressure-chamber, it re-

mains di‰cult to determine the optimal opening pressure of the

low-pressure-chamber of the DSV for ideal clinical improvement.

Therefore a new hydrostatic gravitational ‘‘programmable’’ valve

(proGAV), entitled on avoiding the disadvantages of other adjust-

able devices, has been developed and implanted in 16 patients with

promising results.

Keywords: Hydrocephalus; ventriculo-peritoneal shunt; under-

drainage; hydrostatic valve; programmable shunt.

Introduction

The first reports about mechanical complications

after shunting were dealing mainly with overdrainage-

related problems. But especially since the introduction

of hydrostatic valves, complications related to under-

drainage gain increasing attention. However, an un-

equivocal evaluation of underdrainage is hindered by

discrepancies in the definition of this entity, because

in most series ‘‘functional’’ underdrainage is mixed

with obstruction due to misplacement or kinking of

catheters, disconnection of the shunt or blocking of

the valve (Table 1). But if it is desired to evaluate the

capability of a valve to avoid the two most important

complications of shunting, over- and underdrainage,

complications must be di¤erentiated depending on the

valve and those which are not directly related to the

function of the device itself. For example, infection

and surgical problems which include malpositioning

of the ventricular or peritoneal catheter. As expected

by the construction principle of a hydrostatic device

like the DSV, the incidence of overdrainage-related

complications was very low. However the question

arose as to whether the decrease of overdrainage is

counterbalanced by an increase of the rate of under-

drainage.

By using our definition of functional underdrainage

given in Table 1 we followed a new algorithm (Table

2) to di¤erentiate between obstruction of di¤erent

causes and functional underdrainage. Furthermore

we think it is manditory to introduce a more objective

grading system to determine the reduction of ventricu-

lar size for correlation with clinical outcome. We also

wish to stress the importance of the intraperitoneal

pressure for the function of a shunt and possible under-

drainage. Therefore in every case of revision of the

DSV implanted in the thoracic region we measured the

intraabdominal pressure via the peritoneal catheter.

Despite meticulous preoperative tests including: pres-

sure measurements while performing a lumbar Tap-

test before shunting; taking into account the etiology

of hydrocephalus; radiological features and length of

history, we could not avoid functional underdrainage

due to the choice of a high pressure setting of the pri-

marily implanted DSV. The incidence of functional



Table 1. Discrepancies in definition and incidence of under- and overdrainage in di¤erent series in literature

Author Year Patients

and

etiology

No. of

cases

Type of

valve

(functional)

Underdrainage

Overdrainage Under-

drainage

%

Over-

drainage

%

% related to

Saint-Rose

[15, 16]

1991

1993

mainly

children

1719

2062

DP-valves

Orbis-S,

‘‘underdrainage’’

di¤erent from

obstr.

subdural e¤.

slit-ventricles

isolated ventr.

69.7

(1.7)

12.3 all mechanic.

complications

Di Rocco [3] 1994 mainly

children

773 DP-valves

þ Orbis-S,

obstruction

di¤er. from

‘‘insu‰cient

drainage’’

‘‘excessive

drainage’’

70

(11)

2.3 all complica-

tions

Drake [4] 1996 children 344 DP-þ
Deltaþ
Orbis-S,

assessed

together with

obstruction

subdural e¤.

slit-ventricles

isolated ventr.

31.4 3.5 all patients

Boon [2] 1998 adults

NPH

96 DP-valves disconnect.

displacem.

subdural

e¤usions

19.8 53.1 all patients

Pollack [13] 1999 children

and

adults

377 adjust.

Medos,

DP-

Delta-,

Orbis-S,

valves,

persistent

ventriculo-

megaly

slit-like ventricles,

extra-axial

collections

7 6 all patients

Zemack [21] 2000 children

and

adults

583 adjust.

Medos

based on

symptoms

or CT/MR

subdural e¤., or

signs and

symptoms

39.1 35.4 adjustments of

valves

UK-Shunt-

Reg. [14]

2000 children

and

adults

10910 various

valves

‘‘shunt still

functioning

on removal’’

subdural e¤.

craniostenosis

slit-ventricles

52 3 all revisions

Hanlo et al.

[5]

2003 children

and

adults

557 Orbis-

sigma II

‘‘valve hydro-

dynamics’’

symptomatic

overdrainage

with slit-

ventricles

22.6

(5)

1.8 all patients

Sprung 2004 adults

di¤erent

etiology

202 DSV persistent ventr.

size ass. with

no clinical

improving,

despite

functioning

shunt

subdural e¤.,

slit-ventricles

clinical

symptoms

during

orthostasis

11.9

(7.4)

5.0 all patients

Note the variations in patient material, di¤erent etiologies and valves and to what total number the incidence is related. The incidence of under-

drainage in total is including obstruction and functional insu‰ciencies. The incidence of functional underdrainage in% is shownwithin brackets.

Table 2. Algorithm to di¤erentiate obstruction from functional underdrainage and to assess the necessity to revise the shunt/valve

Diagnostic procedure Result Consequence

X-ray of Shunt: negative / Kinking

Disconnection

Misplacement PK Revision of Complication

CT-/MR-control:

Shuntogram:

negative / Increase ventricles

Misplacement VC

Shuntogram pos. Revision

ICP-measurement

via reservoir

recumbentþ upright:

negative / ICP significant higher

than opening pressure

ICP-drop in upright pos.

inadequate

Exchange of valve

Tap–test (50 ml): negative / Clinical improvement

No operation Exchange of valve

H

H

H

H

H

H

H

H
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underdrainage in our DSV-series was one of the

main reasons to look for a solution by adding the prin-

ciple of adjustability to the advantages of gravitation-

assisted hydrostatic devices. Therefore we saw an indi-

cation to construct a new adjustable valve (proGAV)

avoiding the well known disadvantages of the ‘‘pro-

grammable’’ devices currently available.

Material and methods

From the beginning of 1995 to the end of 2002 we conducted a

consecutive series of 202 adult patients, in whom we saw an indica-

tion for shunting, by implanting a frontal ventricular-peritoneal

shunt including a burr-hole reservoir and a Dual-Switch-Valve. The

collective comprised a majority of 76 cases with idiopathic and sec-

ondary Normal-Pressure-Hydrocephalus (NPH). 65 patients with

development of subacute hydrocephalus (HC) within 3 months after

the causative incident were di¤erentiated, according to the Dutch

NPH-Study [2], from typical secondary NPH (Table 3) with a time-

gap of more than 3 months.

To avoid only subjective assessment of the ventricular regression

postoperatively, we introduced an objective scale by grading the

reduction of the Evans’ Index ( Fig. 1). The postoperative complica-

tions were di¤erentiated in valve-related and those independent of

valve-function.

A standarized assessment of clinical outcome was di‰cult due

to the variety of etiologies in our series. We used di¤erent grading

systems including the Stein and Langfitt-Scale and the Black-

outcome-scale. The clinical outcome was determined not earlier

than 6 months after shunting.

The proGAV comprises an adjustable unit in series with a gravita-

tional hydrostatic unit, the Shunt-Assistant (Fig. 2). The adjustable

unit consists of a di¤erential-pressure-valve with a ‘‘brake’’ to avoid

unintended changes of pressure-setting like in other adjustable

devices. The brake working by friction of the rotor on the housing

can be decoupled transcutaneously by an adjustment-pin to change

the opening pressure of the valve. There is a wide pressure range

from 0 to 20 cm H2O. In the lying position the opening pressure is

dependent only on the adjustable unit because the gravitational unit

is not activated. If the patient moves into the upright position, the

heavy tantalum-ball of the gravitational unit gradually closes the

outlet of the valve. Thus in the upright position it remains closed

until the intraventricular pressure plus the hydrostatic pressure is

higher than the sum of the opening pressure of both units. By this

mechanism the proGAV is counterbalancing the hydrostatic pres-

sure in the vertical position of the shunted patient.

Since February 2004, 16 of the new adjustable proGAVs have

been integrated in V-P-shunts of adult patients with di¤erent types

of hydrocephalus. In this preliminary series we were primarily inter-

ested in the question whether the construction of the new valve can

be implanted without surgical di‰culties and able to serve as a

draining-device at least as good as other gravitation-assisted valves.

Our secondary aim was to evaluate the security of di¤erent new tools

to adjust the valve transcutaneously and the safety to determine the

adjusted opening pressure avoiding the burden of multiple X-ray-

controls. Furthermore we were interested in the capability of the

new mechanism to avoid unintended adjustments.

Results

The outcome in our series of 202 patients with DSV

was characterized by excellent and good clinical results

accompanied by an only minimal reduction of ventric-

ular size in the majority of cases. A total of 16 patients

(7.9%) su¤ered from infections and 6 cases fromminor

surgical complications requiring revisions. The latter

included 3 misplacements plus 1 kinking of the ventric-

ular catheter, and 2 occlusions or malpositioning of the

peritoneal catheter.We included 3patients, inwhomwe

primarily suspected functional underdrainage in this

category of complications (not depending on valve-

function), because the patients did not improve clini-

cally despite operative change to a valve with a lower

opening pressure. Probably this non-responsiveness

was due to the severe damage done to the brain by the

causative incidents pre-shunting (2 cases of ICB and 1

SAH), which could not be compensated by drainage of

the hydrocephalic state.

The 17 cases of functional underdrainage could be

subdivided in 15 with a wrong (too high) choice of

pressure level, 1 change of pressure setting in vivo 2

years following implantation and 1 patient with abnor-

Table 3. Clinical data of patients with DSV

Etiology n Sex Age Opening pressure

horiz./vertical

[cmH2O]

n Replace-

ments

Follow-up

f m

Idiopathic NPH 59 13/40 117

Typ. secondary NPH > 3 mos 44 10/40 72

Acute/subacute NPH < 3 mos 72 8/40 5

Hypertensive hydrocephalus 13 5/40 6

Pseudotumor cerebri 3
16/50 2

Pat. not to wean from ext.

drainage/narrow ventricles

11

106 96
17–85 yrs

q 60.8 yrs
21

6–84 mos

q 33.2 mos
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mal high intraperitoneal pressure. The 10 cases with

overdrainage comprised 1 patient with slit-like ven-

tricles five days postoperatively, 4 hygromas (3 tran-

sient and 1 persistent) and 5 subdural hematomas.

Of the patients with overdrainage related to the

function of the DSV, all 10 presented clinical and

radiological evidence of overdrainage. In only 7 cases,

the overdrainage was persistent. Surprisingly one of

Fig. 1. Objective grading of the reduction of ventricular size by measuring the Evans-Index pre-/postoperatively

Fig. 2. Schematic depiction of proGAV
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the cases with pseudotumor cerebri and narrow

ventricles developed subdural hematoma. All other

hydrocephalic cases with overdrainage – related com-

plications necessitating revisions revealed predisposing

factors like aqueductal stenosis due to isolated IV.ven-

tricle, pre-shunt small subdural hematoma, too in-

clined implantation of the valve and one case with

spontaneous fronto-basal fistula and pneumatocepha-

lus. None of the patients with idiopathic or typical

secondary NPH in our series developed persistent

overdrainage-related complications. Thus, we believe

the results of our collective concerning subdural e¤u-

sions were superior to comparable series in the litera-

ture.

‘‘Functional’’ underdrainage was suspected in 25 of

our patients. Following the exclusion of obstruction

due to other causes by the usual diagnostic procedures,

all these cases underwent a continuous pressure-

measurement in the recumbent as well as in the

upright position via the Rickham-reservoir on a

tilting-table, followed by a Tap-test. By this method

we could clearly di¤erentiate between obstruction and

functional underdrainage in most cases ( Table 2).

We did not find one obstruction of the valve

itself neither by this pressure-measurement nor by re-

examination of the explanted valves despite the fact

that our series included several cases with high protein

levels in the subgroup of cases with acute/subacute

hydrocephalus. All explanted valves were re-evaluated

by the manufacturer and with only one exception re-

vealed the exact pressure-levels as stated before im-

plantation.

After implanting a valve with a lower opening

pressure for the recumbent position, 17 cases improved

clinically but 3 did not. Thus in the latter cases the

failure of shunting was judged as not depending on

the valve-function.

A comparison of this complication to other series

was not possible because other authors did not di¤er-

entiate between obstruction and functional under-

drainage (Table 1).

An only minimal or no reduction of ventricular size

was documented on follow-up CTs in about 70% of

our series with the hydrostatic DSV (Fig. 3). However,

there were unequivocal di¤erences concerning reduc-

tion of ventricles between the various forms of hydro-

cephalus in our patient group. Whereas hypertensive

hydrocephalus revealed significant reduction of the

ventricles in the majority of cases, the percentage of

significant regressions was reduced in patients with

sub-acute hydrocephalus and lowest in NPH-cases.

Contrary to the radiological outcome a comparison

of the clinical results depending on etiology did not

reveal significant di¤erences.

In agreement with the experience of the majority of

authors reporting series with hydrostatic valves no cor-

relation was found between the grade of regression of

ventricles and overall clinical outcome (Fig. 3).

Despite numerous bench-tests in our 3-Tesla-

MRT unit which provided evidence of the safety of

pressure-level setting, the clinical series of 16 cases

with proGAV is much too small and the follow-up is

too short to assess one of the main theoretical advan-

tages of the proGAV, the capability to avoid un-

intended adjustments by the ‘‘brake’’. There were no

di‰culties in releasing the brake for changing the

Fig. 3. Correlation of clinical outcome and reduction of ventricles
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opening pressure and we did not have to register an

unintended adjustment in the clinical course of our 16

patients up to now.

Discussion

Since 1995 the hydrostatic gravitation-assisted

Dual-switch-valve has been implanted for shunt-

treatment of hydrocephalus [11, 17]. Since that time,

the device has proven to be capable to decrease the

rate of overdrainage in di¤erent forms of hydrocepha-

lus [6, 8–10, 18, 19] without significantly increasing the

complication of underdrainage. Nevertheless it re-

mains di‰cult to define the ideal opening pressure of

the valve for an optimal clinical result in the individual

patient and in some cases it is unclear whether a better

result could have been achieved with a lower opening

pressure of the valve. The problem of underdrainage

is multifold up to now and all e¤orts should be under-

taken to solve the enigma for the successful shunting of

hydrocephalic patients.

A prerequisite for a thoughtful comparison of shunt

valves are corresponding definitions of the complica-

tions and similarity of the most important items of the

series like patient inclusion, etiology of hydrocephalus

and uniformity of implanted valves. However in the

literature these criteria are not fulfilled in the vast ma-

jority of reports about shunt series. In some of the most

important publications mostly children are included

[3, 4, 15, 16], various groups comprise children and

adults [13, 14, 21], whereas others exclusively adults

with only one etiology [2] or with di¤erent types of hy-

drocephalus [17–19]. Whereas the definition of over-

drainage is comparable in most of the series (Table 1),

the complication of underdrainage is delineated di¤er-

ently by the various authors. While some reports dif-

ferentiate clearly between obstruction and functional

underdrainage [3, 16], others presume obstruction to-

gether with functional underdrainage [4], and do not

mention the latter important complication at all [2,

13] or give equivocal definitions like ‘‘shunt still work-

ing on removal’’ [14] or ‘‘valve hydrodynamics’’ [5].

Another reason for the extremely divergent results

concerning the incidence of these two most important

complications after shunting is the di¤erent choice of

the parameter under- and overdrainage is related to in

these series (Table 1). In addition to the wrong choice

of a too high pressure level by the surgeon, the intra-

peritoneal pressure remains a ‘‘black box’’ up to now

necessitating the measurement of the patency of the

peritoneal catheter and the intraperitoneal pressure

during the revision. By this relatively simple manauver

you can exclude or prove other possible reasons for

non-responsiveness of shunts [20].

The grade of reduction of ventricular size with this

type of valve depends on the etiology of hydrocepha-

lus, but also on the pressure-setting. If there is a signif-

icant or moderate reduction, obstruction and func-

tional underdrainage can be ruled out. On the other

hand an only minimal or no reduction of ventricular

size does not rule out good or even excellent clinical re-

sults. Apparently older brains of adults with more

chronic forms of hydrocephalus and this type of hy-

drostatic valve react di¤erent from juvenile hydroce-

phalus and treatment with di¤erential-pressure valves.

Furthermore, in many cases brain tissue damage may

be severe. In agreement with the majority of authors

[2, 3, 6, 8, 9, 19, 22] but contrary to others [1, 5, 7, 12]

no correlation was found between grade of regression

of ventricles and overall clinical outcome (Fig. 3).

The outcome of our series also stresses the necessity

to improve the preoperative diagnostic tools and the

importance of the possibility to adjust the valve in

order to avoid functional underdrainage. The clinical

and radiological results of our small series of 16 pa-

tients with the adjustable proGAV provides evidence

that this construction principle can help to minimize

the danger of functional underdrainge. But the cohort

of our pro-GAVs is too small and the follow-up is too

short to compare our results with series comprising

other adjustable devices.

Conclusions

The outcome of our series proves the capability of

the DSV to minimize overdrainage – related problems

also in patients su¤ering from idiopathic NPH. The

discrepancies regarding the definition of underdrain-

age are the main reason for the di¤erences regarding

the incidence of this mechanical complication reported

in the shunt-literature. The results also point out that

the choice of the ideal opening-pressure of the valve

to achieve the optimal clinical result after shunting re-

mains di‰cult and a matter of controversy up to the

present time. This study of the new adjustable pro-

GAV provides evidence which minimizes the problem

of functional underdrainage in shunts. However, a

larger series and a longer follow-up is necessary before

we can decide whether the enigma of underdrainage
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can be solved by this device and lead us toward a new

era of shunting.
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9. Meier U, Paris S, Gräwe A, Stockheim D, Hajdukova A, Mutze

S (2003) Is there a correlation between operative results and

change in ventricular volume after shunt placement? A study of

60 cases of idiopathic normal-pressure hydrocephalus. Neuro-

radiology 45: 377–380

10. Meier U, Kiefer M, Sprung C (2004) Evaluation of the Miethke

Dual-Switch-Valve in patients with normal pressure hydroce-

phalus. Surg Neurol 61: 119–128

11. Miethke C, A¤eld K (1994) A new valve for the treatment of hy-

drocephalus. Biomedizinische Technik 39: 181–187

12. Pang D, Altschuler E (1994) Low-pressure hydrocephalic state

and viscoelastic alterations in the brain. Neurosurgery 35: 643–

655

13. Pollack IF, Albright AL, Adelson PD, the Medos-Hakim Inves-

tigator Group (1999) A randomized study of a programmable

shunt valve versus a conventional valve for patients with hydro-

cephalus. Neurosurgery 45: 1399–1411

14. Richards HK, Seeley HM, Pickard JD (2001) Examining Re-

ceived Wisdom for CSF Shunt Using the UK Shunt Registry.

Eur J Pediatric Surg 11 [Suppl] I: 60

15. Sainte-Rose C, Piatt JH, Renier D, Pierre-Kahn A, Hirsch JF,

Ho¤man HJ, Humphreys RP, Hendrick EB (1991) Mechanical

complications in shunts. Pediatr Neurosurg 17: 2–9

16. Saint-Rose C (1993) Shunt obstruction: a preventable complica-

tion? Pediatric Neurosurg 19: 156–164

17. Sprung C, Miethke C, Trost HA, Lanksch WR, Stolke D (1996)

The dual-switch-valve. A new hydrostatic valve for the treat-

ment of hydrocephalus. Child’s Nerv Syst 12: 573–581

18. Sprung C, Miethke C, Shakeri K, LankschWR (1998) Pitfalls in

shunting of hydrocephalus – clinical reality and improvement by

the hydrostatic dual-switch valve. Eur J Pediatric Surg 8 [Suppl]

I: 1–3

19. Sprung C, Miethke C, Shakeri K, Lanksch WR (1999) Impor-

tance of intraventricentricular pressure and ventricular size for

outcome of shunting. Proc of 25th Annual Meeting of EANS,

ed Monduzzi, 1680–1684

20. Williams MA, Razumovsky AY, Hanley DF (1998) Evaluation

of shunt function in patients who are never better, or better than

worse after shunt surgery for NPH. Acta Neurochir [Suppl] 71:

368–370

21. Zemack G, Romner B (1999) Seven years of clinical experience

with the Codman Hakim programmable valve: a retrospective

study of 583 patients. J Neurosurg 92: 941–948

22. Zemack G, Romner B (2002) Adjustable valves in normal-

pressure hydrocephalus: a retrospective study of 218 patients.

Neurosurgery 51(6): 1392–1400

Correspondence: Christian Sprung, Neurosurgical Department,
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Summary

The aim of this project was to develop evidenced based guidelines

for the diagnosis and management of idiopathic normal pressure

hydrocephalus (iNPH). An advisory panel consisting of the authors

assisted by international experts met on several occasions and formu-

lated preliminary guidelines for iNPH managemen. The authors de-

veloped evidentiary tables based on available literature from 1966 to

the present. Additional meetings to refine the evidentiary tables and

incorporate expert opinion when necessary resulted in the develop-

ment the iNPH guidelines. Evidence based guidelines identifying

the value of clinical examination, brain imaging, Tap Test, CSF

drainage, ICP monitoring and Surgical Management in diagnosing

and treating the iNPH patient were developed. These are the first in-

ternational evidence based guidelines focused on iNPH. Class I data

were scant and guidelines relied mostly on class II and III evidence. It

became clear that more prospective randomized studies are needed

to resolve some of the controversial issues such as iNPH classifica-

tion and sensitivity of diagnostic tests for identifying shunt respon-

sive iNPH.

Keywords:Guidelines for idiopathic normal pressure hydrocepha-

lus; NPH; shunt responders.

Introduction

The symptoms of gait disturbance, incontinence and

dementia associated with Normal Pressure Hydroce-

phalus (NPH), a syndrome introduced by Hakim and

Adams [1, 2], seriously impacts upon the quality of life

of senior citizens. However the diagnosis of NPH re-

mains controversial, as there are no specific guidelines

for diagnosis as well as management. In part, this con-

troversy has evolved as a result of mixing idiopathic

NPH from those cases of known cause resulting from

trauma, stroke, subarachnoid hemorrhage. Another

reason for controversy is the general acceptance by

many clinicians that an accurate diagnosis of NPH de-

pends upon the response to shunting. Taking these is-

sues in concert, it is clear that an evidenced based set of

guidelines for diagnosis and management of NPH is

needed. This report provides an overview of the prog-

ress made in development of these guidelines and pro-

vides recommendations for future research.

Methods

The guidelines were compiled from a review of the MEDLINE lit-

erature in combination with references provided by an expert panel

made up of clinical scientists from the U.S., Europe and Japan. Ar-

ticles from 1965 to the present were considered and the evidence was

classified as class I, II or III. Class I evidence was derived from pro-

spective, randomized well-controlled clinical trials. Class II evidence

was derived from a prospective data collection with retrospective

analysis of clearly reliable data and class III data referred to retro-

spective data, chart reviews, databases or registries and expert opin-

ion. When expert opinion was required, it was obtained from advi-

sory panels made up of international experts.

Results

The absence of prospective randomized clinical tri-

als of any aspect of NPH required that the guidelines

be constructed primarily on class II and III data. A de-

cision was made to classify NPH into two major cate-

gories, idiopathic (INPH) and secondary (SNPH) fol-

lowing the initial separation by Black [3, 4].



Clinical diagnosis of INPH

It was also decided that the diagnosis of INPH re-

quired convergent evidence from the clinical history,

physical examination and brain imaging. The symp-

toms of INPH typically manifest during adult life as

an insidiously progressive chronic disorder that lacks

an antecedent cause. Gait and/or balance impairments

are usual symptoms and findings may also include

disturbances in cognition or control of urination.

Documention of ventricular enlargement (Evans

Indexb 0.30) by brain imaging is necessary but not

su‰cient in itself to establish an INPH diagnosis. Re-

sults of neuroimaging must be interpreted in conjunc-

tion with the clinical history and physical findings in

order to accurately diagnose INPH and di¤erentiate

it from other disorders. It was recommended that it

may be useful to classify INPH into Probable, Possible

and Unlikely categories, operationally defined by the

extent to which the expected elements of INPH are

present and diagnostic cofounders can be excluded.

Note that shunt responsiveness did not enter into this

diagnostic formulation and was considered separately.

Supplementary tests for identifying shunt responders

Drainage of cerebrospinal fluid (CSF) via a lumbar

tap can be of prognostic value if the response is signif-

icant. Lumbar puncture tap tests should withdraw 40–

50 cc since lesser volumes (25 cc or less) have low sen-

sitivity [5, 6]. However, the tap test cannot be used as

an exclusionary test due to the inherent low sensitivity

(25–61%). The prognostic value of this procedure for

identifying patients who will benefit from shunt diver-

sion of fluid increases as greater amounts of fluid are

removed by external lumbar drainage. The highest

sensitivity and specificity is associated with prolonged

controlled lumbar drainage (500 cc/3 days). (50–

100%) [7]. The utilization of methods to compute

outflow resistance of cerebrospinal fluid (Ro) is also

helpful in identifying shunt responders. The infor-

mationavailable for assessing the usefulness of Ro in

INPH is limited and the two reports cited for INPH

are the largest series of data currently available. Al-

though data are scant, the reported accuracy of resis-

tance measures may be higher than that of the CSF

tap test [8]. Therefore, determination of CSF outflow

resistance may be helpful in increasing prognostic ac-

curacy for identifying SRINPH when tap test results

are negative.

Identifying shunt responsive patients: summary

Step 1 – clinical evaluation

Based on the history, neurological exam, and basic

neuroimaging (CT and/or MRI), the patient is catego-

rized as Probable, Possible, or Unlikely INPH. In an

otherwise healthy patient in whom the clinical diagno-

sis appears highly probable, it may not be unreason-

able to proceed directly to treatment (the placement

of a shunt) without supplemental tests keeping in

mind the 50 to 61% degree of certainty.

Step 2 – supplemental testing

To avoid complication and improve the certainty of

a positive shunt response beyond 50 to 61%, all Proba-

ble and Possible INPH patients should be considered

for supplemental testing (CSF tap test, Infusion study,

ELD).

Step 3 – tap test

Given its ease, it is reasonable to proceed initially

with a CSF tap test. A positive response to a 40–50 cc

tap test has a higher degree of certainty for a favorable

response to shunt placement than that which can be

obtained by clinical examination. However the tap

test cannot be used as an exclusionary test due to its

low sensitivity.

Step 4 – resistance testing

Determination of the CSF outflow resistance via an

infusion test carries a higher sensitivity (57–100%)

compared to the tap test but a similar positive predic-

tive value of 75 to 92%.

Step 5 – external lumbar drainage

Prolonged external lumbar drainage in excess of

300 cc is associated with high sensitivity (50–100%)

and high positive predictive value (80–100%). It is a

most e¤ective test for identifying SRINPH but re-

quires hospital admission and carries a higher compli-

cation rate than CSF tap or Resistance studies. Of the

three recommended supplemental tests, the prognostic

value of the ELD is likely retained even with Possible

and Unlikely INPH clinical designations.

Surgical considerations

There are no Class I studies that have addressed the

question of comparing operative versus conservative

management of INPH. The risk-benefit ratio must be

individualized for each patient with the following

issues in mind: 1) shunt-responsive INPH exists with

reasonable certainty, 2) there are low surgical risks

related to co-morbidities, and 3) the degree of INPH-
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related morbidity warrants the shunt-related risks. The

two most commonly used configurations are the VP

and VA shunts. The choice of valve type and setting

should be based on empirical reasoning and a basic

understanding of shunt hydrodynamics. The most

conservative choice is a valve incorporating an anti-

siphon device (ASD) with the understanding that

under-drainage (despite a low opening pressure) may

occur in a small percentage of patients due to the

ASD. Based on the results of retrospective studies,

the use of an adjustable valve may be beneficial in

the management of INPH due to the ability to non-

operatively manage both under- and over-drainage

problems.

Studies of outcome following shunt surgery for INPH

To date, there is no standard for outcome assess-

ment of shunt treatment in idiopathic NPH. The vari-

able improvement rates reported are not only due to

di¤erent criteria for selection of patients but also due

to di¤erent postoperative assessment procedures and

follow-up intervals. Studies that have established fixed

protocols for follow-up have shown that short- and

long-term periods after shunting are determined by

many factors. While short-term results were more

likely to be influenced by shunt-associated risks, long-

term results were independent upon factors inherent to

the shunt procedure and shunt complications, i.e.

death and morbidity related to concomitant cerebro-

vascular and vascular diseases. Studies have shown

that beyond one year post surgery these factors defi-

nitely influence the clinical e¤ect of shunting, making

the one year post shunt period a potential determinate

of the shunt-outcome.

A firm description of shunt outcome can be based on

the documentation of either the clinical impairment,

improvement following treatment or both. Grading of

either the functional status of the idiopathic NPH

patient or grading the clinical criteria of gait, in-

continence and dementia should be performed. Exam-

ples of reported scales are: Black, Stein and Langfitt,

Boon, Mori and Krauss [9–13]. Besides gait, improve-

ment in cognition is also correlated with the patient’s

daily function. Neuropsychological testing may be of

value in evaluating subtle cognitive deficits or changes

with treatment. The latter have the advantage of

having established norms for age and education level,

however, the contribution of the various neuropsycho-

logical tests in the assessment of clinical outcome of

shunt treatment remains to be elucidated. E¤orts

should be made to investigate how and when clinical

outcome from shunt treatment is best assessed with re-

spect to short- (3, 6 months) and long-term (1 year or

greater) prognosis. The long-term prognosis may be

a¤ected by life expectancy and co-morbid factors not

related to the shunt procedure.

In addition, there is a need of standardized reporting

of shunt related complications and their e¤ect on both

the clinical outcome and the benefit of shunt treatment

in INPH.

Conclusion

Although much has been learned regarding the diag-

nosis and treatment of idiopathic NPH, prospective,

randomized multi-center trials are needed to resolve

many of the issues regarding selection of patients for

shunt surgery, type of valve configuration, value of re-

sistance testing, e¤ectiveness of probable, possible and

unlikely diagnostic categories. These studies are neces-

sary to elevate the guidelines from class II and III data

to class I.
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Summary

The incidence of idiopathic normal pressure hydrocephalus

(iNPH) has increased as a result of improved longevity. This re-

port describes the 3-year outcome of shunted iNPH patients com-

pared to three-month outcome after shunting. Patients (n ¼ 50) (Age

70.4G 8.9) admitted to our service were diagnosed and treated ac-

cording to a fixed protocol for management of iNPH and after

shunting were followed at least three times per year in clinic. The

outcome of 50 patients was graded according to the level of improve-

ment in symptoms as Excellent/Good, Partial or None in each cate-

gory of Gait, Incontinence and Dementia. If we lump favorable (ex-

cellent, good, partial recovery) vs poor recovery (none), we found

from 3 months to 3 years, a moderate decline in gait performance

(91% to 75%), a retention of memory improvement (80%–80%) and

an improvement in incontinence occurred over time (70%–82.5%).

With proper diagnosis and management of iNPH, shunting of pa-

tients is associated with a favorable risk/benefit ratio that is reason-

ably long lasting.

Keywords: NPH; normal pressure hydrocephalus; long term out-

come.

Introduction

A unique triad of clinical symptoms defining normal

pressure hydrocephalus (NPH), which include gait dis-

turbance, dementia and incontinence in association

with enlarged ventricles and normal cerebrospinal

fluid (CSF) pressure, was first introduced by Hakim

in 1965 [5]. He reported that diversion of fluid using a

shunt relieved the symptoms. Since that time, signifi-

cant progress has been made in shunt technology and

several authors have reported improvement following

shunting in NPH patients [2, 6, 9]. However, studies

of the long-term outcome of shunted patients are few,

partly due to the inherent loss of follow up and also the

confounding of outcome assessment by co-morbid fac-

tors. An additional problem is the lack of standardized

outcome scales, which makes such reporting di‰cult.

Overall improvement rates vary, ranging between

30% and 96 [4, 6, 11, 15]. These outcome results were

graded based on clinical judgment by the physician as

well as patient and caregiver opinions and were rela-

tively subjective in nature [7, 8, 13]. The objective of

this study was to document the three-year outcome of

shunted patients diagnosed with idiopathic normal

pressure hydrocephalus and utilizing a scale, which de-

scribes the outcome of the symptoms separately.

Patients and methods

Patients admitted to Medical College of Virginia were diagnosed

and treated for INPH according to a fixed protocol. The diagnostic

clinical criteria were based on gait disturbance, dementia and incon-

tinence in combination with ventriculomegaly without antecedent

cause. On the day of their clinical visit, a video was obtained of the

patient rising from a chair and walking for a distance of 10 meters

and the patient was asked to make a tandem walk if possible. The

video then was analyzed for many characteristics of gait; shu¿ing,

wide based, ability to tandem walk, rising from a chair, and number

of steps per minute required to traverse 30 feet. When necessary, spi-

nal films were requested and examined in order to exclude any reason

for gait di‰culty like spinal stenosis. Gait impairment was rated as a

gait scale in four categories; Normal, Mild, Moderate and Severe

(Table 1). Mental Disturbance was evaluated with the mini mental

state examination (MMSE) and with a series of neuropsychological

tests. Impairment in memory and bladder function were assessed

similar to gait (Table 1). CT or MRI was examined for ventricular

enlargement with a frontal horn index of equal to or greater than

0.40 and/or Evans Index ) 0.3.

The infusion test

A lumbar pressure measurement coupled with CSF resistance

study was obtained in all patients in an outpatient setting. The resis-

tance to outflow (Ro) and pressure–volume index (PVI) was mea-

sured by the bolus technique [10]. via the lumbar space.

External lumbar drainage

Following the measurement of Ro, the patient was admitted to the

hospital for external lumbar drainage (ELD) within 2 weeks. Before

discharge, a cranial CT was obtained to insure that drainage did not



cause any complication. Patient and caregiver were instructed to

complete a 10-day survey to assess clinical symptoms after discharge.

Selection criteria for shunt surgery

The videos for gait that were recorded on the day of the first clini-

cal visit and after the 3 days lumbar drainage procedure were com-

pared. A positive improvement in gait was considered when the

patient’s gait disturbance was improved to a less severe form of im-

pairment in the gait scale. MMSE which was administered before

and after drainage was also compared as well as the neuropsycholog-

ical tests. Improvement in incontinence was obtained from the pa-

tient and caregiver. The patients were admitted for shunt surgery if

they had responded positively to the ELD.

Postoperative assessment

The patients were routinely examined 3 times per year for 3 con-

secutive years.

The post operative investigation was made for each individual

symptom including the gait video assessment andMMSE in addition

to the patient’s and family member’s estimations for the results. The

evaluation of post-operative improvement was based on a scale de-

vised by Marmarou, which described the improvement in three cate-

gories for each INPH symptom as Excellent/Good, Partial and

None (Table 2).

Statistics

For statistical analysis, chi-square testing and Student’s t test were

used. A level of 0.05 was considered significant.

Results

Age and gender distribution

There were 50 patients in our study population,

which included 29 men and 21 women. The mean age

was 70.4G 8.8 years (range 61–85 years-old). Within

the study group, 52% (26/50) of the patients mani-

fested the clinical triad of gait disturbance, memory

impairment and incontinence. Gait di‰culty was pres-

ent in 90% (44/50) of patients, 56% (28/50) with mem-

ory impairment and 46% (23/50) with incontinence.

All patients but two had either mild or moderate im-

pairments. In the clinical diagnosis of INPH, the abil-

ity to tandem walk was mostly impaired and shu¿ing

gait with unsteadiness was more pronounced. Neuro-

psychological tests showed no significant di¤erence

before and after 3 days lumbar drainage procedure.

MMSE showed a significant di¤erence between the pa-

tients who improved with drainage and who did not.

(p ¼ 0.003)

Opening pressure and Ro

The average opening pressure was 8.6G 2.8 mmHg

(range 4–14 mmHg). Average PVI was 25.51G 12.10

ml (range 9.84–56.65 ml). Of these 50 patients, 39

patients had Ro measurements. 31 patients presented

with Ro equal or greater than 4.0 mmHg/ml/min.,

which is considered a prognostic threshold for shunt

responders.

ELD outcome

The decision for shunt was based strictly on our

ELD results. Therefore, in this patient population,

94% (47/50) of our patients had improvement after

ELD.

3 month outcome

Three months after shunt placement, 41% (18/45) of

the patients had excellent/good recovery in gait where-

as 50% (23/45) had partial gait improvement. In gen-

eral, overall gait improvement equaled 91%. For mem-

ory impairment, 40% (11/28) of the patients had

excellent and good recovery as well as the other 40%

(11/28) with partial recovery. For incontinence, 44%

Table 1.

GAIT impairment

Severe: unable to walk even with assistance

Moderate: unable to walk without assistance

Mild: unsteady but can walk without assistance

Normal

MEMORY impairment

Severe: disoriented in time and place

Moderate: di‰culty noted in recent memory by physician, support

sta¤ and family

Mild: testing required for demonstrating deficit

Normal

INCONTINENCE

Severe: frequent urgency or incontinence

Moderate: infrequent urgency or incontinence

Mild: urinary urgency

Normal

Table 2.

Outcome assessment scale scored individually for Gait, Memory,

Incontinence

Excellent/Good: Return back to normal/Towards normal with only

mild residual symptoms

Partial:Moderate improvement with pronounced residual

symptoms

None:No change from the pre-operative baseline symptoms

242 G. Aygok et al.



(10/23) had improved dramatically and another 26%

(6/23) had partial improvement (Table 3).

3 years outcome

At the end of three years, 92% (46/50) had survived.

The remaining 4 patients died of causes unrelated to

the shunt. At three years, the improvement in gait was

preserved for 75% (32/43). Better results were seen in

memory improvement in 3 years compared with 3

months. 80% (22/27) of the patients with memory im-

pairment had sustained their recovery in 3 years and

even 20% (6/27) had reached a better improvement

category. More than 80% (17/22) of improvement

was observed in incontinence in excellent/good/partial

improvement categories. This was even higher from

the rate of improvement that was achieved in 3 months

(Table 3).

Complications and co-morbidities

Major and minor complications due to surgery to-

taled 6% and 14% respectively. Subdural hematoma

(SDH) and hygroma was seen in 2 patients and in 1

patient respectively. 2 patients had hearing loss, 3 pa-

tients developed double vision and 3 patients devel-

oped headaches after the shunt implantation. All of

these patients improved without surgical intervention.

If a programmable valve was used, these complica-

tions were managed by adjusting the pressure. There

was significant co-morbidity in this patient group 24%

(12/50) not related to the surgery. There was a wide va-

riety of co-morbidities which included stroke, cardiac

problems, vertigo and psychiatric problems.

Discussion

This study shows that with proper identification of

‘‘shunt responders’’ using external lumbar drainage,

the improvement in outcome seen immediately after

shunting is reasonably sustained over a period of

three years. At three years post shunt, the improve-

ment in gait declined in 15% of patients. However the

gains seen in dementia and incontinence were remark-

able. Of 80% improvement in dementia seen post-

operatively, the improvement in dementia was sus-

tained in all these patients.

The importance of supplementary testing

In a retrospective study by Vanneste et al. [15], 91

INPH patients were selected for surgery according to

their clinical and radiological criteria and they ob-

served a 65% improvement after surgery. In another

retrospective analysis for 26 INPH patients out of 74

NPH, Larsson et al. [8] concluded that there was no

clinical parameter correlated with the outcome in the

2-year post-operative period. This would suggest that

optional tests such as CSF resistance testing or exter-

nal lumbar drainage, which more e‰ciently identify

shunt responders should be utilized. Resistance testing

identifies the opening pressure and absorption capacity

of the patient and can be performed in an outpatient

setting. In our study we had resistance test results for

39 (78%) patients. With regard to resistance testing,

an Ro value greater than 4.0 mmHg/ml/min is likely

to predict the ELD response. (p ¼ 0.0001) In some

cases, therefore, it may be more optimal to shunt on

the basis of resistance testing alone when ELD may

not be used (e.g. extensive spinal surgery).

The improvement in symptoms was seen immedi-

ately at the conclusion of the external drainage. It

is our sense that the high success rate of shunting

was due to the proper selection of patients using

ELD. In a prospective study of 43 INPH patients,

Walchenbach et al. [16] reported a positive predictive

value of 87% with ELD and is close to the results re-

ported here.

The need for standardized rating scales

Results of outcome after surgery in many reports are

still unclear because there is no standardized follow-up

protocol. Moreover, there is no consensus on the time

Table 3.

3 month–3 year outcome

Gait 3 Month 3 Year

– Excellent/Good 41% 50%

– Partial 50% 25%

– None 9% 25%

Incontinence

– Excellent/Good 44% 65%

– Partial 26% 17.5%

– None 30% 17.5%

Dementia

– Excellent/Good 40% 60%

– Partial 40% 20%

– None 20% 20%
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period for short and long term. In a prospective study

for 42 INPH patients, Malm et al. [9] reported an over-

all improvement of 64% at 3 months when compared

with 26% in 3 years. At 3 months, 74% of his patients

were independent, at 3 years the independent group

was only 28%. Sustained improvement at 5 years was

noted for 91% of INPH patients by Raftopoulos et al.

[11]. However, 57% of his patients died before their

5-year follow-up.

We considered 3 months for our short-term follow-

up and 3 years for long-term follow-up. As we dis-

cussed earlier, at 3 years follow-up, even though we

had a slight decline, patients still retained a 75% im-

provement in gait. Moreover, 80% retained their im-

provement in memory and incontinence at 3 years

post shunt.

However, to improve our objectivity, we need grad-

ing systems specified for INPH. Currently, there are no

standardized outcome scales that are widely used, for

example, like the Glasgow outcome scale (GOS) for

the head injury management. Rating scales, which

measure the overall improvement or change in activ-

ities of daily living, make it di‰cult to draw a clear

picture. Patients may have a decline in these overall

functional rating scales because of co-existing co-

morbidities. In early studies, Stein and Langfitt [14] in-

troduced the assessment of outcome based on the ac-

tivities of daily living and termed Stein and Langfitt

Scale. Boon et al. [3] used Rankin Scale as a disability

score and developed ‘Dutch-NPH Scale’. They include

neuropsychological tests and the assessment of 10 fea-

tures of gait. There is no consensus on scales and there-

fore many authors decided to develop their own scales.

Using Stein’s scale, Black et al. [2] reported 33% im-

provement in 62 INPH patients. For the same patients,

he also assessed the improvement, which was graded

based on the pre-operative and post-operative changes

in gait, dementia and incontinence. Using the Black

Scale and with their classification, improvement rate

was noted 50% in contrast to 33%. We used an out-

come assessment developed by Marmarou, which was

based on each symptom separately. With this method

it is easy to focus on objective assessments using di¤er-

ent tools. We compared pre and post-operative videos

for many di¤erent features of gait assessment as men-

tioned earlier. We also use MMSE and our clinical

judgment to report memory improvement. However,

for incontinence, this was based on the patient’s own

assessment. When necessary, family members assess-

ments were also used.

The e¤ect of co-morbid factors on outcome assessment

There is no doubt that health conditions like co-

existing Parkinson’s Disease, hip or knee problems

may a¤ect the patient’s gait as well as prostate prob-

lems that worsens the incontinence. It is also possible

that memory impairment can be a part of Vascular

Disease or Alzheimer’s Disease. In summary, these

conditions not related to shunt have influenced the pa-

tient’s clinical outcome and morbidity [1, 11, 12].

Conclusion

It is important to assess the risk/benefit ratio before

proceeding to surgery in this elderly population. Com-

plications, co-morbidities and deaths are a¤ecting the

post-operative assessment but using scales that mea-

sure the improvement of the triad elements objectively

for both short and long-term assessments will hope-

fully improve outcome assessment. Finally, the most

important aspect of NPH management is correct diag-

nosis and the use of supplementary tests to identify

shunt responders. This study reports sustained im-

provement in the greater majority of shunted patients

that extends to three years and as such presents a fa-

vorable risk/benefit profile for the elderly population

with NPH.
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Summary

Introduction. Recent ‘NPH Dutch trial’ has re-emphasised the

importance of the resistance to cerebrospinal fluid (CSF) outflow

(Rcsf ) in the diagnosis of hydrocephalus. We re-evaluated the clini-

cal utility of the physiological measurements revealing CSF dynam-

ics. The results were summarized from our previous publications.

The Computerised Infusion Test was designed to perform quick

and low-invasive assessment of CSF dynamics described by parame-

ters as Rcsf, brain compliance, elasticity coe‰cient, estimated sagit-

tal sinus pressure, CSF formation rate and other variables. Over-

night ICP monitoring with quantitative analysis of CSF dynamics

was used in those cases where infusion study was unreliable or pro-

ducing results close to the borderline. We found that the threshold of

normal and increased Rcsf should be age-matched because in pa-

tients older than 55 Rcsf increases 0.2 mm Hg/(ml/min) per year

(p < 0.04; N ¼ 56). Rcsf was positively correlated with cerebral au-

toregulation (R ¼ 0.41; p < 0.03; N ¼ 36) indicating that in patients

with symptoms of NPH but normal Rcsf underlying cerebrovascular

disease is more frequent.

Computerized infusion tests and overnight ICP monitoring are

useful diagnostic technique alone or in conjunction with other forms

of physiological measurement.

Keywords: Hydrocephalus; cerebrospinal fluid; intracranial pres-

sure; shunt.

Introduction

Hydrocephalus manifests with excessive accumula-

tion of fluid within the brain. Implantation of hydro-

cephalus shunt is a standard way of management in

communicating hydrocephalus. As shunting is almost

purely mechanistic treatment, which radically a¤ects

pressure-volume compensation, the hydrodynamics of

patient’s own compensation should be ideally exam-

ined before a shunt is implanted.

Testing of CSF dynamics, although invasive, may

help with the decision about surgery. It also provides

basic information for further management of shunted

patient when complications, such as shunt blockage,

under-, and over-drainage, arise. In such cases, physio-

logical measurement may aid the decision regarding

shunt revision.

This paper reviews our 10 years of experience with

physiological measurements in patients su¤ering from

hydrocephalus [3–5, 11, 13, 15].

Material and methods

1250 infusion studies and 256 overnight ICP monitoring were per-

formed in 653 patients over a 10 year period. All patients presented

with clinical symptoms of hydrocephalus (solely or overlapping

other CNS diseases) and various degree of ventricular enlargement

on brain CT/MRI scans. 63% of tests were performed to assess CSF

dynamics before shunting and 37% to assess shunt function. In total,

64% of tests were performed to pre-implanted Ommaya Reservoirs

connected with the ventricular space, 11% to shunt pre-chamber

and 25% into lumbar space. There were only two serious complica-

tions related to the infusion study (one brain abscess-treated success-

fully and one internal CSF leak related to a rapid mobilization of

a patient after lumbar puncture – also managed with good results.

Minor adverse e¤ects such as headaches or nausea reported during

the study resolve quickly after infusion and a¤ect less than 10% of

patients.

The aim of CSF infusion study was

1. To measure the Rcsf along with other compensatory parameters

and consider whether the cerebrospinal circulation is disturbed

and can be improved by shunting

2. In patients with shunts, to assess quality of shunt functioning

in-vivo.

Almost all authors agree that in hydrocephalus the drainage of

CSF is disturbed. This may be expressed quantitatively by an ele-

vated resistance to CSF outflow. The limit of resistance is reported



to range from 13 mm Hg/ml/min (in younger patients) [2] to

18 mm Hg/ml/min [1]. The computerized infusion test [3] is a modi-

fication of the traditional constant rate infusion as described by

Katzman [10]. The method requires a fluid infusion to be made

into any accessible CSF compartment. A lumbar infusion, even if it

has understandable limitations, is less invasive than ventricular infu-

sion. However, the most frequent approach in our centre is an intra-

ventricular infusion into a subcutaneously positioned reservoir, con-

Fig. 1. Examples of constant rate infusion test. ICP – mean ICP (10 second averages) and AMP – pulse amplitude of ICP. Vertical lines mark

beginning and the end of infusion of Hartman solution at a rate of 1.5 ml/min. (a) In patient su¤ering from normal pressure hydrocephalus

(NPH ). Baseline pressure is normal, resistance to CSF outflow increased, there are plenty of strong vasogenic waves, and changes in pulse

amplitude are very well correlated with changes in mean ICP. (b) Cerebral atrophy. Baseline pressure is also low, resistance to CSF outflow

is in norm, there are no vasogenic waves and pulse amplitude responds to changes in mean ICP very sluggish or (like in this particular case)

there is no response
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nected to an intraventircular catheter or shunt antechamber. In such

cases two needles (gauge 25) are used: one for the pressure measure-

ment and the second for the infusion.

During the infusion, the computer calculates and presents mean

pressure and pulse amplitude (with time along the x axis – see Fig.

1). The resistance to CSF outflow can be estimated using simple

arithmetic as the di¤erence between the value of the plateau pressure

during infusion and the resting pressure divided by the infusion rate.

Fig. 2. Examples of two infusion tests performed to assess shunt functioning in vivo. In both cases ICP increased in the response to infusion. (a)

Response was lower than the threshold level for the used valve (Strata, level 1.5). (b) Baseline pressure was low but the response of ICP during

the test exceeded the critical threshold level. Valve is blocked. (Strata, level 1.5)
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However, in many cases strong vasogenic waves or an excessive ele-

vation of the pressure above the safe limit of 40 mmHg do not allow

the precise measurement of the final pressure plateau. Computerized

analysis, produces results even in di‰cult cases when the infusion is

terminated prematurely (i.e., without reaching the end-plateau). The

algorithm utilizes a time series analysis for volume-pressure curve re-

trieval, the least-mean-square model fitting and an examination of

the relationship between the pulse amplitude and the mean CSF

pressure. Apart from resting CSF pressure and the resistance to

CSF outflow, the elastance coe‰cient or pressure-volume index, cer-

ebrospinal compliance, CSF formation rate and the pulse wave am-

plitude of CSF pressure are estimated.

However, not all patients presenting with abnormal CSF circula-

tion may improve after shunting [1, 11]. As positive predictive power

of infusion study is usually reported as satisfactory, some patients

with apparently normal profile of CSF circulation may still get better

after surgery [1]. Therefore, the infusion test does not o¤er a definite

indication for the management of hydrocephalus. It should be al-

ways interpreted in conjunction with other forms of investigations

(neuropsychological, brain imaging, gait analysis, CSF tap test or di-

agnostic drainage [17], vascular reactivity [4], biochemical composi-

tion of CSF, etc.).

In hydrocephalus a shunt is used to drain excess CSF to elsewhere

in the body according to a pressure di¤erence between inlet (ven-

tricles) and outlet (peritoneal or atrial) compartments. Ideally, the

resistance of an open shunt taken together with the natural CSF out-

flow resistance (usually increased in hydrocephalus) should be close

to the normal resistance to CSF outflow, i.e. 6 to 10 mm Hg/ml/min

[7]. The flow through the shunt should not depend on the body pos-

ture or be a¤ected by body temperature, external pressure (within the

physiological range for subcutaneous pressure) or the pulsatile com-

ponent of CSF pressure.

After shunting, the model of CSF space [12] should be supple-

mented by the branch representing the property of the shunt. The

most sensitive indicator of the shunt partial blockage is the steady

state level achieved during the test [5]. With known value of the shunt

pressure-flow curve (opening pressure and its hydrodynamic resis-

tance where the curve is quasi-linear) the critical threshold may be

evaluated for each individual type of the shunt:

5 mm Hg þ shunt opening pressure

þ infusion rate* hydrodynamic resistance of shunt

Examples of the tests revealing properly functioning shunt and the

blocked shunt are presented in Fig. 2.

Parameters describing vascular e¤ects and pressure-volume com-

pensation can also be evaluated during the infusion study, using for

example non-invasive transcranial Doppler ultrasonography. As the

study usually starts with 10–15 minutes of period of baseline assess-

ment, which can be easily extended. Vasogenic waves of ICP, ana-

logical to these monitored during ICP overnight (see Fig. 3) record-

ing, can be calculated.

Fig. 3. Example of overnight monitoring of ICP (using Camino bolt) revealing increased CSF dynamics. Slow – magnitude of slow waves (B

waves) is elevated. RAP – correlation coe‰cient between mean ICP and pulse amplitude (AMP) indicates poor compensatory reserve

(RAP > 0.6 overnight)
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Results

In patients with clinical symptoms of NPH

(N ¼ 133) resistance to CSF outflow is associated

with severity of symptoms (modified Stein-Langfitt

score: R ¼ 0.18; p < 0.05).

In di¤erent subgroup [6] (N ¼ 56) the resistance to

CSF increased with age (R ¼ 0.57; p < 0.0001) and

estimated CSF formation rate decreased (R ¼ 0.49;

p < 0.002).

Vasogenic waves (pulse amplitude, slow waves and

respiratory waves) of intracranial pressure are posi-

tively correlated with the resistance to CSF outflow

[13], with the strongest association between respiratory

waves and Rcsf (R ¼ 0.52; p < 0.003; N ¼ 35).

Baseline ICP measured after the test is usually

greater than the value measured before the test. This

phenomenon can be described as hysteresis of the

pressure-volume curve [11]. The width of hysteresis is

positively associated with width of ventricles (R ¼
0.63; P < 0.03; N ¼ 35) and negatively with modified

Stein-Langfitt score (R ¼ �0:61; p < 0.02).

Cerebral autoregulation assessed using transcranial

Doppler ultrasonography during the test proved to

correlate with Rcsf [4] in a manner suggesting worse

autoregulation in those having lower resistance to

CSF outflow (R ¼ �0:41; p < 0.03; N ¼ 36).

Conclusion

Physiological monitoring can be useful in the

management of hydrocephalus. It helps to exclude pa-

tients from unnecessary shunting, to evaluate shunt

functioning in-vivo, and to detect vascular compo-

nents of hydrocephalus.
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Summary

The Cushing response is a pre-terminal sympatho-adrenal sys-

temic response to very high ICP. Animal studies have demonstrated

that a moderate rise of ICP yields a reversible pressure-mediated sys-

temic response. Infusion studies are routine procedures to investi-

gate, by infusing CSF space with saline, the cerebrospinal fluid

(CSF) biophysics in patients suspected of hydrocephalus. Our study

aims at assessing systemic and cerebral haemodynamic changes dur-

ing moderate rise of ICP in human.

Infusion studies were performed in 34 patients. This is a routine

test perform in patients presenting with symptoms of NPH during

their pre-shunting assessment. Arterial blood pressure (ABP) and ce-

rebral blood flow velocity (FV) were non-invasively monitored with

photoplethysmography and transcranial Doppler.

The rise in ICP (8:2G 5:1 mmHg to 25G 8:3 mmHg) was fol-

lowed by a significant rise in ABP (106:6G 29:7 mmHg to 115:2G
30:1 mmHg), drop in CPP (98:3G 29 mmHg to 90:2G 30:7

mmHg) and decrease in FV (55:6G 17 cm/s to 51:1G 16:3 cm/s).

Increasing ICP did not alter heart rate (70:4G 10:4/min to 70:3G
9:1/min) but augmented the heart rate variance (0:046G 0:058 to

0:067G 0:075/min).

In a population suspected of hydrocephalus, our study demon-

strated that a moderate rise of ICP yields a reversible pressure-

mediated systemic response, demonstrating an early Cushing re-

sponse in human and a putative intracranial baroreflex.

Keywords: Infusion studies; Cushing response; transcranial Dop-

pler; cerebral haemodynamics; systemic haemodynamics; baroreflex;

intracranial.

Introduction

The Cushing response is a well-known pathophysio-

logical phenomenon: rising intracranial pressure (ICP)

to high values produces an increase in arterial blood

pressure (ABP) [1]. The Cushing response has been

demonstrated to be a sympatho-adrenal systemic re-

sponse to brainstem ischemia [5, 8, 9]. However, few

animal studies [4, 6, 7] found that a moderate rise of

ICP could also influence ABP, via a putative pressure-

mediated response. If the Cushing response is known

in clinical practice, the pressure-mediated response to

moderate rise of ICP has never been described in hu-

man.

Infusion studies are clinical routine procedures to in-

vestigate the circulation of cerebrospinal fluid (CSF) in

patients suspect of hydrocephalus. ICP is moderately

augmented by mean of an infusion in the ventricular

or sub arachnoid space with mock CSF; subsequently

the biophysical properties of the CSF circulation are

computed [2]. Our work aims at using infusion studies

to assess the cerebral and systemic haemodynamics

changes during moderated rise of ICP in human.

Material and method

34 patients suspected of normal pressure hydrocephalus (cognitive

impairment, gait disturbance and/or urinary incontinence, enlarged

ventricles on CT) were included in this study. There were 15 females

and 19 males (mean age: 54 years; range 28–76 years). A computer-

ized CSF infusion test with constant–rate infusion [2] was undergone

via a surgically pre-inserted Ommaya Reservoir connected to the

ventricular catheter. The patients stayed supine in a comfortable tilt-

ing armchair. The ventricular pressure was measured at baseline for

ten minutes, and termed ‘‘baseline’’ ICP. Then the ventricular space

was infused with normal saline solution (0.9%) at room temperature

(20 �C) with a rate of 1.5 ml min�1. Subsequently ICP rose until a

steady-state plateau has been achieved, termed ‘‘plateau’’ ICP (cf.

Fig. 1). This ‘‘plateau’’ ICP corresponds to the pressure equilibrium

at which all the mock CSF infused is reabsorbed.

During the infusion study, arterial blood pressure (ABP) and cere-

bral blood flow velocity (FV) were continuously and non-invasively

measured using photoplethysmography and transcranial Doppler

(TCD). The signals of CSF pressure (i.e. ICP), ABP and FV were

amplified, converted and stored on a computer running our in-house

software [2].

O¤ line, we calculated: ABP mean, systolic, diastolic and pulse

amplitude (respectively ABPm, ABPs, ABPd and ABPa), cerebral



perfusion pressure (CPP ¼ ABPm-ICP), heart rate mean, standard

deviation and coe‰cient of variance (HRm, HRsd and HRcv), FV

mean, systolic and diastolic (FVm, FVs and FVd), and the Gosling

pulsatility index (PI ¼ (FVs-FVd)/FVm). For every infusion test,

we carefully selected ten minutes of recording during the ‘‘baseline’’

period, and ten minutes of ICP steady-state ‘‘plateau’’ (cf. Fig.1).

Results

The ‘‘baseline’’ and ‘‘plateau’’ values of the di¤erent

variables are displayed on Table 1. The arithmetic dif-

ference between baseline and plateau, plus the signifi-

cance level (paired t test) are also shown.

The rise in ICP yielded a significant increase in ABP

mean, systolic, diastolic and in ABP pulse amplitude.

The concurrent rise in ICP and in ABP had a net neg-

ative e¤ect on the CPP, which significantly decreases.

There was no change in the mean value of the heart

rate, whereas its standard deviation and coe‰cient

of variance significantly increased. The rise in ICP

yielded also a significant drop in FV mean, systolic,

and diastolic, but an increase in pulsatility index.

Conclusions

The Cushing response should be considered as a

four-step process: i) rise in ICP approaching ABP, ii)

Fig. 1. An example of infusion test: ABPm, ABPs, ABPd and ABPa for ABP mean, systolic, diastolic and pulse amplitude (respectively), ICP

and CPP for intracranial pressure and cerebral perfusion pressure; HRm, HRsd and HRcv for heart rate mean, standard deviation and coe‰-

cient of variance; FVm, FVs, FVd and PI for flow velocity mean, systolic, diastolic and Gosling pulsatility index
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oligemia or ischemia of the medulla oblongata, iii)

sympathetic and sympatho-adrenal activation, finally

iv) systemic e¤ects. In a way, the Cushing response

ought to be considered as a pre-lethal phenomenon

[3]. Our study demonstrates that, in awake subjects, a

moderate rise of ICP produces i) a rise in ABP, ii) a

drop in CPP, iii) a reduction in FV and iv) an increase

in the heart rate variance.

In the population suspected of hydrocephalus, our

data support the notion that a moderate rise of ICP

yields a reversible pressure-mediated systemic re-

sponse, demonstrating an early Cushing response in

human.

The early Cushing response raises three issues: the

concept of intracranial baroreflex, its influence on ce-

rebral haemodynamics and on autonomic status.

1. The concept of intracranial baroreflex is supported

by the notion that intracranial pressure can influ-

ence directly via a reflex loop systemic haemo-

dynamics. As we demonstrated an intracranial

baroreflex, therefore there should be an intracranial

baroreceptor to trigger the reflex.

2. ICP bears direct and indirect influences on cerebral

haemodynamics. The direct influence on cerebral

perfusion is driven by CPP, altered directly by

ICP. However, the changes in cerebral haemo-

dynamics during changes in CPP are dampened by

the mechanism of autoregulation. ICP has an in-

direct e¤ect on cerebral haemodynamics, via the

changes in systemic haemodynamic related to the

putative early Cushing response. Therefore, when

ICP rises, the secondary increase in ABP lessens

the drop in CPP. The intracranial baroreflex could

be considered as a protective mechanism to main-

tain cerebral haemodynamics. However, the signif-

icant reduction of flow velocity during the rise in

ICP remains to be clarified, as one would expect

flow velocity to be maintained.

3. The rise in ICP probably interferes with the

sympathetic/parasympathetic balance of the cere-

bral vasculature, as suggested by the change in

heart rate variance. The drop in flow velocity can

be related to changes in autonomic status.

The early Cushing response demonstrated in our sub-

group of patients, is a new physiological concept and

might be of clinical importance.
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Summary

Objectives. The aim of this study was to determine whether ven-

tricular size correlates with a positive clinical outcome following

shunt placement. Hydrostatic valves (Dual-Switch-Valves) were im-

planted in 80 patients with NPH at Unfallkrankenhaus Berlin be-

tween September 1997 and January 2002. One year postoperatively,

these patients underwent computerized tomography scanning, and

their ventricular size was ascertained using the Evans-Index. Among

80% of the patients who showed no postoperative change in ventric-

ular volume, 59% nonetheless had good to excellent clinical improve-

ments, 17% satisfactory clinical improvement, and 24% no improve-

ment. Furthermore, a moderate reduction in ventricular size was

observed in 14% of patients in this cohort. Among these, 36% expe-

rienced a good to excellent clinical improvement, 28% a satisfactory

improvement, and 36% unsatisfactory improvement. A marked re-

duction in ventricular size was observed in 6% of the patients. Of

this group, 60% demonstrated good to excellent outcomes, whereas

40% had unsatisfactory outcomes. Favourable outcomes following

the implantation of a hydrostatic shunt in patients with NPH did

not correlate with decreased ventricular volume 1 year after surgery.

In fact, better clinical outcomes were observed in patients with little

or no alteration in ventricular size, compared with those in pa-

tients with marked decrease in ventricular size. A postoperative

change in ventricular volume should be assessed di¤erently in pa-

tients with NPH compared with those su¤ering from hypertensive

hydrocephalus.

Keywords: Normal-pressure hydrocephalus; ventricle; Evans

Index; shunt; dual-switch valve; hydrostatic valve.

Introduction

There is a great deal of disagreement among neuro-

surgeons, neuroradiologists and neurologists as to

whether a clearly positive correlation exists between

postoperative reductions in ventricular volume and

clinical outcomes following shunt placement in pa-

tients with NPH. Bear in mind that all studies of clini-

cal outcome following implantation of di¤erential

pressure valves have yielded varying results. The ad-

vent of shunts with hydrostatic valves has only height-

ened this controversy, because the prevention of over-

drainage may be associated with an increased risk of

relative underdrainage and with the related phenome-

non of a reduced rate of ventriculomegaly regression

[1, 3].

Clinical material and method

Hydrostatic valves (dual-switch valves; Christoph Miethke

GmbH & Co. KG, Berlin, Germany) were implanted in 80 normal

pressure hydrocephalus patients at Unfallkrankenhaus Berlin be-

tween September 1997 and January 2002. The cohort consisted of

43 men and 37 women, with a mean age of 65 years at the time of

the study. Diagnoses were established and the decisions to place

shunts were made on the basis of the patients’ histories as well as

gait ataxia as a cardinal symptom, dementia and urinary inconti-

nence as additional and late symptoms, and performance of an intra-

thecal infusion test [7]. In addition, resistance to cerebrospinal fluid

outflow Rout exceeding 13 mmHg/ml/min was regarded as evidence

of derangement of cerebrospinal fluid outflow in the craniospinal

pathways [7]. After performing an intrathecal infusion test, no less

than 60 ml of CSF was siphoned during a tap test, which was per-

formed as an auxiliary diagnostic measure. Indications for shunt

placement were as follows: gait ataxia, pathologically raised resis-

tance to CSF outflow, and improvement in clinical symptoms (par-

ticularly gait ataxia) following CSF tap test. The hydrostatic

Miethke dual-switch valve was implanted in all 80 patients [5]. CT

studies were obtained in all 80 patients preoperatively and one year

postoperatively. During all of these CT scanning sessions, ventricu-

lar volume in the frontal horn was ascertained using the Evans index,

and any postoperative changes were measured in accordance with

this index as well. Preoperative and postoperative results for all pa-

tients were evaluated using the Kiefer normal hydrocephalus grading

scale [4] and the NPH-recovery rate.

Results

Both clinical and CT findings in 80 patients with

NPH were evaluated following implantation of a hy-

drostatic valve. A reduction in the Evans index of at



least 0.12 was defined as a clear or a significant reduc-

tion in ventricular volume, whereas a reduction of at

least 0.06 to 0.11 was classified as a moderate improve-

ment. According to the Evan’s-Index, a di¤erential of

0.05 constitutes little or no reduction in ventricular

volume.

The following changes in ventricular volume were

observed one year postoperatively in patients who

underwnet a shunt insertion: a slight reduction in 64

patients (80%), a moderate reduction in 11 patients

(14%), and marked reduction in 5 (6%). A comparison

of outcomes one year postoperatively with changes in

ventricular volume during the same period (Fig. 1) re-

vealed the following: 59% of patients with a minimal

reduction in ventricular volume showed good to excel-

lent clinical outcomes, 17% had satisfactory outcomes

and 24% had unsatisfactory outcomes; among the pa-

tients with a moderate decrease in ventricular size 36%

had good to excellent clinical results, 36% had unsatis-

factory results, and the remaining 28% had satisfac-

tory clinical outcomes; and among the patients with a

marked reduction in ventricular volume 60% had good

to excellent clinical outcomes and the remaining 40%

had unsatisfactory outcomes. No statistical analysis

of these results could be performed due to the rela-

tively small number of patients who showed a marked

reduction in ventricular volume. Generally speaking,

treatment outcome was characterized as only a minor

reduction in ventricular size, accompanied in the ma-

jority of cases, by good to excellent or at least satisfac-

tory clinical improvement. The results of the CT stud-

ies are surprising given that in 80% of cases, little or no

reduction in ventricular volume (according to our def-

inition of this parameter) was observed, notwithstand-

ing the fact that good to excellent improvement was

observed in a majority (59%) of cases.

Discussion

Hydrostatic valves were the first hydrocephalus

valves to compensate for the facts that patients with

hydrocephalus spend a great deal of time sitting and

standing, and having completly di¤erent needs with

respect to CSF dynamics in the recumbent position

versus the upright. Although hydrostatic valves have

reduced the risk of overdrainage induced by valve de-

sign [8], problems of underdrainage have also become

increasingly prevalent. Three patients (4%) in the pres-

ent study underwent revision operations because of

clinical underdrainage that had been confirmed on

performing an intrathecal infusion test. Miethke dual-

switch valves with a lower pressure setting for re-

cumbent position were implanted in these patients. A

review of the literature on underdrainage following

shunt surgery reveals marked discrepancies and incon-

sistencies in the definitions and classifications of post-

operative complications. Some authors calculate the

overall number of complications, while others counted

only mechanical complications and excluded infec-

tions. Thus, for example, Sainte-Rose [10] fails to de-

fine underdrainage at all and characterizes overdrain-

age as a subdural hygroma, slit ventricle or isolated

ventricle. Drake et al. [3] classify underdrainage and

occlusion as a combination of complications, defining

overdrainage as a subdural hydroma and a slit ventri-

cle syndrome. In our view, underdrainage can be said

to exist only when the pressure level of the valve is un-

duly high; when, due to a manufacturing defect, the

actual valve pressure level is higher than the recom-

mended level; when shunt function changes in vivo; or

when cerebrospinal fluid outflow is reduced because of

raised intraperitoneal pressure caused by adiposis or

insu‰cient cerebrospinal fluid resorption provoked by

a pseudocyst. Analysis of data by the UK shunt regis-

try [9], which is composed of more than 13,000 cases,

shows underdrainage to be a significant complication

following shunt placement (46.7G 1.2% of cases).

Overdrainage provoked postoperative complications

in only 3% of the patients in our study, which stands

in stark contrast to the results of some Scandinavian

researchers who reported that 80% of all postoperative

shunt complications are attributable to overdrainage.

Fig. 1. Change of the ventricle size versus course of disease
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It is di‰cult to perform a comparison of underdrain-

age associated with other types of shunts for two rea-

sons: first, only very few studies have reached any clear

conclusions regarding this complication, and second,

the researchers of the majority of potentially compara-

ble studies in patients with NPH fail precisely to define

or record clear data about this complication [2, 10].

The complications of underdrainage might be divided

into three di¤erent types: enlargement of ventricle

width after shunt placement together with a persistent

or worsening clinical pathology, no change of ventricle

and a clear worsening of clinical pathology, or late

worsening clinical pathology after a clear postopera-

tive recovery. In all cases of suspected underdrainage,

the intrathecal infusion test was conducted to confirm

the diagnosis and a shuntogramm routinely was ob-

tained. A positive correlation between ventricular size

reduction and clinical improvement following shunt

placement has been reported in several studies.

In the absence of a valve that is both adjustable

and authentically programmable – one that could con-

tinuously measure pressure and flow, and whose feed-

back mechanism would enable a regenerative coupling

function – we must make the most of the technical ca-

pabilities o¤ered by currently available valves as we

strive to achieve optimal levels of ICP in individual

patients. The valves available today lack the capacity

to respond to ventricular volume, cerebral blood flow,

or alterations in cerebral metabolism. Furthermore

they cannot optimally regulate CSF circulation. These

valves only respond to the di¤erential pressure be-

tween the region of the proximal catheter and the envi-

ronment at the site of distal diversion. We must there-

fore continue to make e¤orts – through the now widely

accepted radiological examinations, measurement of

blood flow, measurments of ICP and di¤erentiated in-

fusion tests – to develop criteria that allow us to reli-

ably predict the optimal pressure ratios needed by indi-

vidual patients postoperatively in both the recumbent

and upright positions.

Conclusions

Our results clearly indicate the following: in the ma-

jority of cases, good to excellent clinical results are ac-

companied by only a slight reduction in ventricular

volume following implantation of a hydrostatic valve

(Miethke dual-switch valve); and a maximum reduc-

tion in ventricular volume is not a prerequisite for clin-

ical improvement in patients with NPH. Five years of

experience with the Miethke dual-switch valve have

demonstrated that the design engineering of this grav-

itational, hydrostatic valve delivers dependable perfor-

mance. The technical design principle consisting in a

parallel two-chamber system containing large mem-

branes [6] that minimize overdrainage, making the

Miethke dual-switch valve greatly superior in this

respect to diferential pressure valves and adjustable

valves, as well as to the majority of other hydrostatic

valves. The fact that the functionality of the Miethke

dual-switch valve is determined neither by subcutane-

ous pressure nor by implantation height is an addi-

tional contributing factor to the valves excellent perfo-

mance. In our view, the low overdrainage rate of 3%

and the generally positive outcomes achieved with the

Miethke dual-switch valve make it the therapy of

choice for patients with normal-pressure hydrocepha-

lus [5].
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Summary

Objectives. Magnesium sulfate (MgSO4) may be useful in prevent-

ing neurological injury after subarachnoid haemorrhage (SAH). In

this randomized, double-blind study we evaluated the safety and ef-

ficacy of MgSO4 infusion to improve clinical outcome after aneurys-

mal SAH.

Methods. With ethics committee approval and informed consents,

45 patients with SAH were randomly allocated to receive either

MgSO4 80 mmol/day or saline infusion for 14 days. All patients

also received intravenous nimodipine. Episodes of vasospasm were

treated with hypertensive, hypervolemic therapy. Neurological

status was assessed 3 months after haemorrhage using Barthel index

and Glasgow outcome scale (GOS). Incidences of cardiac and

pulmonary complications were also recorded. Data were compared

between groups using Mann-Whitney or Fisher exact tests as appro-

priate. P < 0:05 was considered significant.

Results. Patient characteristics, severity of SAH and surgical treat-

ment did not di¤er between groups. Although the number of epi-

sodes was not reduced, MgSO4 shortened the duration of vaso-

spasm. Patients receiving MgSO4 tended to have fewer neurological

deficits, better functional recovery and an improved score in GOS.

However, none of these outcome variables reached statistical signifi-

cance. The incidence of cardiac and pulmonary complications in the

MgSO4 group (43%) was also similar to that in the saline group

(59%), P ¼ 0:14.

Conclusions. MgSO4 infusion after aneurysmal SAH is well toler-

ated and may be useful in producing better outcome. A larger study

is required to confirm the neuroprotective e¤ect of MgSO4.

Keywords: Intracranial aneurysm; subarachnoid haemorrhage

(SAH); vasospasm; magnesium; randomized controlled trial.

Introduction

Patients who survive an aneurysmal subarachnoid

haemorrhage (SAH) may still su¤er from two delayed

events: first, a second haemorrhage, the consequences

of which may be fatal, and second, delayed cerebral is-

chemia (vasospasm) that may lead to brain infarction,

focal deficits and a poor neurological outcome.

Contemporary management of patients su¤ering

from ASAH has been streamlined over the last two to

three decades. Early treatment of the aneurysm either

by surgical clipping or endovascular occlusion has

largely decreased the incidence of aneurysmal re-

bleeds. Despite the best medical treatment, such as ni-

modipine [3], triple-H therapy and angioplasty, more

than 20% of patients still su¤er from clinical vaso-

spasm resulting in unfavourable outcome. We believe

that magnesium sulfate may improve clinical outcome

because of (1) its vasodilatation e¤ect, and (2) the as-

sociation of poor outcome with hypomagnesaemia

[4]. We have carried out a prospective randomized

double-blind placebo controlled trial (a pilot study)

with the hypothesis that magnesium sulfate improves

clinical outcome by decreasing the incidence and se-

verity of vasospasm.

Patients and methods

Patients with aneurysmal subarachnoid haemorrhage (ASAH),

proven by CT and cerebral angiography (CTA or DSA), were

randomized within 48 hours to receive intravenous magnesium sul-

fate infusion or placebo (normal saline). Approval from the Clinical

Ethics Committee of the Chinese University of Hong Kong and in-

formed consent to participate in this study from either the patient or

his/her family were obtained. Following randomization, a bolus in-

fusion of 20 mmol of magnesium sulfate (or placebo) was adminis-

tered in 30 minutes followed by a maintenance infusion of 80 mmol

in 24 hours [1]. The intravenous infusion was maintained for 14 days.

Clinical vasospasm (or delayed cerebral ischaemia) is defined as a

Glasgow Coma Score (GCS) reduction of two or more, or a focal

neurological deficits, for more than six hours, when rebleed, progres-

sive hydrocephalus and electrolyte disturbances are excluded. The

dichotomized Glasgow Outcome Scale into favourable (good and

moderate disability) and unfavourable outcomes was employed as

the primary outcome measure of the study.



Results

Forty five patients entred this pilot study: twenty

three were randomized to receive magnesium sulfate

and 22 placebo. The mean age (57 years), gender

(female ratio 19/23 versus 18/22), clinical grading

(WFNS grade 3–4: 19/23 versus 19/22; Fisher grade

3–4: 20/23 versu 21/22), aneurysm treatment modality

(endovascular treatment 8/23 versus 8/22), median

time from SAH to study drug infusion (27 hours

versus 35 hours) and median time from SAH to aneur-

ysm treatment (2 days) were comparable in both

groups. While the plasma magnesium concentration

in the treatment group was shown to be adequate

(2.2 mmol/l versus 0.9 mmol/l), there was a trend to-

wards a reduced incidence of clinical vasospasm (26%

versus 55%, p ¼ 0.11) and an improved outcome at

three months (Barthel Index 83 versus 71, p ¼ 0.06;

favourable GOS 65% versus 45%, p ¼ 0.1, table 1). In

this pilot study, the median duration of vasospasm was

significantly reduced (2.7 days [2–6] versus 4.2 days

[2–8], p ¼ 0.02).

Dicussion and conclusion

This pilot study has demonstrated a trend towards

an improved neurological outcome in the dichoto-

mized Glasgow Outcome Scale (incidence of favour-

able outcome in the magnesium treated group 65%

versus 45%, p ¼ 0.1, table 1) and Barthel Index. Inter-

estingly, the duration of clinical vasospasm was signifi-

cantly reduced from a median of 4.2 days to 2.7. Mag-

nesium sulfate infusion has been shown to be simple

and safe by a previous study [1] as well as the present

study. A trend towards improved neurological re-

covery was also demonstrated by previous case control

study [2] and a pilot randomized controlled trial [5]. A

randomized, double-blind, placebo-controlled multi-

centre trial has been designed to recruit 340 patients

to prove the trend towards better outcome in Venya’s

[5] and our study [www.surgery.cuhk.edu.hk/imash-

trial].
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Table 1. Outcomes after MgSO4 or saline infusion in patients with SAH

Magnesium (n ¼ 23) Saline (n ¼ 22) P Values

Plasma magnesium concentration (mmol/L) 2.2 (1.6–2.5) 0.9 (0.7–1.2) <0.01

Incidence of vasospasm, n (%) 6 (26%) 12 (55%) 0.11

MCA flow velocity (cm/s)

during vasospasm 145 (127–210) 139 (121–220) 0.82

during asymptomatic period 65 (32–125) 57 (28–130) 0.69

Barthel index 83 (45–100) 71 (15–100) 0.06

Glasgow outcome score

Favorable outcome 15 (65%) 10 (45%) 0.10

Good recovery 10 (43%) 7 (32%)

Moderately disabled 5 (22%) 3 (13%)

Unfavorable outcome 8 (35%) 12 (55%)

Severely disabled 5 (22%) 8 (36%)

Vegetative state 0 (0%) 1 (5%)

Death 3 (13%) 3 (14%)

MCA middle cerebral artery.
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Summary

This study was designed to monitor secondary insults and their im-

pact on outcomes of patients with hypertensive basal ganglia hemor-

rhage (HBGH). One hundred and twelve patients with HBGH (male

73, female 39) of age 42G 8 years (range from 38 to 57 years) were

studied. Operations included craniotomy or trephination drainage

with urokinase thrombolysis. Conventional therapies were also given

to the patients including the administration of mannitol, crystalloid

and colloid solution. In the meantime, blood pressure (MAP), tem-

perature (T) and SaO2 and other parameters were recorded in the in-

tensive care unit. The ICP values were recorded, and the early clini-

cal outcome was assessed upon discharge according to Glasgow

Outcome Scale. Cerebral Perfusion Pressure was calculated as

CPP ¼ MAP-MICP. Outcomes in the group without secondary

insults were better than that in the group with secondary insults

(P < 0:01). No unfavorable outcomes were found in the 59 cases

managed by ultra-early surgery whereas 36.1% of the cases operated

after 6 hours of onset had unfavorable outcomes. It is concluded that

the high incident rate of secondary insults in HICH patients influ-

ences outcome. Ultra-early surgery may also contribute to improved

quality of survival.

Keywords: Hypertensive intracerebral hemorrhage; secondary in-

sults; ICP.

Introduction

Despite recent advances in understanding and appli-

cation of new techniques to the treatment of hyperten-

sive basal ganglia haemorrhage (HBGH), the outcome

remains unacceptable. Many predictive factors should

be taken into consideration, including haematoma vol-

ume, location, and patients’ age, but secondary insults

may also a¤ect the outcome, including systemic hy-

potension, compromised cerebral perfusion pressure

(CPP), raised intracranial pressure (ICP), elevated

temperature, and hypoxemia, leading to initiation of

destructive inflammatory and biochemical cascades.

Detection and correction of secondary insults may im-

prove outcome [1–3]. From August 2001 to April 2004

one hundred and twelve cases with HBGH were oper-

ated on in our department, and some of secondary in-

sults were monitored and analyzed in relation to clini-

cal outcome. The experimental protocol received prior

approval by the hospital review body and informed

consent was obtained from each patient or next of

kin.

Materials and methods

Patients

One hundred and twelve cases with HBGH (male 73, female 39) of

mean age 42 years (range from 38 to 57 years) were studied. They

were operated on by craniotomy or trephination drainage with uro-

kinase thrombolysis. All patients had no prior medical history of hy-

pertension, diabetes or coronary heart disease, or other illness of im-

portant organs preoperatively, and all su¤ered from HBGH for the

first time. Fifty one of 112 cases had a history of alcohol, tiredness,

defaecation or overexcitement prior to the onset. All patients were

diagnosed with HBGH by CT scan. Hemorrhage due to tumor, trau-

ma, aneurysms, AVMs, cases without basal ganglia hemorrhages,

and cases with organ failure were excluded. The patients’ condition

were estimated according to the Kanetani’s grading scale, including

21 cases in grade III (19%), 53 cases in grade IVa (47%), and 38 cases

in grade IVb (34%, Table 1). The volume of the hematoma was mea-

sured [4].

Methods

Surgical timing and treatment

The operations were all performed within 2 to 24 hours from the

onset, and 59 (53%) of the cases were operated within 6 hours. The

hematoma volumes ranged from 20@120 ml in both groups. Con-

ventional therapies were also given to the patients including the ad-

ministration of mannitol, crystalloid and colloid solution.

General systemic observations

The blood pressure (MAP), temperature (T) and SaO2 and other

parameters were recorded in the intensive care unit.



ICP, CPP monitoring and clinical outcome

For patients who underwent traditional craniotomy, following

surgical evacuation of the hematoma under microscopic illumina-

tion and magnification, a catheter was placed into the hematoma

cavity for drainage. In addition, another catheter was placed in the

anterior horn of the contralateral ventricle to monitor the ICP. For

patients who underwent trephination drainage with urokinase

thrombolysis, a catheter was placed into the hematoma cavity for

hematoma aspiration, and a bolus of 20000u of urokinase in 2 ml

of normal saline was slowly injected through the catheter. Normally

the catheter was shut for 2 hours and then released. After urokinase

was injected, another catheter was placed in the anterior horn of the

contralateral ventricle to monitor the ICP. The injection of uroki-

nase was repeated once a day or 6 hours later as necessary after

operation. After the operation, all the patients were in the intensive

care unit. ICP was monitored continuously by Model V24 Multi-

functional Physiological Monitoring Systems of Hewlett Packard

Ltd. The ICP values were recorded after operation immediately and

at 24, 72 hours and 1 week after operation respectively. The early

clinical outcome was assessed upon discharge according to the Glas-

gow Outcome Score (GOS) including good recovery (G), moderate

disability (M), severe disability (S), persistent vegetative state (PVS)

and death (D). CPP was calculated as CPP ¼ MAP-MICP.

Statistical analysis

The ICP values were expressed as meanG SE. Statistical di¤er-

ences were determined by the t-test with SPSS 1.0 software and Chi-

squared for the comparison of the outcomes of patients.

Results

Patients were divided into two groups: these with

secondary insults and these without. There were 67

(60%) cases in the group with secondary insults show-

ing elevated MAP, ICP, body temperature and de-

creased CPP, SaO2 compared with that in the group

(45 cases) without secondary insults (P < 0:01, Table

1). As shown in Table 2, the outcomes in the group

without secondary insults were better than that in the

group with secondary insults (P < 0:01). No unfavor-

able outcomes were found in the 59 cases managed by

ultra-early surgery whereas 36.1% of the cases oper-

ated after 6 hours of onset had unfavorable outcomes.

Discussion

Following HGBH, the mass e¤ect of the hemor-

rhage is complicated by brain edema. HGBH is ac-

companied by di¤erent degrees of hydrocephalus,

which may occur at 24 to 96 hours and peaks at 3 to

6 days after acute onset. These changes may restrict

the compensatory ability of the patients’ intracranial

compliance and impair the self-adjustment function

of cerebral vessels resulting in the acute increased ICP

and the decrease of CPP. If HGBH patients were not

treated in time, a cerebral hernia may occur [5]. There-

fore HGBH must be treated as early as possible, and

the ICP should be monitored, which not only guides

reasonable therapeutic methods, but also provides di-

rect clinical evidence with which to assess prognosis.

In the current study, the drainage catheter was placed

in lateral ventricle of HBGH patients to monitor ICP,

which can also be used to drain cerebrospinal fluid [6].

The theory of secondary insults was suggested by

Miller in 1978 and refers to the impact of secondary in-

sults such as blood pressure, body temperature, ICP,

cerebral blood flow and CPP on secondary brain in-

jury. These insults will exacerbate the primary head

impact and cerebral edema [1–3].

There is no relevant research on incidence of second-

ary insults in HGBH. Our data showed that there has

been a high incidence rate of secondary insults in

HGBH patients which may influence prognosis.

From the 1970s, many surgeons proposed ultra-

early surgery. After 7 hours of HICH onset, hydroce-

phalus follows and necrosis will form around the he-

matoma. Brain function may recover poorly and the

consequences will be serious if the operation is carried

out after 7 hours of onset [7, 8]. In our study, 59 of 112

cases underwent ultra-early surgery and satisfactory

Table 1. Parameters of secondary insults between two groups (wG s)

Groups No. MAP (mmHg) BT (�C) ICP (mmHg) CPP (mmHg) SaO2 (%)

With insults 67 144G 10.7 38.7G 1.24 39.4G 8.8 45.6G 9.82 90.7G 3.6

Without insults 45 106G 12.4* 37.1G 1.02* 28.7G 6.3* 67.2G 11.86* 94.8G 2.6*

* Compared with that of group with secondary insults P < 0:01.

Table 2. Glasgow outcome scale on discharge between two groups

Groups No. GOS

G M S P D

With insults 67 18 29 13 4 3

Without insults 45 27* 15* 2* 1* 0

* Compared with that of group with secondary insults P < 0:01.
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results were achieved. This suggests that ultra-early

surgery may contribute to releasing the pressure of

the hematoma on the brain tissue as early as possible,

thereby reducing the occurrences of secondary insults

and increasing the quality of survivals.
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Summary

The complications of therapeutic hypothermia sometimes under-

mine its clinical e¤ects. In this study we investigated the e‰cacy and

safety of therapeutic hypothermia based on analysis of 20 severe

head injury cases from 6 institutions treated with therapeutic hypo-

thermia in 1999.

The twenty patients with severe head injury were enrolled pro-

spectively based on the following indications; Glasgow Coma Scale

of 7 or less on admission, age 60 or younger, and systric BP over

100 mmHg. A control group consisting of 21 patients with severe

head injury met the same criteria but were treated without therapeu-

tic hypothermia in other institutions. Clinical benefit were evaluated

by a comparison of clinical result in the two groups defined accord-

ing to the Glasgow Outcome Scale six months after injury. The hy-

pothermia group was divided into two groups based on a target tem-

perature [mild hypothermia group: 32@34 �C (n ¼ 10); very mild

hypothermia group: 35@36 �C (n ¼ 10)]. The complication rate, clin-

ical results and the duration of therapeutic hypothermia were ana-

lyzed between two groups.

In the hypothermia group, 12 patients obtained a favorable out-

come (Good Recovery or Moderate Disabled in GOS) and the mor-

tality rate was 35%. In the control group, however only 5 patients

had a favorable outcome and the mortality rate was 57%. Compari-

son between mild hypothermia and very mild hypothermia groups

revealed no di¤erence in clinical outcome. In the hypothermia group,

severe pneumonia was seen in three patients, all in the mild hypo-

thermia group with a hypothermic duration of over 120 hours.

Mild hypothermia should be ended within 120 hours to avoid se-

vere complication. When long-lasting therapeutic hypothermia of

more than 120 hours is planned, very mild hypothermia is the treat-

ment of choice.

Keywords: Hypothermia; complication; clinical outcome; severe

head injury.

Introduction

The mechanism of cerebral damage by mechanical

injury and by ischemia, have much in common [1].

Many experimental studies have reported that hypo-

thermia could reduce cerebral damage by either ische-

mia or mechanical injury. However, in large clinical

studies, therapeutic hypothermia reported improved

the patient outcome after cardiac arrest [2, 3], and sub-

stantial clinical benefit was not proven for the patient

with severe head injury treated by therapeutic hypo-

thermia in a recent large clinical study [4]. Early induc-

tion and longer-term therapeutic hypothermia were

expected to assure a more favorable outcome for pa-

tients with severe head injury treated with therapeutic

hypothermia [5, 6]. On the other hand, therapeutic hy-

pothermia of such long duration could mean a higher

complication rate that will undermine clinical benefits

[7]. In the present study, we investigated the appropri-

ate temperature and the duration of therapeutic hypo-

thermia from the standpoint of therapeutic e¤ects and

possible complications.

Clinical materials and methods

From Jan 1999 to Dec 1999, sixty five patients with severe head

injury (Glasgow Coma Scale score of 8 or less) admitted to our six

institutions. The hypothermia group consisted of twenty out of sixty

five patients who were enrolled in this prospective study based on our

indications. Another forty-five patients were excluded for following

reasons: 1) GCS score of 8; 2) older than 60 years of age; or 3) sys-

tolic blood pressure (SBP) below 100 mmHg. In each case, informed

consent to perform therapeutic hypothermia was obtained from the

patient’s family.

The target temperature and the duration of therapeutic hypother-

mia were decided individually according to the patient condition.

The patients were all treated according to the guideline for the man-

agement of severe head injury [8]. In the emergency room, they were

initially intubated under deep sedation. We immediately cooled pa-

tients to the target temperature using nasogastric lavage with iced

water and the cooling blanket. Surgical procedure was performed

for the patients with intracranial hematoma. Continuous infusions

of a paralytic drug (vecuronium bromide) and intravenous sedation

(midazolam) until rewarming were recommended and performed in



most cases. In surface cooling, the target temperature was main-

tained for 72 to 384 hours (mean 141 h) depending on the patient

condition. Patients were then slowly rewarmed (approximately

1 �C/day).
Twenty-one sequential patients who met our criteria and had been

treated in other institutions where therapeutic hypothermia was not

performed were enrolled as a control group, retrospectively. Clinical

benefits of therapeutic hypothermia were then evaluated as follows

by a comparison of clinical outcome in the hypothermia and control

groups defined according to the Glasgow Outcome Scale (GOS) six

months after injury; 1, death; 2, vegetative state; 3, severe disability –

unable to live independently; 4, moderate disability – capable of liv-

ing independently but unable to return to work or school; and 5, mild

or no disability – able to return to work or school. Patients with a

GOS score of 4 or 5 were classified as having a favorable outcome,

and those with a GOS score of 1, 2, or 3 as having an unfavorable

outcome.

The hypothermia group was then divided into two groups based

on the range of temperature control [mild hypothermia group:

32@34 �C (n ¼ 10); very mild hypothermia group: 35@36 �C
(n ¼ 10)]. In this study, uncontrollable hypotension; mean blood

pressure (MBP) less than 90 mmHg, bradycardia; heart rate (HR)

less than 60/min, severe pneumonia; PaO2/FiO2 less than 200, and

occurred until the end of rewarming were evaluated as the complica-

tions associated with therapeutic hypothermia. Complication rate,

clinical result (GOS) and the duration of therapeutic hypothermia

were analyzed in the two groups. The duration of therapeutic hypo-

thermia included both the target temperature period and also the re-

warming period.

All values are expressed as the meanGSD. Baseline characteris-

tics, complications and outcome in the two groups were compared

using chi-square tests, Fisher’s exact tests or Mann-Whitney U-test,

as appropriate. Significance was assigned when the probability value

was less than 0.05.

Results

Clinical characteristics of patients in the hypother-

mia group and control group are summarized in Table

1. The two groups did not di¤er significantly in age,

initial GCS score, or number of the patients with cra-

niotomy. The hypothermia group consisted of more

patients with midline shift over 5 mm or compressed

basal cistern in the head CT scan taken on admission,

but there was no statistically significant di¤erence

(p ¼ 0:09).

Mean duration from injury to the achievement of

the target temperature was 8.4 h. In 12 cases, we

achieved target temperature within 6 hours after in-

jury. The body temperature was equal to or less than

35 degrees on admission in 4 cases.

Six months after injury, in the hypothermia group,

55% of the patients showed a favorable clinical out-

come (GCS of 4 or 5), while in the control group only

24% of the patients had favorable clinical outcome

(Table 2). Clinical outcome of the hypothermia group

was significantly better than that of the control group

(p ¼ 0:02).

The hypothermia group was then divided into two

groups by a target treatment temperature [mild hypo-

thermia group: 32@34 �C (n ¼ 10), very mild hypo-

thermia group: 35@36 �C (n ¼ 10)] (Table 3). The

two groups did not di¤er significantly in age, initial

GCS score, or number of patients with craniotomy.

The mild hypothermia group consisted of more serious

cases than the very mild hypothermia group, but there

was no statistically significant di¤erence (p ¼ 0:12). In

the mild hypothermia group, 30% of the patients had a

favorable clinical outcome (GOS of 4 or 5) and in the

very mild hypothermia group, 80% of the patients

showed favorable clinical outcome. Lower tempera-

ture seems to be selected for more serious cases.

Table 1. Clinical characteristics of hypothermia and normothermia

group

Characteristic HT Cont

Age (yrs): meanGSD 28.9G 15.5 33.6G 16.6

GCS: meanGSD 5.0G 1.4 4.7G 1.3

Midline shift (%) 12/20 (60%) 7/21 (33%)

Surgery (%) 6/20 (30%) 6/21 (29%)

HT Hypothermia group, Cont Control group, GCS Glasgow Coma

Scale on admission, Midline shift patients with midline shift over

5 mm or compressed basal cistern in the head CT scan taken on ad-

mission, Surgery patients with craniotomy.

Table 2. Glasgow Outcome Scale scores 6 months after injury in two

treatment groups

GOS HT (n ¼ 20) Cont (n ¼ 21)

Good recovery 9 1

Moderate disability 2 4

Severe disability 2 3

Vegetative state 0 1

Death 7 12

HT Hypothermia group, Cont Control group.

Table 3. Clinical characteristics of mild and very mild hypothermia

group

Characteristic m HT (n ¼ 10) vm HT (n ¼ 10)

Age (yrs): meanGSD 27.4G 10.1 30.4G 13.7

GCS: meanGSD 4.5G 1.4 5.5G 1.3

Midline shift (%) 6/10 (60%) 6/10 (60%)

Surgery (%) 4/10 (40%) 2/10 (20%)

mHTMild hypothermia group (32@34 �C), vm HT Very mild hypo-

thermia group (35@36 �C), GCSGlasgow Coma Scale on admission,

Midline shift patients with midline shift over 5 mm or compressed

basal cistern in the head CT scan taken on admission, Surgery pa-

tients with craniotomy.
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Each group was divided according to the duration

of hypothermia (Table 4). Patients treated with mild

hypothermia over 120 hours had an extremely high

complication rate. Three patients su¤ered from severe

pneumonia, and one from acute renal failure. No pa-

tient died of these severe complications, but no pa-

tients treated with mild hypothermia for over 120

hours had favorable outcome. Very mild hypothermia

group had no severe complication in spite of long du-

ration of hypothermia and achieved good clinical out-

come that could not reach statistical significant di¤er-

ence (p ¼ 0:13).

Discussion

A recent large-scale randomized controlled study

conducted by Dr. Clifton et al. indicated that thera-

peutic hypothermia for severe head injury had no clin-

ical e¤ect compared to normothermia [4]. The mean

intracranial pressure (ICP) was within the normal limit

in both groups. Their target temperature was 33 �C
and mean duration of hypothermia was 66 hours with

rapid rewarming (approximately 4 �C/18 h). They re-

ported 43% that of the patients in both the hypother-

mia and normo-thermia group had a favorable out-

come.

Our control group may have poor clinical result be-

cause patients with GCS of 8 were excluded and may

been given inappropriate temperature management.

In our hypothermia group, although ICP was not

measured in all cases, 60% of patients had a midline

shift over 5 mm or compressed basal cistern in the

head CT scan on admission, and 30% of the patients

had surgical lesions. These findings suggested our hy-

pothermia group could include higher ICP patients

[9]. Our patients were exposed for 141 hours, then

slowly rewarmed (approximately 1 �C/24 h). Dr. Shio-

zaki et al. treated patients with low intracranial pres-

sure with a target temperature of 34 �C for 120 hours,

the same as in our study, and concluded that there was

no therapeutic e¤ect [7]. These findings suggest that

the therapeutic hypothermia had a clinical e¤ect only

for the patient with increased ICP and even very mild

hypothermia yielded su‰cient clinical e¤ect depending

on the case.

If we included all cases of pneumonia or electrolytes,

50% of the patients given very mild hypothermia had

complications and 70% of those treated with mild hy-

pothermia, similar to findings in other studies [4, 7]. In

this study, we evaluated only severe, uncontrollable

complications because of their clinical importance.

It is well known that lower temperature and longer

duration of therapeutic hypothermia should bring

more neuro-protective e¤ect for the patients. On the

other hand, such lower temperature and longer dura-

tion result in complications that will undermine clini-

cal benefits. Our data suggested that mild hypothermia

should not be prolonged more than 120 hours when we

treated the patient with severe head injury by thera-

peutic hypothermia.

Conclusions

Mild hypothermia should not be prolonged for

more than 120 hours or the complication rate will in-

crease and the patient outcome cannot be improved.

Appendix

Centers for Nagoya Therapeutic Hypothermia Study Group:

Kainan Hospital, Kariya Hospital, Kasugai Municipal Hospital,

Shizuoka Saiseikai Hospital, Tajimi Prefectural Hospital, Toyohashi

Municipal Hospital.
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Summary

Aim of this study was to examine the hypothesis that only a sub-

group of patients with lesser primary brain damage after severe head

injury may benefit from therapeutic hypothermia.

We prospectively analysed 72 patients with severe head injury,

randomized into groups with (n ¼ 37) and without (n ¼ 35) hypo-

thermia of 34 �Cmaintained for 72 hours. The influence of hypother-

mia on ICP, CPP and neurological outcome was analysed in the

context of the extent of primary brain damage.

Patients with normothermia and primary lesions (n ¼ 17) –

values: GCS on admission 5 (median), ICP 18.9 (mean), CPP 73

(mean), GOS 4 (median). Patients with normothermia and extracere-

bral hematomas (n ¼ 20): GCS 4, ICP 16, CPP 71, GOS 3. Patients

with hypothermia and primary lesions (n ¼ 21): GCS 4,62, ICP

10,81, CPP 78,1, GOS 4. Patients with hypothermia and extracere-

bral hematomas (n ¼ 14): GCS 5, ICP 13.2, CPP 78, GOS 5.

Hypothermia decreased ICP and increased CPP regardless of the

type of brain injury. Hypothermia was not able to improve outcome

in patients with primary brain lesions but this pilot study suggests

that it significantly improves outcome in patients with extracerebral

hematomas.

Keywords: Severe head injury; primary and secondary brain dam-

age; mild hypothermia.

Introduction

Severe head injuries (Glasgow Coma Scale –

GCSa 8) generally have a very serious prognosis.

About 30% of patients have a good result, but 25%

are severely disabled, 5% end up in a vegetative state

and about 40% of patients die [6]. Most important for

the final result is the extent of primary brain damage

and the development of secondary ischemic brain

damage. Modern methods of the management of pa-

tients after severe head injury are therefore based on

the principle of maintaining an adequate cerebral per-

fusion pressure (CPP) above 60 mmHg (see European

and American guidelines) [3, 4]. Despite all e¤ort, sec-

ondary ischemic changes may continue to evolve in

many patients after severe head injury. It seems that

neither the early evacuation of the hematoma, nor the

correct management on the intensive care unit is able

to protect many patients from secondary ischemic

brain damage. One option to improve the results is

the use of mild hypothermia. Hypothermia is not a

new neuroprotective method, it has been in use already

for several decades. Contemporary technology, how-

ever, has improved. Hypothermia now is used in

accordance with modern knowledge of the patho-

physiology of brain injury. In the clinical setting it is

necessary to use hypothermia together with multi-

modal monitoring of the brain physiology, which

was not available previously.

The laboratory results after application of mild hy-

pothermia (30–34 �C) confirm less neuronal damage,

decreased release of neurotransmitters and a preven-

tion of blood-brain barrier breakdown as a conse-

quence of ischemic insult, which is the most frequent

cause of secondary brain damage [2].

Not all experimental and clinical studies, however,

confirm a positive e¤ect of hypothermia. Despite the

fact that hypothermia influences physiological vari-

ables important for the patient s prognosis (intracra-

nial pressure – ICP and cerebral perfusion pressure

– CPP), the results of clinical studies are often contro-

versial [1, 5].
This study was supported by a grant of the Internal Grant Agency

of the Czech Ministry of Health No 6844-3 and 7671-3



Material and method

We studied 72 patients after severe head injury (GCSa 8) treated

in our hospital during the years 2001–2003. Their mean age was 41

years and there were 51 males and 21 females. Patients older 60 years

of age and those with severe primary brain damage with no possibil-

ity to survive (bilateral mydriasis, no reflexes above C1) were ex-

cluded.

Patients with significant hematomas were urgently operated on.

The intraparenchymal probe for ICP monitoring (Codman, Lelocle,

Switzerland), jugular bulb oxymetry probe (Edwards Lifesciences

LLC, Irvine, USA) and invasive blood pressure monitoring

(a.radialis) were instituted. The patients were randomized into two

groups: with hypothermia (n ¼ 35) and without hypothermia

(n ¼ 37). There were no statistical age or sex di¤erences between

the groups. In those randomized for hypothermia, mild hypothermia

(34 �C) was started as soon as possible for a period of 72 hours by

means of surface cooling (Blanketrol II, Cincinnati, USA). Central

body temperature was measured in the urinary bladder. After 72

hours the patients were passively warmed-up to reach normother-

mia. All patients were cooled down within 15 hours after injury and

we were able to reach the desired temperature within 3 hours after

initiation of cooling. Intensive care for these patients was otherwise

performed according to the international standards for severe head

injuries [2, 3].

The observer who had access only to the CT scans divided this

group into those with dominant primary brain injury (di¤use injury,

contusions) (n ¼ 38) and with dominant extracerebral hematoma

(21 patients with subdural and 13 patients with epidural hematoma)

(n ¼ 34). Finally we evaluated the influence of mild hypothermia on

ICP, CPP and SvjO2 ( jugular bulb oxygen saturation) and Glasgow

Outcome Scale (GOS) 6 months after trauma taking into account the

dominant type of injury (primary lesions versus extracerebral hema-

tomas). The results are expressed as mean and standard deviation.

We tested the conformity of scatters by F-test and we used an un-

paired t-test to compare the di¤erences between the groups.

Results

The results are presented in Tables 1–4.

Discussion

Our study di¤ered from many studies using con-

trolled hypothermia in severe head injuries by the fact

that we used a milder degree of hypothermia (34 �C)

for a relatively longer time (72 hours). This tempera-

ture is more easily reached in the clinical setting and is

accompanied by no or minimal side e¤ects with a sim-

ilar influence on ICP and CPP. With the use of multi-

modal monitoring, this method can also be safely used

in patients with multiple trauma.

Jugular bulb oximetry monitoring, in particular,

is advantageous during therapeutic hypothermia be-

cause it can give a warning regarding a global decrease

of cerebral metabolism.

Hypothermia did not influence the systemic blood

pressure. We observed only 2 episodes of bradycardia

below 40/min which reacted well to atropine. The oc-

currence of pneumonia did not di¤er significantly be-

tween the groups.

Mild hypothermia of 34 �Cwas able to decrease ICP

and improve CPP in hypothermia patients (although

Table 1. Results of all patients after severe head injury (hypothermia

of 34 �C for 72 hours versus normothermia)

Normothermia

(n ¼ 37)

Hypothermia

(n ¼ 35)

MABP (mmHg) 123.11G 5 123.45G 4 p ¼ 0:9013

CPP (mmHg) 72.16G 4 78.23G 6 p < 0:0001

ICP (mmHg) 17.65G 7 11.77G 5 p < 0:0001

SvjO2 (%) 71.12G 4 69.05G 4 p ¼ 0:2436

GCS 4.27G 1.24 4.57G 1.27 p ¼ 0:3115

GOS 3.16G 1.69 4.09G 1.36 p ¼ 0:0131

MABP Mean arterial blood pressure; CPP cerebral perfusion pres-

sure; ICP intracranial pressure; SvjO2 jugular bulb oxygen satura-

tion; GCS Glasgow Coma Scale; GOS Glasgow Outcome Score.

Table 2. Results of patients with primary brain injury

Normothermia

(n ¼ 17)

Hypothermia

(n ¼ 21)

MABP (mmHg) 129.83G 10 123.44G 14 p ¼ 0:3692

CPP (mmHg) 73.71G 5 78.10G 6 p ¼ 0:0240

ICP (mmHg) 18.88G 6 10.81G 5 p < 0:0001

GCS 4.59G 1.37 4.62G 1.24 p ¼ 0:9426

GOS 3.47G 1.74 3.71G 1.62 p ¼ 0:4470

Table 3. Results of patients with brain compression through extra-

cerebral hematoma

Normothermia

(n ¼ 20)

Hypothermia

(n ¼ 14)

MABP (mmHg) 118.67G 11 123.33G 11 p ¼ 0:4402

CPP (mmHg) 70.85G 2 78.43G 6 p < 0:0001

ICP (mmHg) 16.60G 7 13.21G 5 p ¼ 0:1077

GCS 4.00G 1.08 4.50G 1.34 p ¼ 0:2377

GOS 2.90G 1.65 4.64G 0.50 p ¼ 0:0006

Table 4. Morbidity and mortality of patients according to GOS

(mean 6 months after injury)

GOS Normothermia

(n ¼ 37)

Hypothermia

(n ¼ 35)

Total

(n ¼ 72)

5 (good) 13 (35%) 18 (51%) 31 (43%)

4 (moderate disability) 5 (13.5%) 12 (34%) 17 (24%)

3 (severe disability) 5 (13.5%) 0 5 (7%)

2 (vegetative state) 3 (8%) 0 3 (4%)

1 (death) 11 (30%) 5 (15%) 16 (22%)
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the decrease of ICP in the extracerebral hematoma

group was not significant) which correlates with previ-

ous studies [1, 5]. The outcome (GOS) was significantly

better in the hypothermic group of patients with ex-

tracerebral hematomas but did not di¤er in patients

with primary brain injury.

Hypothermia has basically three important roles in

influencing brain physiology. First it lowers ICP, sec-

ond it improves CPP, and third it has a direct neuro-

protective e¤ect on cerebral neurons. We consider the

use of hypothermia in patients with brain compression

as very well-founded since these patients are threat-

ened by the development of a secondary ischemic brain

damage. Hypothermia may help these patients not

only by its e¤ect on ICP and CPP but also by its neuro-

protective e¤ect. This might be why there were better

results in patients with extracerebral hematomas. The

very good results in this group were the reason why the

hypothermia group had better results even when eval-

uated regardless of the type of injury. In patients with

primary brain injury, hypothermia may a¤ect mainly

ICP and CPP. Brain ischemia does not play such an

important role in this type of injury (with some ex-

ceptions) and therefore the neuroprotective e¤ect of

hypothermia in primary injuries does not influence

pathophysiology that much.

This does not mean, however, that hypothermia in

primary head injury is useless and should be neglected.

We think that in these patients, hypothermia should be

used in cases with otherwise intractable intracranial

hypertension.
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Correspondence: Martin Smrčka, Neurosurgical Department,

University Hospital Brno, Jihlavská 20, 625 00, Brno, Czech Repub-
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Summary

The aim of this study was to determine to what degree hypotension

and ICP contribute to the reduction of cerebral perfusion pressure

(CPP), particularly in light of the shift in emphasis to CPP manage-

ment by the use of pressors. The study population consisted of se-

verely head injured patients extracted retrospectively from the Trau-

matic Coma Data Bank and compared with 139 patients from the

Smith Kline component of the American Brain Injury Consortium

database where outcome was available. The percentage time that

ICP exceeded 20 mm Hg and CPP less than 60 mm Hg was com-

puted for 5 days post injury. At each hour when CPP was less than

60 mm Hg the contribution of raised ICP and low arterial pressure

or both was determined. In the first cohort, hypotension was the pre-

dominant factor leading to CPP reduction. With use of the CPP con-

cept of treatment, the major contribution to CPP shifted to ICP and

arterial hypotension played less of a role. Overall, CPP management

has been associated with improved outcome.

Keywords: Cerebral perfusion pressure; hypotension; head injury.

Introduction

The cerebral perfusion pressure (CPP) is the pres-

sure gradient across the capillary bed and is considered

the di¤erence between mean systemic arterial pressure

and intracranial pressure [14]. The maintenance of

adequate CPP and low ICP remains as a key goal of

head injured patient management. In normal brain, ce-

rebral autoregulation fails and cerebral blood flow be-

gins to fall when CPP is less than 50 mmHg. In injured

regions of the brain, when focal tissue pressure may be

higher than the mean ICP, a CPP of 50 mmHgmay be

too low for optimal perfusion. Therefore, recent guide-

lines have posed that CPP should be maintained above

60 mmHg to assure adequate cerebral perfusion, espe-

cially in the injured brain [6]. The cerebral perfusion

pressure necessary to maintain brain functions varies

with the state of metabolism of the brain. In normal

brains, CPP may fall as low as 20–30 torr without

evidence of neurophysiological dysfunction, although

blood flow falls to 50% of normal [5]. With regard to

ICP, there is clear evidence that in trauma patients, a

sustained ICP of greater than 20 mm Hg is associated

with a significantly worse clinical outcome [7, 9, 11].

However, it is not clear to what extent raised ICP and

hypotension are each responsible for reduced CPP.

The objective of this study was to examine the relative

contribution of ICP and hypotension to reductions in

CPP during the first 5 days post injury and to deter-

mine which factor, raised ICP or hypotension, is most

responsible for CPP reduction during the acute course

of management. A second objective was to study out-

come as assessed by the GOS and determine the rela-

tionship of GOS to the specific cause of CPP reduction.

Methods

The population consisted of 387 severely head injured patients

(admission GCS of 8 or less with ICP and blood pressure monitor-

ing) extracted retrospectively from the combination of traumatic

coma data bank (TCDB) and subsequent patients documented by

the MCV Neurocore database. [Total n ¼ 387; males ¼ 296; fe-

males 91; age 5 mos� 87 years, mean age 30:1G 18:05 years. The

mean GCS is 5.4 and the median GCS is 6.0] The percentage time

CPP was less than 60 mm Hg was computed for 5 days post injury.

For the time that CPP was less than 60 mm Hg, the contribution of

raised ICP (>20 mm Hg), low mean arterial pressure (<80 mm Hg)

or both was determined based on hourly measures of these parame-

ters recorded by the bedside nurse and was correlated to the out-

come.

Results

Of the entire cohort of patients, 30.3% had mass le-

sions that required surgical removal, and 58.8% had



di¤use brain injury. Eighty percent of our patients ex-

perienced elevated ICP (>20 mm Hg) at some point

during the first five days post trauma. We studied the

cerebral perfusion pressure (CPP) of these patients

and looked for its e¤ects on their outcome. The per-

centage time CPP was less than 60 mm Hg was com-

puted for five days post injury. For the time CPP was

less than 60 mm Hg, the contribution of raised ICP

alone, low mean arterial blood pressure (MAP) alone,

or both was determined based on hourly measures of

these parameters.

Of the 387 severe head injury patients, 286 (73.9%)

experienced CPP reduction in the first five days post in-

jury. Of the patients with CPP reduction, 121 (42.3%)

su¤ered these reductions due to reduced MAP alone,

while 34 (11.9%) su¤ered these reduction due to high

ICP alone, and 131 (45.8%) su¤ered CPP reductions

due to both factors together. It is evident from the

table that the predominant factor accounting for CPP

reduction during the first five days post-admission, in

terms of number of patients, is hypotension and not

ICP elevation. Concerning the daily incidence of CPP

reduction in the first five days post injury, we found

that 50.6% of patients experienced CPP reduction in

the first day, then this percentage reduced to 37–41%

in the next 3 days and slightly increased on the fifth

day to 42%.

Contribution of ICP and hypotension to CPP reduction

With regard to the percent responsibility of CPP re-

duction factors for end hour readings CPP < 60

mm Hg (Fig. 1), MAP reduction alone was the most

frequent cause of CPP reduction especially in the first

four days (56.5% of reduced CPP readings). AlsoMAP

reduction, either alone or in combination with ICP ele-

vation, was involved in 80% of CPP reduction events

especially in the first four days. High ICP alone was

the cause of CPP reduction in 20% of instances of

CPP reduction. ICP rise either alone or in combination

with MAP reduction was the cause of CPP reduction

in about 42% of times in the first four days and 60%

of the time on the fifth day.

We also studied how the percent contribution of

CPP reduction factors to CPP reduction is a¤ected at

di¤erent levels of CPP. We found that as CPP is re-

duced, high ICP gradually becomes the major contrib-

utor to CPP reduction. In patients who su¤ered CPP

reductions below 40 mm Hg, high ICP was contribu-

ting to 80–90% of CPP reduction events. Furthermore,

as CPP decreased below 60 mm Hg, the average value

of ICP increased while that of MAP remained nearly

unchanged.

The e¤ect of reduced CPP on outcome

On correlating the percent time CPP < 60 mm Hg

in the first five days to GOS outcome we observed

that survivors su¤ered significantly shorter periods of

CPP reduction (17%) than those who died (45%)

{p < 0.001}. We concluded that percent time CPP <

60 mm Hg did not correlate with outcome in the form

of (Good/Mod/Sev/Veg), but only defined mortal-

ity. On the other hand, as CPP decreased below

70 mm Hg, the outcome gradually became worse. We

found that outcome in severe head injury patients was

more dependent on the lowest level of CPP they suf-

fered than the percentage time below 60 mm Hg.

Moreover, in the CPP reduction patients, we found

that patients who showed good outcome were those

who su¤ered reductions mainly due to reduced MAP

alone. Also we observed that the greater the contribu-

tion of high ICP either alone or in concomitant combi-

nation with reduced MAP to CPP reduction the worse

the outcome.

Fig. 1. Percent responsibility of ICP elevation alone, MAP reduc-

tion alone, and both factors together for CPP reduction in the first

five days in severely head injured patients. It appears that MAP re-

duction alone is the most common cause of CPP reduction in the first

4 days (around 56.5% of reduced CPP readings). Also MAP reduc-

tion, either alone or in combination with ICP rise, was present in

about 80% of instances of CPP reduction in the first 4 days and in

about 60% in the 5th day (the lower two segments of the columns).

While ICP elevation, either alone or in combination with MAP re-

duction, was present in these instances in about 42% in the first 4

days and 60% in the 5th day (the upper two segments of the col-

umns). ICP (>20) Alone; Both; MAP (<80) Alone
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In Table 1 we show that the outcome was worse

when the cause of CPP reduction was a result of both

ICP elevation and MAP reduction. Also the table

shows that patients who su¤ered these CPP reductions

due to MAP reduction alone, did better than the other

two groups. The data also shows that patients in the

‘‘Both’’ group su¤ered these CPP reduction periods

more frequently (6.7 hrs/day) than the other two

groups. The overall outcome in patients who did not

su¤er CPP reductions was better than those who suf-

fered these reductions. Severely head injured patients

who did not experience CPP reduction resulted in a

37.6% favorable outcome with only 12.9% mortality.

On the other hand, only 30.8% of severely head injured

patients who su¤ered CPP reduction showed favorable

outcome, while 69.2% of them showed unfavorable

outcome with 25.1% mortality.

The analysis of the relationship of hypotension

(%time MAP < 80 mm Hg day one to five) and out-

come in patients with no CPP reduction resulted in no

clear relation. On the other hand, when we studied this

relation for high ICP (%time ICP > 20 mm Hg), we

found that the longer the peroids of high ICP the worse

the outcome.

The appropriate threshold for CPP

Based on these data we attempted to clarify whether

a CPP of 60 mm Hg is an appropriate treatment

threshold as posited from the recent change in guide-

lines. We compared the outcome in patients of CPP

threshold above 70 mm Hg to those of CPP thresh-

old of 61–70. There was a generally improved out-

come (GOS Good/Mod) with CPP threshold above

70 mm Hg but this did not reach statistical signifi-

cance. However there was a statistically significant re-

duction in severely disabled and vegetative patients

with CPP > 70 mm Hg.

Discussion

There is agreement among investigators in the field

of head trauma that improvement in outcome could

be achieved by control of ICP, blood pressure and

CPP, but still there is controversy regarding the impor-

tance of the role played by each of these factors. Eighty

percent of our patients experienced elevated ICP

(>20 mm Hg) in the first five days post trauma. Mar-

marou and Co-workers [8] reported an incidence of

72% high ICP in their severe head injury population

in the first 72 hours post trauma. The incidence in our

study is markedly higher than the 50% incidence re-

ported by Nordby and Co-workers [11]. We also found

that % ICP > 20 mm Hg correlates well with the out-

come independent of CPP; the longer the periods of

high ICP the worse the outcome. This agrees with

what has been reported by many others [7, 9, 11].

Of the 387 severe head injury patients, 286 (73.9%)

experienced CPP reduction (<60 mm Hg). O’Sullivan

and Co-workers [12] reported an incidence of 62.5% in

their small series. In our series, the most common

cause for CPP reduction is hypotension (MAP < 80

mm Hg). It was the only cause of this reduction in

56.5% of instances and was present in about 80% of

these instances either alone or in combination with ele-

vated ICP. CPP reduction less often was caused by ele-

vated ICP. This is consistent with others who reported

that reduction of CPP down to 40 mm Hg was more

often caused by decrease in arterial blood pressure

than increase in ICP [1]. It is obvious in our study

that, as CPP is decreased, high ICP gradually becomes

the major contributor to CPP reduction.

We found that percent time CPP < 60 mm Hg does

not correlate with outcome in the form of (Good/

Mod/Sev/Veg), but only e¤ects mortality. In our study

Table 1. Grouping patients with CPP < 60 mm Hg according to

which factor was responsile for CPP reduction, either ICP > 20

mm Hg alone, MAP < 80 mm Hg alone, or both factors in the first

five days and correlating that to prognosis

Total G/M S/V Dead # of end

hours/day

CPP < 60

ICP > 20

alone

34 9 (26.5%) 12 (35.3%) 13 (38.2%) 3.8 hrs

73:5%

MAP < 80

alone

121 48 (39.6%) 59 (48.8%) 14 (11.6%) 4.5 hrs

60:5%

Both 131 31 (23.8%) 55 (41.3%) 45 (34.9%) 6.7 hrs

76:2%

Total 286 88 (30.8%) 126 (44.1%) 72 (25.1%) 5.8 hrs

69:2%

CPP non-reduction group

Total G/M S/V Dead

101 38 (37.6%) 50 (49.5%) 13 (12.9%)

62:4%
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there was a statistically significant di¤erence in %time

CPP < 60 mm Hg between survivors and dead, (p <

0.001), however we could not find a significant di¤er-

ence between di¤erent outcome groups among survi-

vors. This is consistent with Rosner and Rosner [13]

who reported that, with CPP management mortality

has been reduced to 50% compared to traditional

treatment with probably better morbidity. Duthie and

colleagues [2] also stated that, episodes of arterial hy-

potension are associated with increased mortality in

head injury patients.

In addition, in patients who su¤ered CPP reduction,

we found that the lower the minimum CPP level they

experienced, the worse the outcome. This is consistent

with that reported by Mendelow and Co-workers [10].

We also believe that a minimum CPP of 70 mm Hg

should be maintained in severely head injured pa-

tients despite the fact that there was only a trend to-

ward better outcome. Rosner and Rosner [13] also

suggested a minimum CPP ofb 70 mmHg. However,

we did not find any correlation between duration of hy-

potension (%time MAP < 80 mm Hg) and outcome.

This is in contradiction to that reported by Grande

and Co-workers [3]. Also, Jones and Co-workers [4] re-

ported that the most significant predictor for mortality

and outcome in severe head injury patients is the dura-

tion of hypotensive insults.

Conclusions

1. ICP elevation was observed in 80% and CPP reduc-

tion in 73.9% of head injured patients.

2. Reduced MAP was the main contriibutor (80%) to

CPP reduction below 60 mm Hg, however, this re-

duction was poorly correlated to the outcome.

3. GOS was more clearly related to the severity of

CPP reduction than the percent time below

60 mm Hg. This applied for a single event of CPP

reduction.

4. As CPP is reduced further, the relative contribution

of ICP was greater than that of low MAP.

5. The percent time CPP below 60 mm Hg e¤ected

mortality but was similar between Good/Mod and

Sev/Veg groups.

6. In patients with no CPP reduction, outcome is cor-

related to the percent time that ICP is above

20 mm Hg.

7. CPP above 70 mm Hg was slightly better than

CPP > 60 mm Hg.
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Summary

It is the general sense that mortality has been decreasing in recent

years compared to earlier studies described by the NIH traumatic

coma data bank. We studied mortality during the period of 1984 to

1996 to determine if indeed mortality from severe traumatic brain in-

jury was decreasing and to identify factors which might account for

the reduction. The study population (N ¼ 1839) consisted of se-

verely head injured patients extracted retrospectively from the

TCDB (635), MCV (382), and 822 patients from clinical trial data-

bases conducted in the United States. Mortality was obtained from

each of the databases for the age range form 16 to 65. Penetrating

injury and treatment groups in the clinical trial databases were ex-

cluded. Mortality in the year 1984 equaled 39% and gradually de-

creased to a level of 27% in 1996. When adjusting for age, motor

score and pupil reaction, the mortality of the period from 1984 to

1987 was significantly higher (p < 0:05) than that of the period

1988 to 1996.

During the period 1984 through 1996, mortality from severe brain

injury steadily declined. Factors other than age, motor score and pu-

pil reactivity over time are responsible for this reduction. This reduc-

tion over time is an important factor for prognostic modeling of TBI.

Keywords: Traumatic brain injury; clinical trial; outcome from

traumatic brain injury.

Introduction

Traumatic brain injury is associated with a signifi-

cant mortality and morbidity despite intensive ther-

apy. In the late 70’s, investigators established a stan-

dardized protocol for management of severe head

injury with emphasis of early diagnosis and evacuation

of intracranial mass lesions (Becker, Miller et al.

1977). In addition, this protocol included artificial ven-

tilation, control of increased intracranial pressure and

aggressive therapy in a specialized intensive care unit.

The mortality from traumatic brain injury (TBI) un-

der these conditions averaged 30% with overall poor

outcome (S/V/D) of about 40%. It was proposed that

vigorous surgical and medical therapy, by preventing

secondary insults contributed to the outcome. It was

generally assumed that mortality has steadily declined

over the past decade although no definitive studies

have documented this reduction. The objective of this

study was to examine the mortality and to determine if

there was indeed reduction of mortality and identify

risk factors, which might account for the reduction.

The study was based on several TBI database.

Methods

Study population

The data for the study were from Traumatic Brain Injury Data

Bank (TCDB), Medical College of Virginia/Virginia Common-

wealth University (MCV/VCU), Steling Winthrop PEG-Superoxide

Dismutase Clinical Trial (PEGSOD), Ciba-Geigy Selfotel Clinical

Trial part of U.S. potion (CIBA) and SmithKline Beecham Bradyki-

nin Antagonist Clinical Trial (SKB). A total of 1839 patients with an

age range of 16 to 65 years and GCS 3 to 8 with no penetrating injury

were included in this study.

TCDB was founded and supported by National Institute of Neu-

rological Disorders and Stroke (NINDS), a total of 1030 severe head

injury patients were collected for the study during 1984 to 1987. A

total of 163 patients with penetrating injury were excluded and 76

patients dead on arrival were also excluded. The remaining 635 pa-

tients with an age range from 16 to 65 years old were included in this

study.

MCV continued the patient survey after the end of the TCDB

study. During 1988 to 1992, 482 severe head trauma patients were

treated at MCV hospital. A total of 382 patients with the age range

of 16–65 were included in this study and 65 patients with penetrating

injury were excluded.

Steling Winthrop Inc. conducted two phase III multi-center stud-

ies to evaluate the safety and e¤ectiveness of PEG-Superoxide Dis-

mutase on 1562 severe closed head injury patients during 1992 to

1995 (trial 005 with 463 patients, and trial 006 with 1099 patients).

A total of 911 patients were assigned to the treatment arms and ex-

cluded from this analysis, the remaining 624 patients with a matched

age range as compared with other studies were included in this study.



Ciba-Geigy Selfotel trial was a multi-center, randomized, double

blinded trial on intubated patients with severe closed traumatic brain

injury. The study inclusion criteria were GCS 4-8 or GCS 3 with at

least one reactive pupil, and CT classification II to VI. A total 266

patients were enrolled in the U.S. and Israel during 1995 (American

Brain Injury Consortium Database). After exclusion of those pa-

tients who received the treatment of the study drug, 133 patients

with an age range of 16–65 years were included in this study. The re-

maining data for this trial were not available at the time when this

study was conducted.

SKB Bradykinin Antagonist Trial was a multi-center, double

blinded, and placebo-controlled study, which was conducted during

1996 in the United States. A total of 139 patients with severe head

injury and at least one reactive pupil with GCS 3 were included in

the clinical trial. Sixty-nine patients were randomized to the treat-

ment arm, and the remaining 65 placebo patients with age 16–65

were included in this analysis.

Statistical analysis

As stated, the primary variable in this study outcome was the mor-

tality rate of the patient population from 1984 to 1996. In the study,

the e¤ect of the following covariables on the mortality were exam-

ined: age, gender, race, cause of injury, place of injury, admission

hours, neurological evaluation at admission, opening intracranial

pressure, blood pressure, and certain characteristics of the admission

CT examination.

Two-sided Pearson’s Chi-Square tests were performed on the un-

ordered categorical variables and two-sided Wilcoxon Rank Sum

tests were used on the ordered categorical variables; and two-sided

Student-T tests were applied on the continues variables. Logistic re-

gression model was used for comparing the di¤erences of the mortal-

ities and the adjustment for covariables such as age, motor scores

and pupillary responses. The statistical software SAS (version 8.2)

was used for the data analysis.

Results

Study population

From the time period of 1984 to 1997, 635 severe

head injury patients with the age range of 16 to 65

years old were selected from TCDB; from the period

of 1988 to 1996, 1204 patients with severe brain trau-

ma and the same age range were selected from MCV/

VCU hospital, the randomized clinical trials of PEG-

SOD, CIBA U.S. and SKB during 1988 to 1992, 1992

to 1995, 1995 and 1996, respectively. Those patients

who were randomized to the treatment arm from the

clinical trials or injured from gun short were excluded

from this analysis. The total sample size is 1839.

Demographic characteristics

The demographic background of the study popula-

tion is show in Table 1. Both study samples from the

time period of 1984 to 1987 and 1988 to 1996 have a

similar age distribution, and the largest population

falls into the young adolescence group with an age

range of 20 to 30 years old. Male is seen dominant in

both periods, with 79.5 and 77.9 percent, respectively.

In comparison with the TCDB data, the data collected

from MCV/VCU hospital and other clinical trials

showed over 40 percent increase in the Black popula-

tion and a 15 percent decrease in the Caucasian popu-

lation, and the Chi-Square Test showed significant dif-

ference with p-value less than 0.0001.

The data showed that the cause of head injury has

changed significantly over the years, with 35 percent

increase in automobile accidents and more than 60

percent increase in assault between the period of 1984

to 1987 and that of 1988 to 1996 (Chi-Square Test,

p < 0:0001). Within the same time periods, however,

the incident rate of fall to the severe head injury was

relatively stable. In an earlier time period, TCDB re-

corded a large proportion of patients injured by mo-

torcycle and work related injuries (table 1, in the cate-

gory of others), which was not specified in the clinical

trails during a later period. Although the information

about injury place was only specified from the TCDB

and MCV data, the increased incidents of severe head

trauma on the street and highway in a later time period

seemed consistent with the increase in automobile acci-

dents during the same time period, which is also statis-

tically significant (Chi-Square Test, p < 0:05).

The shortened interval from the time of injury to

the time of study hospital admission was statistically

significant (Student-T Test, p < 0:0001), when the

TCDB data (a mean of 2.52 hours) was compared

with the MCV and other clinical trial data (a mean of

1.82 hours).

Admission status

Table 2 illustrates certain patient clinical conditions

upon arrival at the study hospital. Patients from

TCDB showed a slightly higher percentage of no mo-

tor responses, while patients from the MCV hospital

and other clinical trials showed a relative higher per-

centage of motor responses such as withdrawal or nor-

mal flexion, which did not reach the statistical signifi-

cance (Wilcoxon Rank Sum Test, p ¼ 0:14). With

regard to the pupillary response, the patients from

both periods had a similar rate of bilateral normal

pupillary response; the patients from TCDB had a

slightly higher rate of bilateral abnormal pupillary re-

sponse and the patients from the MCV hospital and
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Table 1. Demographic characteristics

Characteristic 1984–1987 1988–1996 P-ValueTotal

Cohort
N % N %

Mean age (yrs) 1839 30.03G 12.16 30.60G 12.16 0.34a

Age group

– 16–<20 360 122 19.21 238 19.77 0.289b

– 20–<30 691 262 41.26 429 35.63

– 30–<40 396 124 19.53 272 22.59

– 40–<50 212 62 9.76 150 12.46

– 50–<60 120 43 6.77 77 6.40

– 60–65 60 22 3.46 38 3.16

Gender

– Male 1444 505 79.53 939 77.99 0.445c

– Female 395 130 20.47 265 22.01

Race

– Caucasian 1244 528 84.75 716 71.46 <0.0001c

– Black 306 92 14.77 214 21.36

– Asian/Oriental 54 0 0.00 54 5.39

– Other 21 3 0.48 18 1.80

Cause of injury

– Automobile accident 1078 344 54.60 734 73.69 <0.0001c

– Fall 205 87 13.81 118 11.85

– Assault 113 32 5.08 81 8.13

– Other 230 167 26.51 63 6.33

Injury place

– Street/High way 797 487 77.18 310 84.93 0.028c

– Home 58 38 6.02 20 5.48

– Work/School 51 35 5.55 16 4.38

– Recreational 29 23 3.65 6 1.64

– Other 61 48 7.61 13 3.56

Time from injury to admission (hrs) 1835 2.52G 3.20 1.82G 1.82 <0.0001a

a Student-T test, b Wilcoxon Rank-Sum Test, c Chi-Square Test.

Table 2. Admission status

Characteristic 1984–1987 1988–1996 P-ValueTotal

Cohort
N % N %

Motor score

– None 286 112 18.76 174 15.17 <0.135b

– Extensor 287 100 16.75 187 16.30

– Abnormal flexion 237 86 14.41 151 13.16

– Withdraw/Normal flexion 446 129 21.61 317 27.64

– Localize 425 151 25.29 274 23.89

– Obeys Commands 63 19 3.18 44 3.84

Papillary response

– Both side normal 885 244 62.72 641 61.22 0.918b

– One side abnormal 142 24 6.17 118 11.27

– Both side abnormal 409 121 31.11 288 27.51

Mean systolic blood pressure 1814 140.16G 31.44 141.53G 29.76 0.270a

Mean artery blood pressure 1698 104.94G 20.56 102.72G 21.68 0.041a

Mean opening intracranial pressure 735 19.22G 19.01 17.75G 14.38 0.205a

Time from injury to start ICP monitoring (hrs) 656 6.90G 4.38 7.35G 4.25 0.190a

a Student-T test, b Wilcoxon Rank-Sum Test, c Chi-Square Test.
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other clinical trial centers had a small increase in the

rate of a unilateral abnormal pupillary response, al-

though the di¤erence is not statistically significant.

There was no significant di¤erence in mean systolic

blood pressure between the patients from TBCD and

the rest of trial centers. However, the di¤erence in

mean artery blood pressure was statistically significant

(Student-T Test, p < 0:05).

The data from TCDB, MCV hospital and SKB trial

included the information on the opening intracranial

pressure (ICP). There was no significant di¤erence in

mean opening ICP between the two (P > 0:05), nor

was there di¤erence in the mean interval between the

time of injury and the time of starting ICP monitoring

(P > 0:05).

CT database

Table 3 demonstrates the admission CT diagnoses

on cisterns and traumatic subarachnoid hemorrhage.

The cisterns on CT images were specified from all

data resources except for the PEGSOD trail. There

was no significant di¤erence in the presence of cisterns

between the patients from TCDB and those from the

MCV hospital and other clinical trial centers. How-

ever, the significant di¤erence was seen in traumatic

subarachnoid hemorrhage (TSAH) between these two

general patients populations. The patients from the

MCV hospital, SKB, PEGSOD, and CIBA trails had

a significant higher rate of TSAH than the TCDB pa-

tients (Chi-Square Test, p < 0:0001).

Mortality

Of 1839 patients with severe head injury patients

who were selected in this study, 526 patients died and

the mortality rate was 28.6 percent for the entire co-

hort. Figure 1 showed the yearly mortality rate from

1984 to 1996 over the study population. From 1984 to

1996, the mortality rate of severe head injury patients

was reduced from 39 percent to 27 percent. In particu-

lar, a sharp reduction after 1987 is noted in the figure.

Figure 2 showed a significant di¤erence in the head

injury mortality rate between the time period of 1984

to 1987 (37%) and 1988 to 1996 (24%) (Chi-Square

Test, p < 0:0001). After the factors of patient age, ad-

mission motor score and pupillary response were ad-

justed, the di¤erence of the mortalities between these

two periods remained significant (p < 0:05). In a sepa-

rated logistic regression model, after controlling cova-

riances of age, gender, race, cause of injury, admission

pupillary response and motor score, the significant dif-

ference of the mortalities between these two periods

persisted (p < 0:05).

Discussion

This study shows that mortality from severe brain

injury has reduced significantly from 39% in 1984 to

27% in 1996, representing close to a 31% reduction in

death. More recent studies reporting mortality are

consistent with this level of reduction and this phe-

nomenon occurred in the absence of a neuroprotec-

tive pharmacologic agent administered during this

period or a dramatic change in surgical management

of head injury. What then is the cause of this reduc-

tion? It is noted that factors of patient age, admission

motor score and pupillary response were adjusted

for co-variance and yet the di¤erence of the mortal-

ities between these two periods remained significant

(p < 0:05). Moreover, it is considered that age, motor

score and pupil reactivity are strong predictors of out-

come [2–5] and as these factors were not statistically

di¤erent between the two periods. Further, it is di‰-

cult to argue that the reduction was due to devices

such as seat belts or air bags. These e¤ectively have re-

Table 3. Radiological examinations

Characteristic 1984–1987 1988–1996 P-ValueTotal

Cohort
N % N %

Cisterns

– Absent/Compressed 375 206 35.64 169 33.67 0.497c

– Present 705 372 64.36 333 66.33

Subarachnoid hemorrhage

– Yes 547 125 21.04 422 37.44 <0.0001c

– No 1174 469 78.96 705 62.56

a Student-T test, b Wilcoxon Rank-Sum Test, c Chi-Square Test.
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duced the incidence of TBI but have not a¤ected the

severity of injury of those patients admitted to the hos-

pital.

We hypothesize that there are at least two main fac-

tors resulting in a reduction of mortality. The factors

include a more rapid and e¤ective emergency medical

service resulting in a reduction of secondary insults

such as hypoxia and hypotension [6] and a more ag-

gressive treatment of cerebral perfusion pressure [7–

9]. The di¤erence in mortality in two periods presented

in this paper should be tested in the studies conducted

after 1996.
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Summary

The Spiegelberg Compliance Device (Spiegelberg KG, Hamburg,

Germany)1 has been available for the automated measurement and

calculation of minute by minute intracranial compliance. Wide-

spread practical use has been somewhat limited by the instability of

values; especially at low intracranial pressures.

We looked at two aspects of a methodology in an attempt to in-

crease the value of the Spiegelberg device in the clinical setting.

Firstly, we discussed the di¤erence in representing measured values

as elastance (dp=dv) instead of compliance (dv=dp); and secondly we

proposed the use of an averaging algorithm called the Exponentially

Weighted Moving Average (ewma), which could be applied as a flex-

ible method to follow trends and rapid changes in the elastance (or

compliance).

Clinical data from sixteen patients were gathered and statistical

analysis was focused on three particular aspects, the coe‰cient of

variation which indicates the variability of data values, the correla-

tion between the elastance (or compliance) time series and the under-

lying ICP signal and the percentage of outliers greater than 2.5 stan-

dard deviations from the mean. Our results showed that expressing

elastance (dp=dv) instead of compliance (dv=dp) yielded fewer out-

liers and had a better correlation to ICP, and the ewma method had

a better correlation to ICP than the Spiegelberg method.

Keywords: Elastance; compliance; averaging methods; brain IT;

Spiegelberg compliance device.

Introduction

The value of volume-pressure parameters in the con-

text of changing intracranial pressure has been well es-

tablished [3, 4]. Recent introduction of the Spiegelberg

Compliance Device has provided possible benefit of

having a continuous measurement of the volume-

pressure parameters [6, 10]. Technical aspects of the

device have been described previously [1, 7–9, 11] and

the lack of uptake of the device by clinicians has been

attributed to instability of measurements and therefore

indeterminate practical usefulness [2].

We aimed to use early clinical data to assess theoret-

ical concerns over the methodology of the Spiegelberg

Compliance Device with a view to improving practi-

cality. The aims of this study were:

1. to compare elastance (dp=dv) with compliance

(dv=dp) in optimising signal to noise ratio of data;

and

2. to improve the algorithm for averaging raw dp and

dv values generated by the Spiegelberg compliance

device (ewma).

Compliance vs. elastance

The issue of compliance (dv=dp) versus elastance

(dp=dv), is best seen by examining graphs of the rela-

tionship of each measure to a change in dp. The two

graphs depicted in Fig. 1 illustrate the relationship be-

tween compliance, elastance and changes in dp.

As can be quickly seen, the compliance rises rapidly

as the value of dp drops, but the slope of the elastance

curve is constant across all values of dp. One advan-

tage of compliance is that it is very sensitive to changes

from high compliance to lower compliance. However,

when the ICP is low, the compliance can become ex-

tremely unstable. Additionally, when the compliance

is low, large changes in dp result in small changes in

compliance. From the theoretical point of view, there

are clear problems with compliance. Elastance, on the

other hand, has a constant slope across the values of

dp, so that it is an interval measure. That is, the change

in elastance between 0.2 and 0.25 has the same mean-

ing as the change between 1.5 and 1.55. Clearly, this is

not the case with the compliance measure. Also, as an



interval measure, selection of a ‘‘cutpoint’’ becomes

more meaningful. Finally, the direction of change in

the measured parameter is also important. An increase

in elastance indicates a ‘‘worse’’ patient state (like in-

creased ICP), which is an ‘‘algorithm’’ many clinicians

are already familiar with. Overall, there appears to be

stronger arguments in favour of moving towards a dis-

play of ‘‘elastance’’ rather than ‘‘compliance’’.

Exponentially-weighted moving average

The current compliance measure from the Spiegel-

berg device is calculated by a ‘‘rolling’’ average of up

to 200 pulses. The average of dv is calculated, and di-

vided by the average of dp. Each point in the average

is given equal weight, so that the average calculated at

time t is actually centered at t� 1
2
(interval length).

The exponentially-weighted moving average (ewma)

is calculated as follows:

mt ¼ lXt þ ð1� lÞmt�1

Where mt is the value of the ewma at time t. Now, if one

expands mt by replacing mt�1 with its value mt�1 ¼
lXt�1 þ ð1� lÞmt�2, and continuing the process back

as many times as desired, the series is found to be

equivalent to:

mt ¼
lXt

Pr
k¼2

ð1� lÞkXt�k�1

� �
Pr
k¼2

ð1� lÞk

Therefore, the weight for each value in the past is

ð1� lÞk. The graphs in Fig. 2 illustrate these weights

for a l of 0.05 and for 0.10.

The larger the value of l, the more rapidly the

weights drop to zero. In one sense, this can be thought

of as defining the ‘‘memory’’ of the ewma. Where the

weights become small quickly, the system has a

‘‘short’’ memory, for slowly decreasing weights, the

system has a ‘‘long’’ memory.

One of the advantages of the ewma is that the value

calculated at time t is most heavily weighted by the

Fig. 1

Fig. 2
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recent values of the process, even for ‘‘long’’ memory

ewma’s. Smoothing still occurs, but there is more em-

phasis on the most recent data.

Materials and methods

Sixteen patients underwent continuous intraventricular monitor-

ing using the Spiegelberg compliance device were evaluated. There

were 11 males and 5 females (median age 58 years with range of 26

to 77 years): 2 postoperative following tumour excision, 2 after sub-

arachnoid haemorrhage and the remaining 12 with hydrocephalus.

A special software version of the compliance monitor captured the

raw volume additions dv and ICP responses dp to yield data sets for

analysis. An analysis programwas developed to allow comparison of

the coe‰cient of variation (CV), percentage of outliers exceeding 2.5

standard deviations from the mean (%Outliers) and the time-series

correlation (xn � xn�1 . . .) with the ICP signal (Corr ICP). Compari-

son of the standard Spiegelberg averaging method with the ewma

method, which gives exponentially decreasing weight to the preced-

ing data, was also made.

Results

The findings are summarised in Tables 1 and 2.

Representing changing compliance as elastance

(dp=dv) yields fewer outliers and shows an improved

correlation with the underlying ICP than compared

with the standard compliance representation (dv=dp).

The ewma method for (dp=dv), although showing

higher variability compared to the greater smoothed

Spiegelberg method, shows a better correlation to the

underlying ICP.

Discussion

The results from this pilot clinical study demon-

strate the display of elastance (dp=dv) as being prefera-

ble to that of compliance (dv=dp) in the monitoring of

‘‘intracranial volume decompensation’’. Use of an

‘‘exponentially weighted moving average’’ (ewma) al-

gorithm is feasible and provides a flexible method for

following both trends and rapid changes in compliance

and elastance. There may be an advantage to changing

l as a function of the ICP. That is, it may be that when

the ICP is low, a small value of l is acceptable as the

probable change in elastance or compliance is low,

and a very stable value can be used. When the ICP

rises, it may be advantageous to increase the value of

l so that the ewma for elastance or compliance is

more responsive to change. While this modification

would somewhat reduce the nice mathematical proper-

ties of the ewma, the gain by tuning the system to

current situation may be overwhelming. The answer

to this specific question will have to await further anal-

yses.

Continuing data recruitment is necessary to further

define the early results presented above. The concept

and infrastructure of the Brain IT organisation (www.

brainit.org) [5] should provide a basis for quicker col-

laborative data accrual and validation.
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Summary

The aim of this open, descriptive and prospective study was to de-

termine if the new monitoring parameter ‘‘continuous intracranial

compliance (cICC)’’ decreases with age in patients with traumatic

brain injury (TBI).

30 patients with severe and moderate TBI (Glasgow Coma Scale

scorea 10) contributing to a European multicenter study, organized

by the Brain-IT group, underwent computerized monitoring of

blood pressure, intracranial pressure (ICP), cerebral perfusion pres-

sure and cICC.

Regression analyses of individual median ICP and median cICC

versus patients’ age revealed no significant dependency. Median

cICC declined significantly with increasing ICP (when median

ICP ¼ 10; 20 and 30 mmHg, cICC ¼ 0:64; 0:56 and 0.42 ml/mmHg

respectively, p < 0:05). These three ICP groups were then sub-

divided according to age (0–20, 21–40, 41–60 and 61–80 years). Me-

dian cICC declined with age in both high ICP groups (median

ICP ¼ 20; 30 mmHg). Percentage cICC values below a set patholog-

ical threshold of lower than 0.05 ml/mmHg across the four age

groups were 28% (0–20 yrs), 59% (21–40 yrs), 60% (41–60 yrs) and

70% (61–80 yrs) respectively.

The observed phenomenon of decreased intracranial volume chal-

lenge compensation with advancing age may contribute to the well-

known fact of a worse outcome in elderly patients after TBI.

Keywords: Multimodal cerebral monitoring; head injury; intra-

cranial pressure; outcome.

Introduction

The tight functional relationship between increases

in intracranial pressure (ICP) and intracranial volume

is strongly influenced by the underlying neuropathol-

ogy and the actual speed of volume expansion within

the closed intracranial cavity. Due to the exponential

function of the intracranial pressure-volume curve,

small increases in intracranial volume can result in

massive increases in ICP once compensatory mecha-

nisms have been exhausted as shown experimentally

[15] and clinically [10, 11]. The rapid development of

hematomas and edema formation in face of a rather

late assessment when only measuring ICP predispose

to undetected perturbations. Thus, it is thought that

continuous assessment of changes in intracranial com-

pliance (ICC) – determined by repeatedly challenging

the intracranial compartment with transient injections

and withdrawal of a defined volume-reveals ensuing

pathological increase in ICP before the ICP is actually

increased [9]. This, in turn, could make the ICC tech-

nique an early warning system.

The newly developed Aesculap1-Spiegelberg com-

pliance system (ASCS) (Aesculap1, Tuttlingen, Ger-

many) allows for the first time to perform quantitative

computerized online measurements of continuous in-

tracranial compliance (cICC), using a fully automated

and ‘‘closed’’ external volume load. The ASCS has

been shown to be feasible and safe in both experimen-

tal [18] as well as clinical settings, in hydrocephalus

and TBI research [7, 12, 13, 17, 19].

As observed in a preliminary study in seven patients

with severe TBI [6], cICC seemed to be influenced by

the age of these patients which may interfere with cor-

rect interpretation of the measured cICC data. In the

present open, descriptive, and prospective study we fo-

cused on the relationship between changes in cICC and

age in a multi-center study enrolling thirty TBI

patients.



Patients, materials and methods

Demographic characteristics

From 1998 to 2002, a total of thirty patients (3 females/27 males)

with closed TBI requiring extended computerized monitoring of ICP

and cICC on the intensive care units (ICU) at the Charité, Virchow

Medical Center in Berlin, Germany (n ¼ 12), Ospedale San Gerardo

in Monza, Italy (n ¼ 9) and the University Hospital in Uppsala,

Sweden (n ¼ 9) contributed to a European multi-center study orga-

nized by the ‘‘Neuro-Intensive Care Monitoring Research Group’’

(‘‘Brain-IT’’; http://www.brainit.org) [12], primarily designed to de-

fine the inherent variability of cICC in TBI, subarachnoid hemor-

rhage, hydrocephalus and brain tumor. Based on the Glasgow coma

score (GCS), patients presented with a severe (GCSa 8; n ¼ 26) or

moderate (GCS 9–10; n ¼ 4) TBI. All patients with initial moderate

TBI deteriorated later, i.e. within 48 hrs post trauma to unconscious-

ness (GCSa 7) due to progressing contusions, thus making invasive

intracranial monitoring indispensable. The underlying intracranial

pathology was graded according to the Marshall CT-classification

[8] from the ‘‘worst’’ CT scan by the assigned center investigators

(Berlin: K. Kiening, Uppsala: P. Enblad, Monza: G. Citerio). Major

concomitant injuries were middle facial or limb fractures resulting in

a median injury severity score (ISS) of 27 (range: 18–57) [2]. Any

space occupying lesions (solid intacerebral contusions/hematoama,

epidural/subdural hematomas) with a midline shift more than

5 mm were evacuated immediately (n ¼ 13). Hereby, the skull flap

was re-fixed tightly and the dura was sutured ‘‘water tight’’ following

subdural procedures to ensure a closed intracranial compartment

and thus guarantee valid cICC measurements.

Ethical permission

Permission to enroll patients in the European multi-center study

organized by the BrainIT group [12] was granted by the local institu-

tional ethics committees at the Charité (Berlin), Ospedale San Ger-

ardo (Monza) and University Hospital (Uppsala).

General management of patients

General intensive care and specifically the management of patho-

logically elevated ICP adhered to the ‘‘Guidelines for the Manage-

ment of Severe Traumatic Brain Injury’’ brought forward by the

Brain Trauma Foundation of The American Association of Neuro-

logical Surgeons on behalf of the Joint Section on Neurotrauma and

Critical Care [4].

Multimodal cerebral monitoring

Invasive mean arterial blood pressure (MAP), ICP, cerebral per-

fusion pressure (CPP), and cICC were recorded simultaneously using

local multimodal computerized cerebral monitoring systems digitiz-

ing parameter signals with a frequency of 1/min. Data communica-

tion via the Internet between BrainIT data base located in Glasgow,

UK and the analyzing center (Berlin) was performed using ‘‘WS_ftp

Pro-software’’ (Ipswich, Inc., Lexington, MA). The ASCS catheter

was positioned via a conventional frontal burr hole into the frontal

horn of lateral ventricles (either left or right). Correct catheter loca-

tion was assured by CT scan.

Data analyses

After electronical re-transmission of the entire data set of the

investigated 30 patients to Berlin, artifacts were removed o¤-line ac-

cording to specific remarks documented by nurses and physicians.

Thus, a total of 150, 407 minutes artifact-free monitoring time

was achieved. From this dataset, individual median ICP and cICC

were calculated. 9,133 minutes were taken to determine age-related

changes in cICC at distinct ICP levels (ICP ¼ 10; 20; 30 mmHg).

(1) In a first step, regression analyses of individual median ICP

and median cICC vs. patient ages were performed followed by (2)

median cICC determination for each patient at di¤erent ICP levels

(ICP ¼ 10; 20; 30 mmHg). (3) Finally, each ICP group was further

subdivided into age blocks (0–20, 21–40, 41–60, 61–80 years) in

which median cICC was determined.

Statistics

Results are either given as medians or expressed in box plots show-

ing mean, median, 5th, 25th, 75th, and 95th-percentiles. Sigmaplot

2001 7.01 for Windows (SPSS ScienceTM, Chicago, IL) was used

for regression analyses (regression line, 95-confidence interval,

Spearman rank correlation coe‰cient frsg, p value) and the genera-

tion of box plots. Di¤erences assessed by ANOVA on ranks (Sigma-

stat 3.0. Jandel Scientific, Corte Madera, CA) were rated significant

at p < 0:05.

Results

Median ICP and median cICC did not correlate

with age of individual patients (Figs. 1a and b). Me-

dian cICC was significantly reduced with increasing

ICP in a stepwise fashion (Fig. 2). At ICP 10 mmHg,

median cICC was reduced stepwise from 0.64 to

0.42 ml/mmHg at ICP 30 mmHg, which was below

the presumed critical cICC of 0.5 ml/mmHg in TBI

[7]. In the low ICP group 10 mmHg, the lowest median

cICC (0.35 ml/mmHg) was found in the youngest pa-

tients (0–20 yrs), which was significantly elevated with

increasing age (Fig. 3).

In both high ICP groups at 20 and 30 mmHg,

the highest median cICC values were observed in

the youngest age group (0–20 years), median

cICCICP¼20mmHg ¼ 0.76 ml/mmHg and median

cICCICP¼30mmHg ¼ 0.58 ml/mmHg, being signifi-

cantly elevated compared to all other age groups

(Fig. 3). By taking the presumed critical cICC thresh-

old of 0.5 ml/mmHg, percentage reduction in this

threshold continued through ascending ICP groups of

20, and 30 mmHg with age (0–20 yrs: 28%; 21–40 yrs:

59%; 41–60 yrs: 60%; 61–80 yrs: 70%) (Fig. 1).

Discussion

It is thought that aging is associated with a loss

in brain tissue compressibility [16] and/or reduced

294 K. L. Kiening et al.



cerebro-spinal fluid (CSF) absorption [1, 5], resulting

in sustained ‘‘sti¤ness’’ of the brain and consequently,

reduced ICC. Not surprising in line with the hydroce-

phalus literature [5], ICP does not increase with age in

TBI, suggesting that this may be due to an increase

pointing to the fact of an increased CSF outflow (Rcsf )

and a simultaneously reduced CSF production (Fig.

1a). Likewise overall cICC does not correlate with age

(Fig. 1b). However, by analyzing cICC in more detail

(Fig. 3), it became clear that at higher levels of ICP

levels 20 and 30 mmHg, the compromised intracranial

compliance (Fig. 2), cICC decreases with age, support-

ing the findings of Czosnyka and colleagues [5] who

reported a non-linear increase of elastance coe‰cient

(reciprocal to ICC) with age in hydrocephalic patients.

For TBI the observed phenomenon was most pro-

nounced in the 0–20 years age group, where a 28% re-

duction in cICC below the critical threshold of 0.5 ml/

mmHg, which compares favorably to that of the older

age group (61–80 years) of 70%. The combination

of age and severity of underlying TBI, pushes ICP

to higher levels (b 20 mmHg), resulting in impaired

cICC (Fig. 3). The subsequent increase in resistance

of the ageing brain may possibly contribute to a worse

outcome in elderly patients [3, 14]. In conclusion ICP

monitoring alone may not be su‰cient in elderly pa-

tients based on the presence cICC threshold data for

age.

Fig. 1. Linear regression analyses of individual median ICP (a) and

median cICC vs. age (b) without significant correlation

Fig. 2. Changes in continuous intracranial compliance (cICC) determined at three ICP levels (ICP 10, 20, 30 mmHg). With increasing ICP,

cICC was significantly decreased (ANOVA on ranks, p < 0:05)
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boldt University, Berlin’’. The Brain-IT group was funded by a grant

of the European Union (project number: QLRI 2000-00454).

References

1. Albeck MJ, Skak C, Nielsen PR, Olsen KS, Borgesen SE,

Gjerris F (1998) Age dependency of resistance to cerebrospinal

fluid outflow. J Neurosurg 89: 275–278

2. Baker SP, O’Neill B, HaddonW Jr, LongWB (1974) The Injury

Severity Score: a method for describing patients with multiple

injuries and evaluating emergency care. J Trauma 14: 187–196

3. Braakman R, Gelpke GJ, Habbema JD, Maas AI, Minderhoud

JM (1980) Systematic selection of prognostic features in patients

with severe head injury. Neurosurgery 6: 362–370

4. Brain Trauma Foundation, American Association of Neurolog-

ical Surgeons, Joint Section on Neurotrauma and Critical Care

(2000) Guidelines for the management of severe traumatic brain

injury. J Neurotrauma 17: 453–553

5. Czosnyka M, Czosnyka ZH,Whitfield PC, Donovan T, Pickard

JD (2001) Age dependence of cerebrospinal pressure-volume

compensation in patients with hydrocephalus. J Neurosurg 94:

482–486

6. Kiening KL, Schoening WN, Lanksch WR, Unterberg AW

(2002) Intracranial Compliance as bed-side monitoring in se-

verely head-injured patients. Acta Neurochir [Suppl] 81: 177–

180

7. Kiening KL, Schoening WN, Stover JF, Unterberg AW (2003)

Continuous monitoring of intracranial compliance after severe

head injury: relation to data quality, intracranial prerssure and

brain tissue PO2. Br J Neurosurg 17: 340–346

8. Marshall LF, Marshall SB, Klauber MR, Van Berkum Clark

M, Eisenberg H, Jane JA, Luerssen TG, Marmarou A, Foulkes

MA (1992) The diagnosis of head injury requires a classification

based on computed axial tomography. J Neurotrauma 9: S287–

292

9. Maset AL, Marmarou A, Ward JD, Choi S, Lutz HA, Brooks

D, Moulton RJ, DeSalles A, Muizelaar JP, Turner H, et al

(1987) Pressure-volume index in head injury. J Neurosurg 67:

832–840

10. Miller JD, Leech P (1975) E¤ects of mannitol and steroid ther-

apy on intracranial volume-pressure relationships in patients. J

Neurosurg 42: 274–281

11. Miller JD, Pickard JD (1974) Intracranial volume pressure

studies in patients with head injury. Injury 5: 265–268

12. Piper I, Dunn L, Contant C, Yau Y, Whittle I, Citerio G, Kien-

Fig. 3. Distribution of cICC determined at three ICP levels (10, 20, 30 mmHg) for age intervals (0–20, 21–40, 41–60, 61–80 years). At high

ICP levels (20 and 30 mmHg), the incidence of pathological cICC levels < 0.5 ml/mmHg expressed in percent to the total number of cICC

values determined at each ICP level was significantly increased in patients older than 21 years, being mostly sustained in patients between 61

and 80 years (ANOVA on ranks, p < 0.05). The box plots reveal the distribution of the data showing the 5th and 95th percentile (lower and

upper error bar), the 25th and 75th percentile (lower and upper rim of the box), the median (solid line), and mean (dotted line). The discongru-

ence of mean and median clearly shows that the data is nonparametric

296 K. L. Kiening et al.



ing K, Schoening W, Ng S, Poon W, Enblad P, Nilsson P (2000)

Multi-centre assessment of the Spiegelberg compliance monitor:

preliminary results. Acta Neurochir [Suppl] 76: 491–494

13. Piper IR, Spiegelberg A,Whittle I, Signorini D,Mascia L (1999)

A comparative study of the Spiegelberg compliance device with

a manual volume-injection method: a clinical evaluation in pa-

tients with hydrocephalus. Br J Neurosurg 13: 581–586

14. Signorini DF, Andrews PJ, Jones PA, Wardlaw JM, Miller JD

(1999) Predicting survival using simple clinical variables: a case

study in traumatic brain injury. J Neurol Neurosurg Psychiat 66:

20–25

15. Sullivan HG,Miller JD, Becker DP, Flora RE, Allen GA (1977)

The physiological basis of intracranial pressure change with pro-

gressive epidural brain compression. An experimental evalua-

tion in cats. J Neurosurg 47: 532–550

16. Uftring SJ, Chu D, Alperin N, Levin DN (2000) The mechanical

state of intracranial tissues in elderly subjects studied by imaging

CSF and brain pulsations. Magn Reson Imaging 18: 991–996

17. Yau Y, Piper I, Contant C, Citerio G, Kiening K, Enblad P,

Nilsson P, Ng S, Wasserberg J, Kiefer M, Poon W, Dunn L,

Whittle I (2002)Multi-centre assessment of the Spiegelberg com-

pliance monitor: interim results. Acta Neurochir [Suppl] 81:

167–170

18. Yau YH, Piper IR, Clutton RE,Whittle IR (2000) Experimental

evaluation of the Spiegelberg intracranial pressure and intracra-

nial compliance monitor. Technical note. J Neurosurg 93: 1072–

1077

19. Yau YH, Piper IR, Contant CF, Dunn LT, Whittle IR (2002)

Clinical experience in the use of the Spiegelberg automated com-

pliance device in the assessment of patients with hydrocephalus.

Acta Neurochir [Suppl] 81: 171–172

Correspondence: Karl L. Kiening, Department of Neurosurgery,

Heidelberg-Medical Center, Ruprecht-Karls-University, Heidel-

berg, Im Neuenheimer Feld 400, 69120 Heidelberg, Germany.

e-mail: karl.kiening@med.uni-heidelberg.de

Assessment of the relationship between age and continuous intracranial compliance 297



Acta Neurochir (2005) [Suppl] 95: 299–301

6 Springer-Verlag 2005

Printed in Austria

Cerebral haemodynamic assessment in patients with thalamic haemorrhage:
a pilot study with continuous compliance monitoring

S. C. P. Ng1, W. S. Poon1, and M. T. V. Chan2

1Division of Neurosurgery, Department of Surgery, Prince of Wales Hospital, The Chinese University of Hong Kong, Shatin, Hong Kong,

China

2Department of Anaethesia and Intensive Care, Prince of Wales Hospital, The Chinese University of Hong Kong, Shatin, Hong Kong, China

Summary

Objective. Thalamic brain haemorrhage is a common disabling

and potentially fatal condition. However, management is mainly

supportive, very rarely do neurosurgeons resort to evacuation of the

haematoma. We hypothesised that cerebral haemodynamic abnor-

malities in the forms of lost pressure autoregulatory response

(PAR) and/or impaired cerebral vasoreactivity (CVR) to carbon di-

oxide may indicate the haematoma should be aspirated to prevent

further brain damage.

Material and methods. Patients with thalamic haemorrhage were

selected on clinical ground for intracranial pressure (ICP) monitor-

ing and intensive care management. Spiegelberg double lumen intra-

ventricular balloon catheter was inserted as any other fluid-filled

ICP monitoring technique, on the side of the haematoma. Data of

ICP, arterial blood pressure (ABP), cerebral perfusion pressure

(CPP) and intracranial compliance were collected on a minute basis.

Hourly averages were used for analysis. To assess PAR and CVR,

blood flow velocity (BFV) in both middle cerebral arteries were

measured continuously by transcranial Doppler (TCD) ultra-

sonography.

Results. Six patients with medium (15–25 ml) to large (>25 ml)

haematoma volume were subjected to ultrasoud-guided aspiration.

51 CVR and 53 PAR tests were performed. 80820 sets of data were

prospectively collected. Progressive reduction in ICP and sustained

improvement in compliance and BFV were observed after aspira-

tion. Impairment in PAR and/or CVR was consistent with clinical

deterioration in four patients. Such disturbance was normalised after

aspiration. Increments in BFV and improvement in compliance were

demonstrated.

Conclusions. Cerebral haemodynamic abnormalities in thalamic

haematomas can be demonstrated by the non-invasive TCD ultra-

sonograpy. These abnormalities can be corrected by aspiration of

the haematoma, and hence improve intracranial compliance.

Keywords:Thalamic haemorrhage; intracranial compliance; intra-

cranial pressure monitoring; pressure autoregulatory response; cere-

bral vasoreactivity; transcranial Doppler ultrasonography.

Introduction

Spontaneous intracerebral haemorrhage is twice

more common in Southern Chinese than in Cauca-

sians. Thalamic haemorrhage accounts for 32% of

these patients with ICH [2] and carries a 35% manage-

ment mortality [1].

In general, thalamic haemorrhage is complicated by

intraventricular haemorrhage (IVH) with or without

hydrocephalus. It causes more extensive and persistent

in the metabolic depression and more pronounced

cerebral blood flow (CBF) reduction, and therefore

a worse outcome [3]. Nevertheless, management is

mainly supportive and there is no rigid guideline for

surgical intervention in treating these deep-seated

haematoma.

In order to improve the outcome, apart from

monitoring the intracranial pressure (ICP), we

may need more intensive monitoring to help clinical

decision making in evacuating or aspirating the

haematoma.

Cerebral vasoreactivity (CVR) to carbon dioxide

(CO2) and pressure autoregulatory response (PAR)

to cerebral perfusion pressure (CPP) alterations

are physiological mechanisms that can have pro-

found influence on CBF. These cerebral haemo-

dynamic assessments in patients with traumatic brain

injury, carotid stenosis and hydrocephalus have

gained clinical importance. Continuous intracranial

compliance monitoring provides information on the

volume change resulting from unit change in pres-

sure and helps to identify process which leads to raised

ICP.

In this pilot study with intracranial compliance

monitoring, we hypothesised that cerebral haemody-

namic abnormalities in the forms of lost PAR and/or

impaired CVR may indicate the haemoatoma should

be aspirated to prevent further brain damage.



Material and methods

All patients with thalamic haemorrhage aged between 45 to 75

years were included. Patients selected for ICP monitoring and inten-

sive care management were based on clinical ground. They included

impaired conscious levels (Glasgow Come Scale score, GCS < 13

points), evidence of IVH, hydrocephalus and haematoma volume

was greater than 15 ml.

ICP and intracranial compliance were measured on the side of

predominant haemorrhage by Spiegelberg continuous compliance

monitor. Data of ICP, compliance, arterial blood pressure (ABP)

and cerebral perfusion pressure (CPP) were collected at one-minute

intervals. Hourly averages were used for analysis.

During assessment of CVR and PAR, blood flow velocities (BFV)

in both middle cerebral arteries were monitored continuously. To

evaluate CVR, the initial end-tidal carbon dioxide concentration

(EtCO2) was lowered or raised by moderate hyperventilation or hy-

poventilation for at least 6 mmHg, and the baseline ABP was kept.

To evaluate PAR, normoventilaton was kept and induced a 20 to

25% increase or decrease in baseline mean ABP.

Results

Four males and two female aged 53.2G 7.3 years

(meanG standard deviation, s.d.) with medium (15–

25 ml) to large (>25 ml) haematoma volume were

subjected to ultrasould-guided aspiration. Median ad-

mission G.C.S. score was 12.5 (range: 3–13) and inten-

sive care unit (ICU) stay was 9.4G 2.3 days. 51 CVR

and 53 PAR tests were performed. 80820 sets of valid

physiological data were prospectively collected.

On admission and during (ICU) stay, BFV on the

pathology side was not di¤erent from that on the

contra-lateral side. Comparing data collected from

the day before aspiration, after aspiration and the last

day in ICU (Table 1), ICP did not changed on the day

after aspiration but was reduced on the last day in ICU

(16.8G 5.6 vs 10.4G 3.3 mmHg, p ¼ 0.015), compli-

ance was improving (0.39G 0.17 vs 0.58G 0.26

vs 0.84G 0.24 ml/mmHg, p < 0.005) and BFV on

both sides were increasing (43.7G 20.8 vs 54.1G 19.5

vs 60.5G 20.9 cm/s, 45.4G 14.5 vs 55.3G 15.0 vs

59.3G 13.8 cm/s, p < 0.005). No significant changes

were found in ABP and CPP during the ICU stay.

Further analysis of the data after aspiration revealed

although no changes in ICP in a 48-hour interval

after aspiration, progressive improvement was ob-

served in compliance (0.58G 0.26 vs 0.83G 0.27 ml/

mmHg, p ¼ 0.031) and BFV on the pathology side

(54.1G 19.5 vs 61.7G 28.3 cm/s, p ¼ 0.026). These

improved compliance and BFV were maintained dur-

ing the ICU stay whereas ICP took a longer time

to achieve significant improvement (12.8G 4.3 vs

10.4G 3.3 mmHg, p ¼ 0.032).

Table 2 shows the analysed results of data collected

before and after aspiration from four patients with

lost PAR and/or impaired CVR. Such disturbance

was consistent with clinical deterioration and able to

be normalised after aspiration. No significant changes

were found in ICP, ABP and CPP whereas improve-

ment in compliance (0.41G 0.15 vs 0.80G 0.23

Table 1. Collected data of ICP, ABP, CPP, intracranial compliance and BFV on both pathology and contra-lateral sides are compared: 1 day and

2 days after aspiration versus before aspiration (p1) and the last day in ICU (data are presented as meanG s.d.)

Before 1 day after 2 days after Last day in ICU

ABP (mmHg) 92.5G 7.0 91.1G 6.9

( p1 ¼ 0.066, p2 ¼ 0.390)

91.4G 3.2

( p1 ¼ 0.773, p2 ¼ 0.768)

94.5G 6.9

ICP (mmHg) 16.8G 5.6 13.0G 4.2

( p1 ¼ 0.126, p2 ¼ 0.060)

12.8G 4.3

( p1 ¼ 0.093, p2 ¼ 0.032*)

10.4G 3.3

CPP (mmHg) 78.5G 6.6 77.2G 8.4

( p1 ¼ 0.635, p2 ¼ 0.108)

78.0G 5.8

( p1 ¼ 0.939, p2 ¼ 0.239)

84.1G 7.8

Compliance (ml/mmHg) 0.39G 0.17 0.58G 0.26

( p1 < 0.005*, p2 ¼ 0.031*)

0.83G 0.27

( p1 < 0.001*, p2 ¼ 0.769)

0.84G 0.24

BFV/pathology (cm/s) 43.7G 20.8 54.1G 19.5

( p1 < 0.001*, p2 ¼ 0.026*)

61.7G 28.3

( p1 ¼ 0.006*, p2 ¼ 0.737)

60.5G 20.9

BFV/contra-lateral (cm/s) 45.4G 14.5 55.3G 15.0

( p1 ¼ 0.001*, p2 ¼ 0.176)

59.7G 15.1

( p1 < 0.001*, p2 ¼ 0.899)

58.3G 13.8

Table 2. Comparison of ICP, ABP, CPP, intracranial compliance

and BFV on both pathology and contra-lateral sides collected before

and after aspiration in four patients with lost PAR and/or impaired

CVR (data are presented as meanG s.d.)

Before After p-value

ABP (mmHg) 94.8G 10.0 91.1G 9.2 0.410

ICP (mmHg) 15.3G 2.4 13.3G 3.0 0.126

CPP (mmHg) 79.5G 9.6 77.8G 8.8 0.706

Compliance (ml/mmHg) 0.41G 0.15 0.80G 0.23 0.018*

BFV/pathology (cm/s) 43.7G 22.9 56.1G 20.7 0.003*

BFV/contra-lateral (cm/s) 46.6G 15.4 58.3G 15.9 <0.001*
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ml/mmHg, p ¼ 0.018) and increments in BFV

(43.7G 22.9 vs 56.1G 20.7 cm/s, p ¼ 0.003; 46.4G
15.4 vs 58.3G 15.9 cm/s, p < 0.001) were dem-

onstrated.

Discussion

Cerebral haemodynamic abnormalities in patients

with thalamic haemorrhage can be demonstrated

by non-invasive TCD ultrasonography coupled with

blood pressure challenge and CO2 challenge. These ab-

normalities can be corrected by aspiration of the hae-

matoma, and hence improves intracranial compliance.

Whether this can be translated into clinical outcome

benefits, such as Glasgow outcome scale scores, the

number of days requiring CSF drainage and the need

for CSF diversion requires further study in a larger

number of patients.
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Summary

The aim of this study is to clarify biophysics of normal pressure

hydrocephalus (NPH) based on non-invasive intracranial compli-

ance measurement using magnetic resonance imaging (MRI).

Patients with NPH after subarachnoid hemorrhage (NPH group,

n ¼ 5), brain atrophy or asymptomatic ventricular dilation (VD

group, n ¼ 5), and healthy volunteers (control group, n ¼ 12) were

included in this study. Net blood flow (bilateral internal carotid and

vertebral arteries, and jugular veins) and cerebrospinal fluid (CSF)

flow in subarachnoid space at the C2 level of cervical vertebra were

measured using phase-contrast cineMRI. CSF pressure gradient and

intracranial volume changes during a cardiac cycle were calculated

based on Alperin’s method. Compliance index (Ci ¼ delta V/delta

P) was obtained from the maximum pressure gradient and volume

changes. Pressure volume response (PVR) was measured in the

NPH group during a shunt operation. Ci in the NPH group was the

lowest among the three studies groups. No di¤erence was found be-

tween the control and VD groups. There was a linear correlation

between Ci and PVR. In conclusion, intracranial compliance can be

determined by cine MRI non-invasively. It is well known that NPH

has relatively low intracranial compliance, this non-invasive method

can be used for the diagnosis of NPH.

Keywords: Intracranial compliance; elastance; MRI; normal pres-

sure hydrocephalus; cerebrospinal fluid flow dynamics.

Introduction

The diagnosis of normal pressure hydrocephalus

(NPH) continues to be di‰cult in some cases and

many diagnostic examinations have been attempted.

However, in electing NPH patients for shunt surgery,

there remains no unambiguously useful and non-

invasive examinations which are easily performed or

widely accepted in medical centers.

Intracranial compliance is one of the most impor-

tant parameters to estimate the compensatory capacity

of the cranial cavity in patients with various intracrai-

nal pathologies. It has been reported that the intracra-

nial compliance was relatively low in NPH [4, 8]. We

have already shown that cerebrospinal fluid (CSF)

flow dynamics on magnetic resonance imaging (MRI)

was a¤ected by changes of intracranial compliance [5–

7, 9].

In the present study, we directly measured intra-

cranial compliance as compliance index (Ci) non-

invasively using cine MRI based on Alperin’s method

[1], and studies the biophysis by analyzing the changes

of Ci in these patients.

Materials and methods

Compliance index

The compliance index (Ci) was calculated from the ratio of intra-

cranial volume change to craniospinal CSF pressure gradient change

during a cardiac cycle with retrospective cardiac gated phase-

contrast (PC) cine MRI [1]. We set the vertical slice plane at the

dense (C2) level against the cerebrospinal axis (Fig. 1a and b), and

obtained velocity-mapped phase images (32 cardiac phases) with dif-

ferent velocity encoding gradients for CSF flow, cord motion and

transcranial blood flow respectively (Fig. 1c and d). Measurements

were done by using a gradient echo pulse sequence (T1-FFE) with

shortest echo time, 20 degrees flip angle, 3 mm slice thickness, 2

signals averaged, 150� 120 mm2 rectangular field of view, and

256� 256 or 256� 128 acquisition matrix on a 1.5T MR system

(Gyroscan ACS II; Philips). The velocity-encoding value for the

CSF flowmeasurement wasG15 cm/sec in patients suspected of hav-

ing NPH, andG10 cm/sec in the others. The velocity-encoding value

for measuring blood flow wasG90 cm/sec.

To obtain the net transcranial flow, we measured the flow (or dis-

placement) during a cardiac cycle, CSF flow [VcðtÞ], displacement of

cord [VsðtÞ], arterial inflow (the sum of both internal carotid arteries

and vertebral arteries) [VaðtÞ] and venous outflow (the sum of both



internal jugular veins) [VvðtÞ]. Firstly, we corrected the baseline o¤set

due to eddy currents by a subtraction process. Secondly, to match the

di¤erence in inflow and outflow capacity to the cranium in a cardiac

cycle, the flow wave of the venous outflow was scaled down and the

net transcranial flow (intracranial volume change) [VnðtÞ] in each

cardiac phase was calculated using the equation:

VnðtÞ ¼ ½VaðtÞ � VvðtÞ � VcðtÞ � VsðtÞ�Dt
And then, we determined the craniospinal CSF pressure gradient

change [rPðtÞ] during the cardiac cycle, which was calculated from

the above measured CSF flow velocity using a simplified Navier-

Stokes equation [11]:

‘P ¼ qP

qz
¼ �r

qw

qt
þ m

q2w

qx2
þ q2w

qy2

 !

where x, y, and z are coordinates, and z-direction is a canal axis.

P and w are the pressure and the axial velocity, and r and m are

the fluid density (CSF: 1.0007 g/cm3) and viscosity (CSF: 1.1 cP),

respectively.

Finally, Ci was obtained from dividing the peak-to-peak intracra-

nial volume change by the peak-to-peak CSF pressure gradient

change.

Clinical subjects

Ci analysis was performed in patients with NPH after subarach-

noid hemorrhage (n ¼ 5), asymptomatic ventricular dilation or

brain atrophy (VD, n ¼ 5), and healthy volunteers (control group,

n ¼ 12).

During the shunt operations, intracranial pressure (ICP) and

pulse pressure of the ICP pulse wave in the lateral ventricle were

recorded (n ¼ 4). Pressure-volume response (PVR) was determined

as the ICP changes after a bolus injection of saline (1–5 ml) into

the lateral ventricle, as an invasive measure of compliance [5].

PaCO2 was kept within a normal range during the measurements

(38:2G 3:6 mmHg). Relationship between the PVR and Ci was

investigated.

The purpose and procedures of all our investigations were fully ex-

plained to all patients, and the studies were performed only after ob-

taining informed consent from each patient.

Fig. 1. Slice planes of MRI for CSF flow (a) and vascular flow (b) were set at the C2 level of cervical vertebra. Region of interest (ROI ) on

velocity-mapped phase images with di¤erent velocity encoding gradients for CSF flow (white arrow head) and cord motion (white arrow) (c) as

well as for transcranial blood flow (white arrows: internal carotid artery, black arrows: jugular veins, white arrow heads: vertebral arteries) (d)

were shown
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Results

The Ci obtained with MRI was significantly smaller

in the NPH group (meanG SD: 3:52G 0:78 ml/

mmHg) than those in the control (9:80G 4:04 ml/

mmHg) and VD (8:77G 3:38 ml/mmHg) groups.

There was no significant di¤erence in the Ci between

the VD and control groups (Fig. 2). There was a posi-

tive linear correlation between the reciprocal of Ci and

the PVR (Fig. 3).

Discussion

Intracranial compliance is one of the most impor-

tant parameters to understand the intracranial condi-

tion of patients with various intracrainal pathologies.

Especially in cases with no abnormal findings using

conventional imaging techniques (CT or MRI), such

as di¤use brain swelling or slit ventricle syndrome.

Therefore, intracranial compliance can be very useful

for determining therapeutic strategies and evaluating

the e¤ects of treatments. In genereal, the intracranial

compliance is determined by measurement the change

in intracranial pressure (ICP) after intrathecal or in-

traventricular infusion of saline (pressure volume re-

sponse, PVR). However, this procedure is invasive

and has some risks of infection or other complications,

and therefore it is not widely accepted. In the present

study, we could directly measure intracranial compli-

ance non-invasively (Ci) using cine MRI based on Al-

perin’s method [1]. Significant corrections between Ci

and PVR suggests Ci is accurate and reliable. And Ci

may become a very important clinical index for esti-

mating intracranial condition non-invasively.

In many trials CSF flow dynamics were measured

by using MRI to evaluate the changes in intracranial

conditions in normal-pressure hydrocephalus (NPH)

[2, 4–7, 9, 10]. However, the diagnosis of NPH based

on the CSF flow study using MRI has not been estab-

lished yet. The most reliable test could the infusion test

for evaluating intracranial compliance and out flow re-

sistance of craniospinal cavity, or the tap-test (analyze

symptoms after withdrawal of CSF) [3], nevertheless

both are invasive. In the present study, we showed

that patients with NPH had significantly lower Ci,

which meant that compensatory capacity decreased.

This corresponds with the other reports that NPH has

low compliance [4–6, 8]. Analysis of Ci may be useful

for more accurate diagnosis of NPH. Although further

investigation is needed, CSF flow study including Ci

using MRI promises to become an essential compo-

nent of preoperative examination.

Conclusion

Ci (compliance index) analysis measured by phase

contrast cine MRI enables the determination of in-

tracranial state and dynamics precisely and non-

invasively. Ci of patients with NPH was significantly

lower than that of healthy controls or patients with

asymptomatic brain atrophy. Ci may become one of

useful indices for the diagnosis of NPH.
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Summary

Objective. We investigated the relationship between the intracra-

nial pulse pressure (ICPPP) and the mean intracranial pressure

(ICPM) in pediatric patients with traumatic brain injury (TBI).

Methods. We screened ICP records of 42 patients admitted to the

Pediatric Intensive Care Unit at Doernbecher Children’s Hospital

(OHSU) for segments in which the ICPM varied at least 5 mmHg.

We found 54 ICP segments in 9 pediatric TBI patients (ages

0.2–17.8 years, mean ¼ 9.9). ICP was continuously monitored

( fs ¼ 125 Hz). We used an automatic algorithm to detect ICP beat

components. We then calculated the ICPPP and ICPM for each beat

and created density plots of ICPPP vs. ICPM.

Results. The coe‰cient of linear correlation was r > 0:70 in 43/54

segments (p < 0:01). We found that an underlying linear relation-

ship exits between ICPPP and ICPM in most 1-hour records of pedi-

atric patients with TBI. This finding is consistent with the data in

adult studies, suggesting that children with TBI demonstrate similar

changes in brain compliance. However, density plots revealed that

there are also nonlinear ICPPP-ICPM patterns present that are not

captured by linear metrics.

Conclusion. Although there is an underlying linear relationship be-

tween ICPPP and ICPM, nonlinear patterns are also present. Further

research is required to determine if specific nonlinear ICPPP-ICPM

patterns correlate with clinically significant information.

Keywords: Intracranial hypertension; intracranial pressure; wave-

form analysis; pulse pressure.

Introduction

Traumatic brain Injury (TBI) is the leading cause of

death and disability in children in the United States [1].

Elevated intracranial pressure (ICP) following TBI

may result in secondary injury due to decreased cere-

bral perfusion pressure (CPP) and cerebral ischemia.

ICP monitoring and therapeutic interventions to con-

trol elevated ICP (>20 mmHg) have resulted in im-

proved outcomes [9].

Several investigators and research groups have

studied the relationship between the ICP pulse pres-

sure (ICPPP) and the mean ICP (ICPM) in adult pa-

tients and dogs. Castel and Cohadon studied the ICP

waveform in three groups of neurosurgical patients

and noted that a linear relationship exists between

ICPPP and ICPM [4]. Avezatt and Van Eijndoven ex-

amined this relationship in dogs and described a linear

relationship between ICPPP and ICPM below a break-

point where the slope changes, which they attributed to

vasoparesis and failure of autoregulation [2]. They

proposed to use the ratio ICPPP-ICPM as an index of

brain compliance. The rationale behind this definition

is that a change in this relationship during patient

monitoring indicates a change either in the volume-

pressure relationship or in the net volume change per

cardiac cycle. Price defined the pulse wave index as the

ratio of ICPPP and ICPM [10]. More recently, the

correlation coe‰cient between ICPPP and ICPM has

been termed the pressure-volume compensatory reserve

index (RAP). This index measures the degree of corre-

lation between ICPPP and ICPM over short periods of

time, and indicates the relationship between ICP and

changes in volume of the intracerebral space. In gen-

eral, increased ICPPP has been associated with decreas-

ing intracranial compliance [3, 5–7].

Due to the unavailability of automatic ICP com-

ponent detection algorithms, none of these previous

studies calculated ICPPP and ICPM on a beat-by-beat

* This research was supported in part by the Thrasher Research

Grant. This work was presented at the International ICP 2004 Con-

ference and at the Annual International IEEE Engineering in Medi-

cine and Biology Conference 2003.



basis. Instead, ICPPP and ICPM are often estimated by

indirect measures based on moving averages or fre-

quency domain techniques. The most common meth-

odology used to calculate the RAP index, for instance,

consists of estimating the ICPPP as the squared root of

the power of the fundamental harmonic component,

and the ICPM as the moving average mean ICP over

specific time window length [6].

Fig. 1. Density plots showing the relationship between ICPPP and ICPM for 33 episodes

308 M. Aboy et al.



We investigated the relationship between ICPPP and

ICPM in pediatric subjects with TBI. This study had

three objectives: 1) to investigate the ICP relationship

on a previously unstudied patient population, 2) to de-

termine whether there is further information that can

be derived from the relationship between ICPPP-ICPM

that is not captured by linear metrics such as the

coe‰cient of linear correlation, and 3) to describe a

new methodology to calculate ICPPP and ICPM and

visualize their relationship.

Materials and methods

Patient population and data acquisition

We examined ICP records of 42 patients admitted to the Pediatric

Intensive Care Unit at Doernbecher Children’s Hospital (Oregon

Health and Science University, OHSU) for segments in which the

ICPM varied at least 5 mmHg over a 1-hour period. The study was

reviewed and approved by the Institutional Review Board at OHSU,

and the requirement of informed consent was waived. We found 54

1-hour ICP segments from 9 di¤erent subjects that met this condition

(age range of 0.2 to 17.8, mean age 9.9 years).

ICP was monitored continuously using a ventricular catheter or

parenchymal fiber-optic pressure transducer (Integra Neurocare, In-

tegra LifeSciences, Plainsboro, NJ). The ICP monitor was connected

to a Philips Merlin patient monitor (Philips, Best, Netherlands) that

sampled the ICP signal at 125 Hz. An HPUX workstation automat-

ically acquired these signals through a serial data network and stored

them on CD-ROM [8].

Detection algorithm and ICPPP /ICPM definitions

An automatic beat detection algorithm was used to detect each

ICP beat. The algorithm performs minima detection to identify the

time location corresponding to the start of each beat ak ,

a ¼ ða1 a2 . . . ak�1 ak akþ1 . . .ÞT : ð1Þ
Details of the beat detection process follow. The pressure signal

is preprocessed by three bandpass elliptic filters with di¤erent cut-

o¤ frequencies. The output of the first bandpass filter is used to esti-

mate the heart rate based on the estimated power spectral density

(PSD). The estimated heart rate is then used to calculate the cuto¤

frequencies of the other two filters. Minima detection and the associ-

ated decision logic are performed based on rank-order (percentile-

based) nonlinear filters, that incorporate relative amplitude and

slope information to coarsely estimate the minima preceding each

beat ðakÞ. A nearest neighbor algorithm is used to combine the infor-

mation extracted from the relative amplitude and slope. Finally, an

interbeat-interval stage uses this classification together with the esti-

mated heart rate to make the final classification and detection of sig-

nal components. Since detection is made on the filtered signal, a sec-

ond nearest neighbor algorithm is used to find the minima in the raw

signal that are closest to the detected components.

The maximum in each ICP beat bk was determined using the a

components identified by the beat detection algorithm in the previ-

ous step as follows,

bk x arg max
akanaakþ1

xðnÞ

b ¼ ðb1 b2 . . . bk�1 bk bkþ1 . . .ÞT ð2Þ

where xðnÞ denotes the ICP signal. Based on these definitions, the

ICPM was calculated as the ICP beat mean xk , and ICPPP was calcu-

lated as the beat pulse pressure pk ,

xk x
1

akþ1 � ak þ 1

Xakþ1

k¼ak

xðkÞ

x ¼ ðx1 x2 . . . xk�1 xk xkþ1 . . .ÞT : ð3Þ

Analysis

We determined the ICPM and ICPPP for each beat in the dataset,

created density plots ICPPP vs. ICPM using a Gaussian Kernel with

width of 0.05 mmHg, performed least-squares linear regression, and

calculated the coe‰cient of linear correlation. Statistical significance

was assessed using the nonparametric binary sign test.

Results and discussion

We found that in 43 out of 54 segments (p < 0.001) the coe‰cients

of correlation were greater than 0.70. This result indicates that in pe-

diatric patients with TBI there is an underlying relationship with a

significant linear component between ICPPP and ICPM. This finding

is consistent with the results previously reported on adult subject

population and dogs.

Visual inspection of the density plots reveals that even though

there is an underlying linear component between ICPPP and ICPM,

there are also other nonlinear phenomena present (Fig. 1). In some

episodes we observed underlying linear relationships with nonlinear

clusters (e.g., 1, 9, 24). Others exhibit two parallel close-to-linear re-

lationships (e.g., 8, 17) and slope changes (e.g., 13, 15, 18).

These nonlinearities have not been previously described. This may

be due to the fact the ICPPP vs ICPM relationship has been visualized

primarily using simple scatter plots. Density plots are more informa-

tive since they have an extra dimension that provides information

about the density of points. In fact, most of the episodes presented

on Fig. 1 appear to be linear if visualized with scatter plots.

The detection of these nonlinearities may also be due to the meth-

odological di¤erences in the calculation of ICPPP and ICPM. In this

study the ICPPP and ICPM were calculated exactly for each beat.

This eliminates the correlation introduced by moving average or fre-

quency domain techniques.

Further research on prospective clinically annotated data is re-

quired to determine if these nonlinear patterns contain clinically sig-

nificant information.
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Summary

The monitoring of craniospinal compliance is uncommonly used

clinically despite it’s value. The Spiegelberg compliance monitor cal-

culates intracranial compliance (C ¼ DV/DP) from a moving aver-

age of small ICP perturbations (DP) resulting from a sequence of up

to 200 pulses of added volume (DV ¼ 0.1 ml, total V ¼ 0.2 ml)

made into a double lumen intraventricular balloon catheter. The

objective of this study was thus to determine the e¤ectiveness of the

decompressive craniectomy done on the worst brain site with regard

to compliance (CI), pressure volume index (PVI), jugular oximetry

(SjVo2), autoregulation abnormalties, brain tissue oxygen (TiO2)

and cerebral blood flow (CBF). This is a prospective cohort study

of 17 patients who were enrolled after consent and approval of the

ethics committee between the beginning of the year 2001 and end of

the year 2002. For pre and post assessment on compliance and PVI,

all 12 patients who survived were reported to become normal after

decompressive craniectomy. There is no significant association be-

tween pre and post craniectomy assessment in jugular oxymetry

( p > 0.05), autoregulation ( p > 0.05), intracranial brain oxymetry

( p ¼ 0.125) and cerebral blood flow ( p ¼ 0.375). Compliance and

PVI improved dramatically in all alive patients who received decom-

pressive craniectomy. Compliance and PVI monitoring may be cru-

cial in improving the outcome of severe head injured patients after

decompressive craniectomy.

Keywords:Craniospinal; compliance; pressure volume index; head

injury.

Introduction

The monitoring of craniospinal compliance is un-

commonly used clinically despite it’s value. Intracra-

nial hypertension (ICH) is common in patients with

head injury and leads to further secondary brain dam-

age. Craniospinal compliance o¤ers detection and

prediction of raised intracranial pressure (ICP) [1, 2].

The Spiegelberg compliance monitor calculates in-

tracranial compliance (C ¼ DV/DP) from a moving

average of small ICP perturbations (DP) resulting

from a sequence of up to 200 pulses of added volume

(DV ¼ 0.1 ml, total V ¼ 0.2 ml) made into a double

lumen intraventricular balloon catheter. Once a stable

average has developed, the device produces a minute

by minute measure of intracranial compliance [3]. The

scientific value of the Spiegelberg monitoring device in

head injured patients after decompressive craniectomy

is not known. The objective of this study was thus to

determine the e¤ectiveness of the decompressive cra-

niectomy done on the worst brain site with regard to

compliance (CI), pressure volume index (PVI), jugular

oximetry (SjVo2), autoregulation abnormalties, brain

tissue oxygen (TiO2) and cerebral blood flow (CBF).

Patients and methods

This is a prospective cohort study of 17 patients who were enrolled

after consent and approval of the ethics committee between the be-

ginning of the year 2001 and end of the year 2002. Intracranial pres-

sure was monitored until an acceptable upper limit of 35 mm Hg in

adults by using a compliance monitor (Spiegelberg GmbH & Co.,

Hamburg, Germany) (CI > 1 and PVI > 0.5 was taken as normal)

[4]. Compliance monitoring was placed in the non-dominant frontal

horn. All measurements were made up to 4 days of trauma. All pa-

tients received decompressive craniectomy, when there was persis-

tent ICH for more than 30 minutes not responding to medical ther-

apy. Craniectomywas done on the worst brain site seen on computed

tomography (CT) scan of the brain. A cerebral perfusion pressure

(CPP) of more than 70 mm Hg was maintained using one or more

inotropic supports with a central venous pressure between 5 and

10 mg. The Saber 2100 CBF sensor (Flowtronics, Phoenix, AZ)

measured regional cortical blood flow (ml/100 g/min) in the cortex

where the area concerned is approximately 1 cm deep in the cerebral

hemisphere and 3 cm by implication. The sensor measures an area

approximately 8 mm hemispheric due to the size of the gyrus. Its sen-

sor plates are 24-k gold, whereas its wires are solid silver and Teflon-

coated. Regional cortical blood flow was maintained by expanding

the plasma volume, by using inotropic support, or implementing

other medical methods to maintain a value higher than 50 ml/100 g/

min at all times [5]. Brain tissue PO2 (Licox, Kiel-Mielkendorf,



Germany) was kept at a minimal level of 15 mm Hg, with a frac-

tional inspired O2 level of 1 for a duration of 24 hours [6]. The sensor

was placed in the worse brain seen on CT Scan of the brain. Jugular

venous saturation was maintained from a baseline of 65 to 75% by

using an optical catheter in the dominant jugular bulb (Oximetrix3

system; Abbott Laboratories, Chicago, IL) [7]. All patients with

impaired cerebral vasomotor reactivity test during which the flow ve-

locity in the middle cerebral artery was monitored intermittently by

using a 2-MHz pulsed TCD ultrasonography probe (model Multi-

Dop 2; DWL Electronishe System GmbH, Sipplingen, Germany)

inserted at depths of between 4 and 6 cm [8]. All patients were posi-

tioned with their heads elevated at 30�. All received a decompressive

craniectomy defined as a large 12 cm diameter cranial bone involving

the frontal, parietal, temporal and part of the occipital bone with du-

raplasty [9].

For statistical analysis, mean with standard deviation was applied

for numerical variables and frequency and percentage were used

for categorical variables for summarization of results. Mc Nemar’s

test was applied to determine the association between pre and post-

operative assessments after decompressive craniotomy for severe

head injury. The level of significance was set at 0.05. SPSS version

11.0 was used in data analysis. Disability Rating Scale (DRS) was

noted in these patients but were not measured as an outcome value

due to the small number of observations in each group in this study.

Results

Seventeen head injured patients with a GCS of less

than 8 were managed in our neurosciences Intensive

Care Unit (ICU). All of them were males. Mean age

was 21.35G 2.26 years. The range was 18–27 years.

GCS was reported as 5.35G 1.73 score. 8 patients

had a GCS of between 6–8 (47.1%) and 9 had a GCS

of between 3–5 (52.9%). CT scan revealed at least one

contusion. A total of 4 patients (23.5%) were found

to have one contusion only whereas 8 (47.1%) and 5

(29.4%) were found to have 2 and more than two

contusion respectively. All patients had a Borovich oe-

dema scale of 4.

Precraniectomy compliance was normal in only 1

(5.9%) patients whereas the rest 16 (94.1%) were ab-

normal. Contrast to this postcraniectomy compliance

was found normal in 12 patients (70.6%) whereas only

5 (29.4%) were found abnormal. All patients were hav-

ing abnormal PVI before the operation, however after

the decompressive craniectomy only 12 (70.6%) were

found normal. Precraniectomy SjVo2 was found to

be normal in 6 patients (35.3%) whereas the rest 11

(64.7%) were abnormal. SjVo2 after craniectomy

was found to be normal 8 (47.1%) whereas 9 (52.9%)

were abnormal. Autoregulation precraniectomy was

abnormal in 10 (58.8%) of patients whereas the rest 7

(41.2%) were found to be abnormal. For autoregula-

tion after craniectomy, 9 (52.9%) were reported nor-

mal and the rest 8 (47.1%) were reported abnormal.

TiO2 was reported normal in 2 patients (11.8%) where-

as the rest 15 (88.2%) were reported abnormal. After

craniectomy TiO2 was found normal in 7 patients

(41.2%) whereas the rest 10 (58.8%) were abnormal.

CBF precraniectomy was normal in 2 patients (11.8%)

whereas the rest 15 (88.2%) were reported abnormal.

After craniectomy 6 patients (35.3%) were reported

normal whereas the rest 11 (64.7%) were found nor-

mal. DRS was reported as 6 (35.3%) as good, 6

(35.3%) as bad and 5 (29.4%) as death.

Among all those who died (n ¼ 5), two (40%) were

found as having less than or equal to 2 contusions

whereas three (50%) as having more than 2 contusions.

Compliance, PVI, autoregulation, TiO2 were found to

be abnormal among those who died in both pre and

postoperative measurements. SjVo2 and CBF were re-

ported as all being abnormal in preoperative assess-

ment but improved to be normal in 4 (80%) of those

who died in postoperative assessment. Those who

died were all in the GCS of 3 to 5. 8 patients who sur-

vived (66.7%) had a GCS of between 6 to 8 and 4 pa-

tients (33.3%) were found to have a GCS of 3 to 5.

For pre and post assessment on compliance and

PVI, all 12 patients who survived were reported to be-

come normal after decompressive craniectomy. There

is no significant association between pre and post cra-

niectomy assessment in jugular oxymetry ( p > 0.05),

autoregulation ( p > 0.05), intracranial brain oxyme-

try ( p ¼ 0.125) and cerebral blood flow ( p ¼ 0.375)

(Table 1). Compliance and PVI improved dramati-

cally in all alive patients who received decompressive

craniectomy. Compliance and PVI monitoring may

be crucial in improving the outcome of severe head in-

jured patients after decompressive craniectomy.

Discussion

It is well known that the relationship between ICP

and intracranial volume is often described by an expo-

nential function which is relatively flat at low ICPs,

that rises as pressure increases above 20 mmHg. At

the low ICP end of this curve, compliance is high.

When the patients volume-pressure status changes so

as to move up the curve, compliance will fall rapidly.

Measurement of craniospinal compliance in brain in-

jured patients may, o¤er the potential for early detec-

tion of raised intracranial pressure (ICP) before it rises

to levels damaging to brain parenchyma. The most

commonly used methods of measuring craniospinal

compliance were developed by Miller [2] and Mar-

312 J. Abdullah et al.



marou [10], and depend upon the rapid injection of

known volumes of fluid into the CSF space with imme-

diate measurement of the resultant increase in CSF

pressure. Pressure volume index (PVI); is the volume

that when added to the CSF space would produce a

10-fold rise in ICP. Miller and co-workers found a

measure of the craniospinal volume pressure relation-

ship, the volume pressure response (VPR) which was

calculated from the intracranial pressure response re-

sulting from a rapid bolus injection of saline into the

CSF space [1, 2]. The PVI, which assumes a mono-

exponential pressure versus volume relationship, is

a single index that characterizes the patients’ entire

volume-pressure relationship and is, numerically, a

measure of the slope of the logarithm of the ICP versus

intracranial volume relationship and defines the whole

volume pressure status of the patient with a single in-

dex which will be e¤ected by a large decompressive

craniectomy with duraplasty [1, 2]. In severe head in-

jured patients, a continuous measure of absolute com-

pliance (or its inverse: elastance is measured by the

VPR) provides, more useful information that the

VPR correlated better with the degree of brain mid-

line shift, as imaged on CT, than it did to absolute

ICP alone. VPR could serve as an indicator for decom-

pressive craniectomy with critical levels being between

3–5 mmHg/ml [2, 11]. In our group of patients SjVo2,

TiO2, CBF and autoregulation test did not improve

significantly compared to other studies. Compliance

and PVI improved after decompressive craniotomy in

all alive patients and thus may be crucial in improving

the outcome of severe head injured patients [12–16].

An animal study has shown that intracranial compen-

satory volume could still be impaired despite having

normal ICP and more so when patient has intracranial

hypertension [17]. We conclude the a larger group of

patients needed to be studied before a direct relation-

ship between PVI, CI and VPR can be done with pre-

diction values followed by mathematical modeling of

the size of craniectomy needed to decrease intracranial

pressure and thus improve PVI, CI and VPR.
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Summary

Objective. The records of 159 patients were reviewed who rou-

tinely underwent a classical volume-pressure testing procedure due

to suspected cerebrospinal fluid circulatory disorders.

Methods. Regression analyses were carried out to explain the cer-

ebrospinal parameters’ relationships to age. Least median squares

(LMS) algorithms achieved robust estimation of simple linear model

parameters. Also, method of weighted regression was used because

of unequal variances in the observations.

Results. Cerebrospinal elastance and resistance to outflow re-

vealed significant LMS regressions: y ¼ 0.171xþ 7.460 (n ¼ 159,

p < 0.0001) and y ¼ 0.096xþ 1.871 (n ¼ 97, p < 0.0001), respec-

tively. Similarly, weighting data resulted in models such as

y ¼ 0.151xþ 6.830 (p < 0.0001) for elastance and y ¼ 0.087x þ
1.730 (p < 0.0001) for resistance estimates. The intracranial pressure

at rest showed no age-related dependency. Both clear clinical and

morphological signs were found in 20% of patients.

Conclusion. Expecting no time-variant properties we surprisingly

found a significant linear relationship in cerebrospinal parameters

and age. Thus, parameter magnitudes are not likely dominated by a

pathological process only but also determined by temporal system

alterations.

Keywords: Cerebrospinal system; aging; elastance; resistance; re-

gression analysis.

Introduction

Recent publications on age-related changes in cere-

brospinal parameters as measured by volume-pressure

tests give cause to revise relevance and clinical signifi-

cance of cerebrospinal parameters.

Materials and methods

As a routine diagnostic procedure in patients with suspected cere-

brospinal fluid (CSF) circulatory disorders, commercial epidural

pressure transducers were implanted for long-term ICP measure-

ment. To complete the impression of individual pressure dynamics,

each patient underwent a diagnostic test for the assessment of indi-

vidual volume-pressure relationship. Patients were examined in the

sequence of their appearance in our clinic.

Examination setup

In all patients a lumbar volume-pressure test was performed. This

test examines the individual CSF pressure responses to transient (bo-

lus) and continuous infusion of intrathecal volume loading [5, 9]. For

testing transient behaviour, a series of 1, 2, 4 and 8 ml isotonic saline

was injected. Bolus test volume of 8 ml was administered in random

order. For the reasons of standardization, the 8 ml bolus should have

been infused within five to seven seconds. Eventually a constant infu-

sion of 90 ml/h of isotonic saline was used to perform continuous

volume loading. Throughout the examination waveforms of epidural

intracranial pressure and electrocardiogram were registered by a

commercial patient data monitoring system (HP 78354A, Philips

Medizin Systeme, Böblingen, Germany) and routed to a personal

computer for analysis.

Parameter extraction

For elastance estimation, only the pressure response to 8 ml was

considered. To minimize the influence of endogenous volumetric

processes during injection that potentially could have corrupted the

corresponding pressure response, special attention was paid to intra-

cranial pressures readings both directly before and after volume

loading. Only these readings were used for volume-pressure response

calculations. A constant rate infusion test was performed for resis-

tance to outflow estimation. During infusion onset of a pressure

plateau was assessed on-line by computation of the running mean

pressure. After stabilization of the mean pressure readings within

confidence limits the pressure level was defined the plateau pressure

and its di¤erence to baseline levels used for resistance calculation.

Regression analysis

Data subsets were used for regression analyses to estimate the for-

mal relationship between variables. As computations are sensitive to

outliers a so-called robust estimation algorithm was chosen. Dallal

[3] introduced a regression algorithm in minimizing model error us-

ing least median deviations instead of least squares. In all regression

analyses age was the explanatory variable. Data was eligible for

analysis if the patient completed volume-pressure testing procedure

and had almost constant heart rate over the entire examination. Lin-

ear regression was carried out on 97 resistance estimates. In 159 pa-

tients measures of cerebrospinal elastance and resting pressure were

assigned for analysis.

Statistical computations were performed using JMP Statistical

Software (SAS Institute, Cary, NC, USA) and LMSMVE-software

package [3]. For dispersion estimates the standard error of the mean



was used. Significance was indicated by a two-tailed p-value of less

than 0.05.

Results

Age

Patient age was distributed between 16 and 83 years

of age (median 65 years). The densest 50% of observa-

tions were found between 63 and 78 years.

Resistance to CSF outflow

Regression analysis resulted in a significant

positive slope (0.096G 0.018 mmHg/(ml/min) per

year, n ¼ 97, p < 0.0001) in linear model approach.

Regression function was given by y ¼ 0.096xþ 1.871.

Correction for heteroscedasticity yielded the model

y ¼ 0.087xþ 1.730 (p < 0.0001). For this parameter

median age was 64 year and 50% data density was

highest between 57 and 73 years.

Cerebrospinal elastance

Analysis of elastance parameter and age revealed

a significant positive slope (0.171G 0.037 mmHg/

year, n ¼ 159, p < 0.0001. The regression equation

was y ¼ 0.171xþ 7.460. Recalculation for inhomo-

geneous variances resulted in y ¼ 0.151xþ 6.830

(p < 0.0001). Median age was 65 years and densest

50% of observations were ranging from 62 to 77 years

of age.

Resting pressure

Resting pressure and age were not related as calcu-

lated by regression analysis. The average resting pres-

sure was 15.4G 0.8 (n ¼ 159).

Discussion

There is little knowledge published on age-related

changes in cerebrospinal parameters. König [7] found

a highly significant relationship between cerebrospinal

elastance, resistance and age in hydrocephalic patients.

Also, Albeck [1] reported from a significant regression

coe‰cient when applying a linear model to resistance

to CSF outflow and age data. Unfortunately although

the slopes resembled well the patients have been com-

pletely di¤erent: Albeck’s data [1] described patients

with no known CSF disorders. Another remarkable

Fig. 1. Regression between resistance to CSF outflow (R90) versus

age in patients with suspected CSF circulatory disorders. Regression

line (solid); 95% prediction interval (dashed); outliers (open dia-

monds)

Fig. 2. Regression between cerebrospinal elastance as measured by

the di¤erence of intracranial pressure before and at the end of a rapid

intrathecal infusion of 8 ml saline (DICP8) versus age in patients

with suspected CSF circulatory disorders. Regression line (solid);

95% prediction interval (dashed); outliers (open diamonds)
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feature is the overall resistance level which is more

than twice as high in young patients (about 20 years)

and about 1.6-times in the elderly (about 80 years)

when compared to the present study. The marked dif-

ference in intercept could potentially be traced back on

the di¤erent methods for the resistance calculations

used. When, however, normalizing the present study’s

resistance data to an infusion rate of 1 ml/min the

e¤ective pressure di¤erences used for resistance calcu-

lation were found to be in the same range. Lundar

[8] determined ventricular outflow resistance by infu-

sions rates of 1.5 ml/min and 5 ml/min. Carrying

out regression analyses from his data tables published

regression coe‰cients were 0.092G 0.035 mmHg/

(ml/min) per year (n ¼ 26, p ¼ 0.014) and 0.049G
0.021 mmHg/(ml/min) per year (n ¼ 26, p ¼ 0.026),

respectively. There were di¤erences in the steepness of

regression lines that assumed resistance values to be

over-estimated when using an infusion rate of 1.5 ml/

min. Resistance values were ranging from 4.4 to

20.7 mmHg/(ml/min) and age from 1 to 74 years. The

assumption of a linear relationship between resistance

and age must be rejected for a patient sample adopted

from Kosteljanetz [6]. The patients in his population

di¤er in aetiology or concurrent disease. Furthermore

Kosteljanetz [6] and co-workers used Marmarou’s [9]

method for resistance calculation. Resistance ranged

from 1 to 34.9 mmHg/(ml/min) and age from 40 to

80 years. The lacking relationship is possibly due to

the missing data in patients under 40 years. Czosnyka

[2] found for both elastance and resistance estimates

best-fit-models such as y ¼ 1/ða� bxÞ in 46 hydroce-

phalic patients with heterogeneous aetiology. This

working group found also proportionality in parame-

ters and age. In the present study a linear relationship

was found for cerebrospinal elastance. Calculation of

the volume-pressure response (VPR) instead of widely

used pressure-volume index (PVI) was preferred

because the VPR had an almost constant error over

the complete range of response magnitude whereas

the PVI error was varying [4, 9–11].

Linear regression of resting pressure and age did not

reach statistical significance [2, 7]. As it was the pres-

sure after lumbar puncture and before volume loading

it cannot really be considered a representative pressure

reading but an artefact [1].

The data presented su¤ered from heterogeneity, i.e.

variability in the elderly is pronounced in comparison

to the young patient group. Furthermore, age is not

distributed normally and thus violated the application

of classical regression analysis. Albeck [1], Czosnyka

[2], and König [7] pursued a comparable mathematical

approach and there were hints that their datasets were

featured by the same inconsistency as mentioned. To

overcome these limitations in this study computations

were also carried out as weighted linear regression re-

sulting in a flattening and downward shift of graphs

without loss in significance. Furthermore, bootstrap

analyses were performed to verify the results of regres-

sion analyses.

In the individual case estimating resistance as a

function of age is governed by wide confidence inter-

vals that propose a simple dichotomized scale suggest-

ing a critical and non-critical range. The terminus nor-

mal is intentionally avoided. Patients whose outflow

resistance exceeds the upper confidence limit are most

likely characterised by severe CSF circulatory impair-

ment. In patients within limits the influence of age

should be considered, e.g. a resistance value of more

than 12 mmHg/(ml/min) becomes unlikely in patients

younger than 55 years showing a CSF outflow pertur-

bation. At the same resistance level, however, both

aging and a specific pathophysiology are likely in pa-

tients older than 55 years. In similar fashion the posi-

tive slope in the elastance versus age diagram reflects

the commonly accepted structural changes of the cere-

brospinal system, i.e. a loss in brain tissue and a com-

plementary increase in the CSF compartment resulting

in a hardening of the system.

The results of regression analyses suggested that

aging of biomechanical constituents was mirrored in

the magnitude of cerebrospinal system parameters and

it seemed reasonable to correct parameters for age, i.e.

despite the uncertainties in reasoning about the correct

model approach, the models introduced were better es-

timates of system parameters than the corresponding

mean values or ranges.
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Summary

A model of intracranial pressure (ICP) dynamics that uses fluid

volumes as primary state variables is presented, along with clinical

data for two subjects with elevated ICP. The data includes annota-

tions to indicate the precise timing of clinical changes in cerebral spi-

nal fluid drainage, head of bed elevation, and minute ventilation.

The response to changes in the clinical parameters was used to cali-

brate the model to correspond to specific subjects by estimating

values for key characteristics such as hematoma volume and CSF

uptake resistance. The error in mean ICP predicted by the model

was less than 2 mmHg when cerebral spinal fluid is drained and the

head of bed elevation was increased. The error in mean ICP pre-

dicted by the model exceeded 5 mmHg during an episode when the

head of bed was decreased and also during a reduction in minute

ventilation. The estimated values for hematoma volume and other

subject characteristics were plausible but could not be verified empir-

ically.

Keywords: Intracranial pressure; mathematical model; simulation;

clinical data.

Introduction

There are several clinical treatment options for

elevated ICP following severe traumatic brain injury

(TBI). These include drainage of cerebral spinal

fluid (CSF) via a ventriculostomy catheter, raising the

head-of-bed (HOB) elevation to 30� to promote jugu-

lar venous drainage, and mild hyperventilation [1].

However, it is currently impossible to accurately and

quantitatively predict how a subject will respond to a

particular combination of therapeutic interventions.

In addition, under certain conditions treatments may

exhibit side e¤ects that can worsen the subject’s overall

condition. Tools are needed that help clinicians con-

tend with these complex interactions. Unfortunately,

the complexity of most of the simulation models re-

ported in the literature limits their clinical usefulness.

Materials

Data was acquired from two subjects. Subject 1 was a 3-year-old

female who was in a motor vehicle accident. She su¤ered a severe

closed head injury and was found to be pneic when paramedics ar-

rived at the scene. Her GCS at the scene was 4. She was transferred

to a local community hospital where CT scan revealed a large right-

sided epidural hematoma. In the emergency room she was noted to

have a right pupil that was fixed, dilated and unresponsive to light,

and her GCS was 3. She was tracheally intubated and taken to the

operating room where the epidural hematoma was evacuated. She

was then transported by helicopter to the pediatric intensive care

unit (PICU) where a ventriculostomy catheter was placed. In the

PICU she had equal, round, and mid-position pupils that were reac-

tive to light. She had no spontaneous movements, no cough or gag

reflex, and exhibited extensor posturing with painful stimulus. She

required intravenous infusions of isotonic solutions, dopamine,

dobutamine and epinephrine to maintain her blood pressure. She

showed signs of severe anoxic/ischemic brain and multi-organ in-

jury. On hospital day 2, her right pupil again became fixed, dilated

and unresponsive to light. Repeat CT scan showed severe cerebral

edema and cerebellar infarct. Due to the irreversible nature of her

brain injury, supportive therapy was withdrawn by the family.

Subject 2 was an 8-year-old female who was a restrained passenger

in a motor vehicle accident. On arrival to a local emergency hospital,

she was moaning, and had a Glasgow Coma Scale (GCS) score of 8.

She was tracheally intubated and transferred to the PICU. A cranial

CT scan demonstrated di¤use axonal injury with no intra- or extra-

cranial hemorrhage. The GCS in the PICU was 6. Pupils were 2 mm

and reactive bilaterally. An intraventricular catheter was placed for

ICP monitoring. Initial ICP ranged between 15–17 mmHg. The pa-

tient also had a left mandibular fracture and facial avulsion. The pa-

tient remained on a ventilator in the PICU and her ICP rose to a

maximum of 38 mmHg by day 3. She was treated with mild hyper-

ventilation (PaCO2 32–35 mmHg) and intravenous mannitol
* This research was supported in part by the Thrasher Research

Fund.



(0.25 gram/kg IV every 3 hours). On day 5 she followed commands

and was purposeful in all movements and was successfully extu-

bated. She was transferred to the general pediatric ward on day 7,

and then to a rehabilitation center on hospital day 9.

Methods

We developed a mathematical model that treats fluid volumes

as the primary state variables. This is di¤erent from ICP dynamic

models in the literature that treat pressures as the state variables [2,

5, 7]. To calibrate the model, we estimated a number of model pa-

rameters, including the volume and rate of change of an intracranial

hematoma, CSF absorption resistance, and autoregulatory charac-

teristics. Intra- and extracranial flows and pressures were calculated

from the values of the state variables and the parameters, both fixed

and estimated. Figure 1 shows the model state variables and flows,

and how they are related.

Blood pressures are computed from the blood volumes and their

respective compliances as shown in Equations 1–3.

Pa ic ¼ Pic þ Va=Ca ð1Þ
Pc ic ¼ Pic þ Vc=Cc ð2Þ
Pv ic ¼ Pic þ Vv=Cv ð3Þ

where: Pa ic ¼ pressure in the intracranial arteries

Pic ¼ intracranial pressure (ICP)

Va ¼ arterial blood volume

Ca ¼ arterial complicance

Pc ic ¼ pressure in the intracranial capillaries

Vc ¼ capillary blood volume

Cc ¼ capillary compliance

Pv ic ¼ pressure in the intracranial veins

Vv ¼ venous volume

Cv ¼ venous compliance

Fig. 1. Model state variables and flows. Fluid volumes are represented by rectangles, and fluid flows are represented by double arrows with a

circular ‘‘valve-like’’ symbol superimposed on them to indicate that flows are variable. Brain swelling, the rate of change of brain volume, is

also represented as a flow. The state of auto regulation is shown as a diamond, representing a submodel in this simulation software
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Pic is computed as shown in Equation 4, based on the total intracra-

nial volume and the pressure volume index (PVI) as defined byMar-

marou [3]: the additional volume needed to cause a 10-fold increase

in Pic.

Pic ¼ Picb � 10ðVtc�VbcÞ=PVI ð4Þ
where: Picb ¼ baseline ICP for the subject

Vtc ¼ total cranial volume

Vbc ¼ base cranial volume

To model cerebrovascular autoregulation (CAR), the resistance at

the arterioles changes rapidly, but within physiological limits, in or-

der to adjust the cerebral blood flow to match metabolic needs, as

indicated in Equations 5–7.

Ssm ¼
ð t

ðFcap � fiÞ þ 1

S3
sm

þ 1

ð1� SsmÞ3
" #

� g ð5Þ

Rcap ¼ g � Ssm ð6Þ

Fcap ¼ ðPaic � PcicÞ
Rcap

ð7Þ

where: Ssm ¼ smooth muscle state (@ resistance, mmHg/ml/min;

0 ¼ fully dilated, 1 ¼ max. constriction)

Fcap ¼ capillary blood flow

fi ¼ indicated blood flow

g ¼ cerebrovascular autoregulation gain (dimensionless)

Rcap ¼ capillary resistance

g ¼ conversion factor (dimensionless)

The cubic terms in Equation 5 force the smooth muscle state to re-

main in the range [0, 1]. The CAR logic responds to changes in indi-

cated blood flow needs due to diurnal variation, and changes in ICP,

respiratory rate, arterial blood pressure, and HOB elevation.

The model also incorporates logic to reflect intracranial pathology

such as intracranial hemorrhage and cerebral edema, and to reflect

therapeutic interventions such as CSF drainage, elevation of the

HOB, and changes in PaCO2 using a proxy variable of minute venti-

lation (defined as the respiratory frequency� tidal volume). For this

preliminary report, we will only present data on changes in respira-

tory frequency when tidal volume was held constant. The flow rate

for CSF drainage, FCSF is modeled as shown in Equation 8.

Fcsf ¼ ðPic � PtÞ
rc

ð8Þ

where: Fcsf ¼ rate of cerebrospinal fluid drainage

Pt ¼ pressure at the terminus of the drainage system

(a function of its elevation)

rc ¼ resistance of the catheter

The pressure di¤erential, DP, due to changing HOB elevation is cal-

culated as shown in Equation 9.

DP ¼ d � sinðyÞ � mmHg

mmH2O
ð9Þ

where: DP ¼ pressure di¤erence

d ¼ distance between the heart and the head

y ¼ head of bed angle

DP is subtracted from both the systemic arterial pressure and the sys-

temic venous pressure to determine the external arterial and venous

pressure at the cranial vault.

The impact of changing the PaCO2 using a proxy variable of respi-

ratory frequency (i.e., the ventilator rate) is much more complex (cf.

[6]). We use the logic shown in Equations 10 and 11 to calculate the

indicated blood flow that serves as input to the CAR logic.

fi ¼ k1 þ a � ðPaCO2 � SÞ ð10Þ
PaCO2 ¼ MOV ½ðk2 � b � VRÞ; tc� ð11Þ

where: k1 ¼ baseline blood flow

a ¼ flow multiplier

PaCO2 ¼ actual CO2 pressure

S ¼ setpoint for CO2 pressure

MOVðx; tÞ ¼ moving average of variable x with averaging

period t

k2 ¼ o¤set for CO2 pressure

b ¼ conversion factor from respiration rate to CO2

pressure

VR ¼ respiration rate in breaths per minute

tc ¼ time constant

The model was calibrated to specific subjects based on recorded

clinical data, including ICP, arterial blood pressure, and central

venous pressure. The data used to calibrate the model was clinically

annotated to indicate the exact timing of events such as changes in

ventilator rate, CSF drainage and amounts, and changes in HOB

elevation from 0� to 40� in 10� increments. Details of the data acqui-

sition system were reported previously by Goldstein et al. [3]. Data

for this report included both retrospective, non-annotated data as

well as prospectively collected physiologic signals following an ex-

perimental protocol that included random changes to the height of

the CSF drainage system, HOB elevation, and minute ventilation.

Results

Figure 2 shows the clinical data from the two sub-

jects that was used the calibrate the model. Figure 2a

shows the ICP signals recorded during three episodes

of CSF drainage for Subject 1. These signals have

been lowpass filtered to remove the pulsatile compo-

nent, and synchronized in the time domain so that the

point of drainage occurs at minute 5. Figure 2b shows

the ICP signal recorded for Subject 2 when the HOB

was changed from 30� to 0� and then back to 30�. Fig-
ure 2c shows the ICP signal recorded for Subject 2

when the ventilation rate was changed from 15 breaths

per minute (bpm) to 12 bpm and then back to 15 bpm.

The model was calibrated to fit Subject 1 using the

clinical data shown in Figure 2a. The estimated pa-

rameters were: Initial intracranial hematoma volume

(24 mL), hematoma volume increase rate (0 mL/min.),

CSF drainage volume (6.5 mL), and CSF absorption

resistance (160 mmHg/mL/min). Figure 3a shows the

ICP response to treatment in the model compared

with the actual data. The error is less than 2 mmHg

throughout the episode. On the other hand, the esti-

mated CSF absorption resistance is much higher than

typically reported and would normally be consistent

with a higher steady state ICP value. In this case how-

ever, periodic CSF drainage therapy was employed to

maintain ICP below its steady state value.
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Next, the model was calibrated to fit Subject 2, using

the data shown in Figure 2b. The estimated parame-

ters included: Initial intracranial hematoma volume

(6 mL), hematoma increase rate (.5 mL/min.), CSF

absorption resistance (24 mmHg/mL/min), and esti-

mated distance from heart to brain (45 cm). Figure 3b

shows the ICP calculated by the model for this episode,

compared to clinical data. During the first stage, the

error is greater than 5 mmHg at some time points.

During the second stage, the error is less than

2 mmHg.

The model was then further calibrated to Subject 2

based on the data collected during changes in respira-

tory frequency (Figure 2c). The previously-estimated

parameters were retained, and the new data was used

to estimate parameters associated with the CAR

logic, including a (75 ml/mmHg), S (34 mmHg), k2
(64 mmHg), b (2 mmHg-breaths/min.) and tc (2.5

minutes). Figure 3c shows the ICP calculated by the

model for this episode, compared to the clinical data.

The error is greater than 5 mmHg.

Discussion

Our main finding was that this first generation ICP

dynamic model was able to accurately replicate the

subject’s response to therapeutic intervention using

CSF drainage and HOB elevation, but not following

changes in respiratory frequency. The mean ICP calcu-

lated by the model for Subject 1 is very similar to the

actual mean ICP recorded during their CSF drainage

episodes. The large value for the estimated CSF ab-

sorption resistance implies a significant impediment to

flow and/or absorption. This may be due to the initial

injury, subsequent cerebral edema, or a combination.

The model was also able to replicate Subject 2’s overall

Fig. 2. Clinically recorded ICP signals. (a) ICP before and after CSF drainage for subject 1. (b) ICP during head of bed change for subject 2,

from 30� to 0� and then from 0� to 30�. (c) ICP during respiration change for subject 2, from 15 breaths per minute (bpm) to 12 bpm and then

from 12 bpm to 15 bpm
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Fig. 3. Calculated vs. Recorded ICP (mmHg). (a) ICP before and after CSF drainage for subject 1. (b) ICP during head of bed change for

subject 2, from 30� to 0� and then from 0� to 30�. (c) ICP during respiration rate change for subject 2, from 15 breaths per minute (bpm) to

12 bpm and then from 12 bpm to 15 bpm
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ICP response to changes in HOB elevation, especially

the response to raising the HOB. The modeled ICP

response when HOB was lowered was less accurate.

This is most likely due to the multiple autoregulatory

mechanisms with di¤erential responses triggered when

the HOB is lowered and ICP begins to increase. These

mechanisms currently are not incorporated in the

model. The model was also not able to fully replicate

the ICP signal for Subject 2 during changes in respira-

tory frequency. This may be due to the simplified CAR

logic – indicating the need to enhance this portion of

the model, or that respiratory frequency is a poor

proxy for PaCO2.

Other researchers have also recently focused their

attention on multiple autoregulatory mechanisms. For

example, Ursino and Magosso [8] demonstrate that

three distinct CAR mechanisms are ‘‘. . . necessary to

provide good reproduction of autoregulation to cere-

bral perfusion pressure changes.’’ These mechanisms

include reactions to CO2 changes, the reaction to tissue

hypoxia, and a mechanism that responds to pressure

changes in the large pial arteries and to flow rate in

the small pial arteries. This latter mechanism might

correspond to myogenic or neurogenic regulation, en-

dothelium dependent factors, or other processes. Sim-

ulation results are validated against data reported in

the literature. The reaction to tissue hypoxia was noted

as being particularly complex, as we found in the pres-

ent study. Another example is a recently-published

mathematical model of ICP dynamics by Lakin, et al.

[4] that incorporates, in addition to CAR mechanisms,

the regulation of systemic vascular pressures by the

sympathetic nervous system, and the regulation of

CSF production in the choroid plexus. Simulation re-

sults are inspected for reasonableness but not com-

pared to clinical data. According to the authors, the

additional autoregulatory mechanisms they describe

are needed to accurately represent normal physiology

as well as pathological conditions. The present study

supports their assertion.
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Summary

Objective. To test the validity of the hypothesis that active vasodi-

latation and vasoconstriction underlie the occurrence of intracranial

pressure (ICP) plateau waves by evaluating corresponding changes

of cerebrovascular pressure transmission of arterial blood pressure

(ABP) to ICP.

Methods. Digitized recordings of ICP and ABP sampled at 30 Hz

were obtained from nine patients with traumatic brain injury. For

each 16.5 s recording interval mean values of ICP, ABP, cerebral

perfusion pressure (CPP), and the corresponding highest modal

frequency (HMF) of cerebrovascular pressure transmission were

calculated.

Results. Mean ICP and HMF significantly increased (P < 0.003)

and mean CPP decreased significantly (P < 0.00036) at onset of

the wave. Conversely at termination, mean ICP and HMF signifi-

cantly decreased (P < 0.026) and mean CPP significantly increased

(P < 0.028). In addition, the strong negative correlations between

mean ICP and mean CPP (r ¼ �0:87) and mean HMF and CPP

(r ¼ �0:87) were demonstrated.

Conclusion. The findings that HMF increased at onset and de-

creased at the termination of plateau wave support the validity of

the vasodilatatory/constriction cascade model that postulates active

vasodilation at the onset and active vasoconstriction of the cerebro-

vascular bed at the termination of a plateau wave.

Keywords: Plateau waves; vasodilation; vasoconstriction; cerebro-

vascular pressure transmission; highest modal frequency.

Introduction

Plateau waves consist of a sudden rapid elevation of

intracranial pressure (ICP) to 50–100 mmHg for 5 to

20 min [2, 5, 8]. After a sustained period of elevation,

termination of the wave is characterized by a rapid de-

crease of ICP. Changes of cerebral blood volume are

thought to produce corresponding changes of ICP [6].

The onset of the wave has been described by the vaso-

dilatory cascade model, a closed loop unstable process

linking active vasodilation, increased cerebral blood

volume (CBV), elevated ICP and decreased cerebral

perfusion pressure (CPP) [7, 8]. The relatively rapid

termination of the wave has been described by a vaso-

constriction cascade model in which active vaso-

constrictive events lead to decreases in CBV and ICP

and an increase of CPP [7, 8].

Since the vasodilatory/constriction cascade model

postulates intact pressure regulation prior to onset of

the plateau wave [7, 8], we surmised that during the

period before the wave the critical vibration frequen-

cies of cerebrovascular pressure transmission should

be dampened. For this state of cerebrovascular tone

the highest modal frequency (HMF), the highest vi-

bration mode by which energy is transferred from

ABP to ICP, will be low. However, at the onset of the

wave, active vasodilation will reduce vascular tone of

the cerebrovascular bed resulting in an increase of

both the ability of the cerebrovascular bed to vibrate

and of the HMF. For termination of the wave, the

vasodilatory/constriction cascade model describes a

reduction in CBV due to active vasoconstriction as

the basis for the reduction of ICP. Thus, tone of the

cerebrovascular bed will increase resulting in a reduc-

tion of the HMF. The purpose of this study was to

test the validity of the postulated descriptive changes

of the cerebrovascular bed of the vasodilatory/

vasoconstriction cascade model by the evaluation of

changes of the HMF of cerebrovascular pressure

transmission at the onset and termination of a plateau

wave.

Materials and methods

Patients

Measurement of ICP and ABP is a standard monitoring routine in

the management of severely head injured patients in Addenbrooke’s



Hospital, Cambridge, United Kingdom. Computer recording of the

data did not influence clinical decision; the data were processed

anonymously. Local Ethical Committee was informed but individ-

ual permissions were not required at the time of recording. The Insti-

tutional Review Board at The University of Memphis approved the

data analysis protocol.

Pressure recording analysis

Monitoring included invasive ABP from the radial or dorsalis

pedis artery. ICP was monitored using an intraparenchymal probe

(Camino ICP transducer or Codman ICP MicroSensors). ICP and

ABP recordings sampled at 30 Hz and CPP was calculated as the

di¤erence between mean ABP and mean ICP. The length of the

pressure recordings obtained from each patient varied from

16.2 min to 117 min. To reconstruct the sampled recordings to a

more accurate description of the actual pressure recordings, a mov-

ing average filter was applied to every 3 sample values of the sampled

recordings.

Numerical methods

Because the pressure recordings are analyzed over a brief period of

16.5 s during relatively steady-state conditions, our method of anal-

ysis assumes that cerebrovascular pressure transmission can be de-

scribed by a linear time invariant process. Selection of the appropri-

ate model equation is essential for constructing a valid identification

model [4]. We chose a cerebrovascular pressure transmission equa-

tion based on a mathematical model that has been successfully used

to interpret bedside tests of cerebrovascular autoreguation [1] and is

of the form:

Yððnþ 3ÞTÞ þ a2Yððnþ 2ÞTÞ þ a1Yððnþ 1ÞTÞ þ a0YðnTÞ
¼ b1UðnTÞ þ b2Uððnþ 1ÞTÞ þ b3Uððnþ 2ÞTÞ ð1Þ

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 (Mathworks, Inc., Natick, MA) to obtain

the minimum least square error set of constants a0, a1, a2 and b1,

b2, b3 for equation #1 above. These constants are used to derive the

equivalent continuous-time di¤erential equation description of cere-

brovascular pressure transmission of the form:

d3YðtÞ=dt3 þ aa2d
2YðtÞ=dt2 þ aa1dYðtÞ=dtþ aa0YðtÞ

¼ bb1UðtÞ þ bb2dUðtÞ=dtþ bb3d
2UðtÞ=dt2 ð2Þ

The eigenvalues of this di¤erential equation are the modal radian fre-

quencies of the cerebrovascular pressure transmission and are the

roots of the polynomial equation:

l3 þ aa2l
2 þ aa1l

1 þ aa0 ¼ 0 ð3Þ
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 di¤erence 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 ofG165 ms relative to the same 16.5 s ABP recording. As a re-

sult, 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.

Results

The initial numerical step in implementation of

an identification technique is to remove the mean value

from each data set [8]. As a result, computation of

HMF is based solely on the variation of ICP with

respect to ABP. Examples of the ICP and ABP record-

ings with the mean removed and the corresponding

simulated ICP waveform computed by the autoregres-

sive moving average technique described above are

given in Fig. 1. An example of ICP and ABP record-

ings containing a plateau wave along with serial mean

values of ICP, ABP, and CPP with each corresponding

value of HMF is given in Fig. 2. Serial values of

HMF demonstrate a sudden significant increase

(P < 0.001, n ¼ 20) from a mean baseline value of

2.42 (G0.12) Hz before the plateau wave to a mean

value of 3.97 (G0.50) Hz during the plateau wave.

After more than 5 min with CPP below 50 mmHg, ter-

mination of the wave occurs.

Mean values of ABP, ICP, and CPP were computed

from the 500 paired pressure values representing 16.5 s

of paired ABP and ICP recordings. Three recordings

contained a complete wave with periods correspond-

ing to before, during, and after the wave. Five record-

ings contained the onset of a wave, and one recording

contained a termination of a wave. For each phase of

each set of pressure recording, at least 10 serial mean

values representing 16.5 s of paired ABP and ICP

recordings were used to compute the grand mean

(Gstandard deviation) of ICP, ABP, CPP, and HMF.

The grand mean value (Gstandard deviation) for the

three periods are shown in Table 1.

Individual grand mean values of HMF, ICP, and

CPP for each period in each recording were plotted

(see Fig. 3). Grand mean ICP was found to inversely

correlate with grand mean CPP with r ¼ �0:85 with

regression line parameters of slope and intercept of

�0.78 and 75.5 mmHg, respectively (see Fig. 3a).

Also, grand mean HMF inversely correlated with

grand mean CPP with r ¼ �0:87 with regression line

parameters of slope and intercept of �0.083 Hz/

mmHg and 7.68 Hz, respectively (see Fig. 3b).
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Discussion

The vasodilatory/constrictive cascade model postu-

lates the occurrence of dynamic structural and func-

tional changes of the cerebrovascular bed associated

with the onset and termination of a plateau wave. To

evaluate the postulated descriptive changes of the cas-

cade model, a novel measure, the HMF of cerebrovas-

cular pressure transmission, was derived from paired

ABP and ICP recordings obtained before, during, and

after a plateau wave. Mean HMF significantly in-

creased at onset and significantly decreased at termina-

tion of plateau wave (see Table 1). Such a finding pro-

vides additional support for the active vasodilatory

and constrictive changes of the cerebrovascular bed at

onset and termination of a plateau wave described by

the cascade model.

To some, our findings may seem obvious, intuitive,

and established knowledge ever since ICP and CPP

monitoring were initiated. What is original in this

study is use of the methodology which employs modal

frequency analysis on clinical pressure recordings. Re-

cently, demonstrated in a laboratory study that during

active cerebrovascular pressure regulation the rela-

tionship between HMF and CPP is an inverse one in

uninjured preparations [3]. In this study the relation-

ship between HMF and CPP was also found to be in-

verse (see Fig. 3b) which is consistent with our labora-

tory finding that pressure regulation is intact when the

HMF is inversely related to CPP [3].

Use of HMF analysis enables both a structural

and functional understanding of changes in cerebro-

vascular pressure transmission which may occur dur-

ing a plateau wave. In particular, the rapid increase of

HMF at the onset of the wave (see Table 1 and Fig. 2f )

is consistent with the structural and functional changes

of the cerebrovascular bed described by the vaso-

dilatory cascade model [7, 8]. Structurally, dilation

results in an increase of the compliance of the arterial-

arteriolar bed and a decrease of intracranial compli-

ance primarily due to decreased compliance of the

cerebrovascular venous bed. Functionally, vaso-

dilation results in a significant reduction of arterial-

arteriolar resistance and increased intravascular pres-

sure within the cerebrovascular bed. At termination

of the wave, the structural and functional changes of

vasoconstriction are the reverse of those that occur

during vasodilation. Compliance of the arterial-arte-

riolar bed is reduced because of increased vascular

tone, intracranial compliance increases due to in-

creased compliance of the cerebrovascular venous

bed. Functionally, vasoconstriction results in an in-

crease of arterial-arteriolar resistance and a decrease

of intravascular pressure with the cerebrovascular

bed. These changes are consistent with the decrease of

Fig. 1. Arterial blood pressure and intracranial pressure recordings

with corresponding simulated ICP generated by system identification

techniques. a) Arterial Blood Pressure Recording. Moving average

filtering was applied to every three samples of the digitized recording

at a rate of 30 Hz to obtain a continuous approximation of the orig-

inal recording. To apply autoregressive identification technique the

mean value of the recording was removed. b) Intracranial Pressure

Recording. As described for sampled ABP recording, moving aver-

age filtering was applied to the sampled ICP recording to obtain an

approximation of continuous ICP recording. c) Simulated Intracra-

nial Pressure. The Autoregressive Moving Average (ARMAX) iden-

tification technique was applied to recordings shown in a) and b)

above. The ARMAX identification technique determines by least

square criteria the set of best fit constants for equation #1 given in

Materials and Methods section. By using the ABP recording shown

above as the input function to eqn #1, the simulated ICP recording is

produced. Of note is that the identification technique is based on

variation of pressure and is not dependent on mean values
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the HMF observed at the termination of the wave (see

Table 1 and Fig. 2f ).

Our reported strong correlative linear relationships

between mean ICP, mean CPP, and mean HMF all

support the contention that all of the patients had

some degree of pressure regulation. Rosner has previ-

ously reported that ICP correlated indirectly with CPP

for a group of patients who demonstrated plateau

waves [7]. Here we report a similar finding for our pa-

tient group with the correlation between mean ICP

and mean CPP at r ¼ �0:85 (see Fig. 3a). With cere-

bral arterial pressure regulation, an increase in CPP

would cause active vasoconstriction resulting in a re-

duction in CBV and ICP; whereas, a decrease in CPP

would cause active vasodilation resulting in an in-

crease of CBV and ICP [8]. The strong negative corre-

lation (r ¼ �0:87) between mean HMF and mean CPP

further supports the contention that pressure regula-

Fig. 2. Plateau wave: ICP and ABP recording, serial mean ICP, ABP, and CPP values with corresponding highest modal frequency derived

from serial segments of 500 samples of ABP and ICP recordings. (a) ICP Recording. ICP recording illustrates complete plateau wave over a

26 min period. (b) ABP Recording. Corresponding ABP recording over same period as ICP recording in a). (c) Serial Mean ICP. For each 500

serial samples of ICP, mean ICP was computed and plotted at 16.5 s intervals. Standard error within symbol for each plotted point. (d) Serial

Mean ABP. Mean ABP computed and plotted as described in c) above. Standard error within symbol for each plotted point. (e) Serial Mean

CPP. For each 500 samples of di¤erence between ABP and ICP, mean CPP was computed and plotted. Standard error within symbol for each

plotted point. (f ) Serial HMF. For each serial 500 samples of paired ABP and ICP recordings, an autoregressive moving average technique was

used to determine the best set of constants for cerebrovascular pressure transmission described by equation #1. Given these constants, the high-

est modal frequency of cerebrovascular pressure transmission for each series of 500 consecutive samples representing 16.5 s was determined and

plotted. Onset of wave associated with brief salient decrease in ABP. Termination of plateau period associated with brief increase in ICP and

ABP
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tion was at least partially intact in all patients (see Fig.

3b). With pressure regulation, increases of CPP cause

active vasoconstriction which produces structural and

functional changes of the cerebrovascular bed that are

consistent with the reduction of the HMF. The con-

verse also occurs with active vasodilation associated

with reduced CPP. In contrast, with loss of pressure

regulation, an increase of CPP would cause passive

vasodilation (distension) and an increase of the HMF,

while a decrease of CPP would cause passive vasocon-

striction (compression) and a decrease of the HMF.

The HMF would be directly related to CPP.

In summary, predicted changes in the cerebro-

vascular bed during a plateau wave described by the

vasodilatory/constriction cascade model were eval-

uated by examining changes in the HMF of cerebro-

vascular pressure transmission of ABP to ICP. The

predicted structural and functional changes of the cer-

ebrovascular bed associated with the cascade model

were validated by the finding that mean HMF values

increased significantly at the onset and decreased sig-

nificantly at termination of the wave. In addition, the

strong inverse linear correlation between HMF and

CPP supports the contention that all patients who

demonstrate plateau waves have some degree of cere-

brovascular pressure regulation at onset and termina-

tion of the plateau wave.
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Summary

The controlled cortical impact model has been used extensively to

study focal traumatic brain injury. Although the impact variables

can be well defined, little is known about the biomechanical trauma

as delivered to di¤erent brain regions. This knowledge however

could be valuable for interpretation of experiment (immunohisto-

chemistry etc.), especially regarding the comparison of the regional

biomechanical severity level to the regional magnitude of the trauma

sequel under investigation. We used finite element (FE) analysis,

based on high resolution T2-weighted MRI images of rat brain,

to simulate displacement, mean stress, and shear stress of brain dur-

ing impact. Young’s Modulus E, to describe tissue elasticity, was

assigned to each FE in three scenarios: in a constant fashion

(E ¼ 50 kPa), or according to the MRI intensity in a linear

(E ¼ ½10; 100� kPa) and inverse-linear fashion (E ¼ ½100; 10� kPa).
Simulated tissue displacement did not vary between the 3 scenarios,

however mean stress and shear stress were largely di¤erent. The lin-

ear scenario showed the most likely distribution of stresses. In sum-

mary, FE analysis seems to be a suitable tool for biomechanical sim-

ulation, however, to be closest to reality tissue elasticity needs to be

determined with a more specific approach, e.g. by means of MRI

elastography.

Keywords: Experimental traumatic brain injury; controlled corti-

cal impact; magnetic resonance imaging; finite element analysis;

brain tissue biomechanics; Young’s modulus E; tissue elasticity.

Introduction

Since its original description in the late eighties [5, 6]

the controlled cortical impact injury model (CCI) has

been extensively used in di¤erent forms to investigate

focal traumatic brain injury. The rationale behind

these studies is that this type of injury might partially

replicate human brain contusions. A current Medline

search with the keywords ‘‘CCI’’ and ‘‘controlled cor-

tical impact’’ will yield hundreds of publications. One

virtue of the model is, that it uses a known impact in-

terface, a measurable impact velocity and a predefined

depth and duration of cortical compression and thus is

regarded as biomechanically well-defined. It has been

assumed that the quantifiable single mechanical input

would permit to conduct a standardized statistical

analysis (e.g. correlation) between the amount of de-

formation and the resultant pathology and functional

changes [6]. However, although the ‘‘external’’ biome-

chanical parameters can be well defined and described,

the ‘‘internal’’ biomechanics of the brain during im-

pact according to the regionally di¤erent tissue elastic-

ity, the amount of compression/pressure and the re-

gional distribution of tissue pressures and strains

is unknown and has not been systematically investi-

gated at large. Looking at the distribution of e.g. post-

traumatic changes in CBF maps, MRI images or

(immuno-) histopathological stains, it remains often

unclear to which extent the observed findings are di-

rectly related to the local severity of the primary bio-

mechanical trauma or rather to the many secondary

and tertiary reactions which widely unfold immedi-

ately following the biomechanical action. A deeper in-

sight into this complex regional interaction between a

predominant ‘‘biomechanical’’ trauma and a predom-

inant secondary/tertiary ‘‘neurochemical and molecu-

lar’’ trauma would be of significant value. For exam-

ple, such a distinction could help identifying those

areas around contusions, which do not receive a lethal

biomechanical impact and therefore might be the tar-

get for salvage strategies summarized under the term

‘‘neuroprotection’’. Furthermore, it has become evi-

dent that ‘‘CCI’’ di¤ers between labs, and it is un-

known how the di¤erent variables (brain size, impact

location, speed, depth, duration) actually influence



comparability of results between labs. Therefore a bio-

mechanical description of the applied trauma seems of

high interest to better interpret own results and to cre-

ate a basis for a biomechanical standardization of the

brain trauma. Our study is a first attempt to achieve

those goals by using a finite element analysis of the

CCI, based on high resolution T2-weighted MRI im-

ages of rat brain, for a biomechanical simulation of

the resulting trauma inside the brain tissue.

Materials and methods

Several high resolution T2 weighted image series were ob-

tained from a 260 g male Sprague Dawley rat in a Bruker Biospec

47/20 scanner at 4.7 T running Paravision8 software (Bruker

GmbH, Ettlingen, Germany). We used a CPMG sequence with a

TR 5000 ms, and di¤erent TE of 15, 30, 45, 60, 75, 90, 105,

120 ms, 8 echoes, FOV ¼ 2.56� 2.56 cm, 2 averages, 1 mm slices.

We obtained at TE 45 ms the best contrast and delineation between

white and grey matter and between hippocampus, basal ganglia and

ventricles and chose a slice corresponding to �3.6 mm to Bregma.

(see Fig. 1a) as basis for the finite element analysis. Maps of stress

(force per unit area) were calculated following the indentation. The

Navier-Cauchy governing equations:

m‘2ui þ ðlþ mÞ‘‘ui þ rbi ¼ 0 ð1Þ
where ‘ is the Laplacian operator, l and m are Lame’s elasticity con-

stants, ui is the displacement vector, r is the density and bi is the body

force vector, were solved using the FE method. Stress was quantified

in terms of the magnitude of the mean stress (p) and the von Mises

shear stress (q). The equations (1) were solved using the FE software

FEMLAB 2.0 with the Structural Mechanics Module (COMSOL

Ltd, John Eccles House, The Oxford Science Park, Oxford OX4

4GP, UK). Second order triangular elements were used.

In order to ensure the convergence of the numerical solution, the

analysis was repeated at two levels of mesh refinement. Delaunay

tringulation was used to generate the meshes. Analyses were done us-

ing an Intel Pentium 4 computer with 512MB RAM and on HP-UX

Unix workstations. Because of the uncertainty regarding the tissue

elasticity, we considered three scenarios relating the magnitude of

Young’s modulus (E) and the MRI intensity (I). The first is the lin-

ear, in which E is directly proportional to I. The second is the inverse

linear, in which E is inversely proportional to I. Finally, the constant

scenario in which E is constant and thus independent of I.

For simulating the impact, we used standard previously-defined

parameters: impactor diameter 5 mm, impact speed 4 m/s, impact

depth 2.5 mm [8, 9].

Results

Maps were calculated with deformed coordinates

– corresponding to the time of impact, when the

brain is indented – and un-deformed coordinates –

corresponding to the time thereafter, when the brain

has resumed its previous shape. At each scenario maps

were computed for displacement, mean stress (corre-

sponding to compression or pressure) and shear stress

(corresponding to tissue distortion). Figure 2 shows

the resulting maps with un-deformed coordinates.

Tissue displacement (Fig. 2a) was similar in all three

scenarios of tissue elasticity with only little variation.

Mean stress distribution (Fig. 2b), however, varied

considerably. With constant elasticity (all brain re-

gions were equally hard or soft), there was a rather

constant mean stress distribution inside the tissue with

highest compression in the ‘‘contusion core’’ at and

Fig. 1. Shows the high resolution T2 weighted MR image, which

formed the basis for construction of the finite element mesh and the

assignment of tissue properties (elasticity) to the single triangular

shaped finite elements. On the left side of the brain, an impact with

a round 5 mm indentor travelling at 4 m/s to an impact depth of

2.5 mm was simulated
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immediately below the impact site and higher com-

pression along the axis of impact direction. In the cor-

tex laterally to the impact site the map showed nega-

tive compression (tissue stretch – negative pressures).

In the inverse-linear scenario (the brighter pixels in

the MRI, the softer the tissue, e.g. the corpus callosum

was harder than cortex and hippocampus) the biome-

chanical impact appeared stronger, with a larger zone

of highest mean stress – compression – down to brain

above the skull base and also a pronounced tissue

compression on the contralateral side. In the linear

scenario (the brighter pixels in the MRI, the harder

the tissue, e.g. the corpus callosum was softer than cor-

tex and hippocampus) the biomechanical burden ap-

peared lower and more scattered than in the constant

scenario, with highest levels only at the borders of the

impact zone, smaller areas of negative compression –

stretch – laterally and some areas of stress discontinu-

ity below the corpus callosum. At the ipsilateral base

of the brain there was an increase of compression like

a côntre-coup e¤ect. No changes in mean stress ap-

peared on the contralateral side.

Regarding shear stress (Fig. 2c) there were similar

findings in all three scenarios of tissue elasticity. With

constant elasticity (all brain regions were equally hard

or soft) there appeared a broad area of maximum

shear stress – tissue distortion, which was larger than

the volume of maximum mean stress. Centrifugally

there was a rather constant decrease of shear stress dis-

tribution inside the tissue with higher distortion again

along the axis of impact direction. In the inverse-linear

scenario (the brighter pixels in the MRI, the softer the

tissue, e.g. the corpus callosum was harder than cortex

and hippocampus) the biomechanical distortion ap-

peared again much stronger, with a very large zone of

highest shear stress almost down to the skull base and

also shear stress on the contralateral side. In the linear

scenario (the brighter pixels in the MRI, the harder the

tissue, e.g. the corpus callosum was softer than cortex

and hippocampus) the biomechanical impact again ap-

peared lighter, with scattered areas of shear stress dis-

continuity. Higher distortion was seen mainly at the

borders of the impact zone, and below the corpus cal-

losum. No e¤ects were seen on the contralateral side.

Fig. 2. Shows the resulting computations in three rows: (A) tissue displacement, (B) mean stress (positive values correspond to tissue com-

pression, negative values correspond to tissue stretch) and (C) shear stress (tissue distortion). All of these based on the undeformed coordi-

nates. In the first column are results for constant brain elasticity (E ¼ 50 kPa), in the second for an inverse-linear relationship between MRI

intensity and elasticity (the brighter the pixels the softer the tissue) and in the third for a linear relationship betweenMRI intensity and elasticity

(the brighter the pixels the harder the tissue)
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Discussion

We used a two-dimensional approach in the CCI

model of focal brain contusion to explore the ability

of finite element modelling for simulating primary bio-

mechanical trauma – and how it relates to ‘‘mechani-

cal’’ variables such as displacement, mean stress and

shear stress. High resolution MRI appears to be a ade-

quate to be used to create the underlying finite element

mesh.

Obviously the knowledge of brain elasticity is cru-

cial. In our constant model we used an E ¼ 50 kPa

for the whole brain according to the literature [4].

This is clearly unrealistic. Regional tissue properties

can be expected to influence regional elasticity. For ex-

ample, the corpus callosum with a dense axonal and

oligodendrocytic structure should be di¤erent in elas-

ticity than the cortex. Areas of packed neuronal den-

sity like basal ganglia should be di¤erent from the hip-

pocampus with its distinct neuronal layers. The next

obvious step is to model brain tissue based on a func-

tional relationship between MR intensity and Young’s

modulus. Our analysis was based on high resolution

T2 weighted MR imaging. It is unknown if such rela-

tionship exists, however, for modelling purposes we as-

sumed a linear (the brighter the pixel the harder the tis-

sue) and inverse-linear (the brighter the pixel the softer

the tissue) relationship between T2 signal intensity and

tissue elasticity, in order to capture the influence of re-

gional variations of tissue elasticity on the distribution

of the internal stresses following impact.

As expected, our three scenarios had very small in-

fluence on the tissue displacement, after the indenta-

tion of the impactor. In contrast, we could observe

dramatic di¤erences for mean and shear stress, in other

words, between the amount of tissue compression or

stretch and tissue distortion between both models.

Most literature describes a predominantely unilateral

reaction of glial, microglial, and neuronal tissue fol-

lowing trauma [1–3, 7]. Therefore it can be assumed,

that the simulation with the linear relationship be-

tween tissue intensity in T2 images and brain elasticity,

which showed a unilaterally confined compression and

tissue distortion as well as influences of regional tissue

elasticity on stress patterns, is closer to reality than the

inverse-linear relationship.

Our three di¤erent models with constant and vary-

ing elasticity demonstrate that the key feature of a

modelling approach is a precise knowledge of regional

tissue elasticity. Only then a simulation will be reliable

enough to use it for standardisation of the CCI trauma

and to investigate the e¤ects of varying trauma sever-

ity with regard to impact depth and impact velocity on

a theoretical basis. And – most importantly – only then

this method will gain a potential usefulness with regard

to the di¤erentiation between a contribution of the pri-

mary trauma or of secondary neurochemical e¤ects if

it comes to the interpretation of e.g. regionally in-

homogeneous patterns of neuronal, glial, microglial re-

actions or changes in CBF or glucose consumption.

MR elastography, which is a novel technique to ob-

tain maps of tissue elasticity in vivo, might be a possi-

ble way to assign tissue properties on a pixel-by-pixel

basis, such that individual finite elements can reflect

the local elastic properties making the simulation

much more accurate.

In summary, we successfully used high resolution

MRI as a basis for finite element modelling of the bio-

mechanical primary trauma in the CCI model. We

demonstrated that regional tissue elasticity has a large

influence on how the forces created by the initial tissue

displacement are transferred into the surrounding tis-

sues, and these in turn a¤ect the regional distribution

patterns of mean stress and shear stress following

CCI. The linear scenario showed the distribution of

stresses that most resembles experimental data.
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Summary

Spontaneous slow waves are present in the systemic circulation in-

cluding the intracranial compartment. They are supposed to reflect

the cerebral autoregulation. We hypothesised that in the absence

of cardio respiratory variability, during cardiopulmonary bypass

(CPB), we should reveal extreme physiologic controls.

Material/methods. Ten patients were included. Arterial blood

pressure (ABP, radial invasive), extracorporeal circuitry pressure

and cerebral blood flow velocity (CBFV, middle cerebral artery)

were recorded. We analysed the slow waves in the B (8 to 50) and

the UB (>50 to 200) bands (in milli-Hz). The analysis, before and

during CPB, was performed in the tine domain (correlation coe‰-

cient, entropy, mean quantity of mutual information, relative en-

tropy) and in the frequency domain (spectrogram, frequency spec-

trum, coherence).

Results. CPB dramatically changed monitored signals decreasing

their entropy and revealing a dominant CBFV 70 mHz-frequency

and a dominant ABP 9 mHz-frequency. There was no association

between the signals ( p < 0.05). Before CPB we found complex pat-

terns where B and UB waves were present.

Conclusion. We hypothesised that CPB provoked a highly protec-

tive mechanism, reducing the fluctuations of CBF, by a deactivation

of B waves, revealing monotonous UB waves.

Keywords: Slow waves; vasomotor control; cardiovascular bypass;

cerebral autoregulation.

Introduction

Spontaneous slow waves are physiologically present

in the systemic circulation including the intracranial

compartment [3]. They are influenced by pathological

conditions, mainly brain stem ischemia and intracra-

nial hypertension and by artificial modifications of the

autonomic nervous system (ANS), mainly sympathetic

blockade. The slow-wave physiology is still debated

on both control system and regulation. The control

system is based on the ANS and the cardiovascular

pulsatility, on the vessel wall movements (active vaso-

motion, passive mechanical properties) and on the

responses to metabolic substrates. The regulation is

based on high pass filtering, linear and non linear links,

in particular supposed to reflect, through frequency de-

pendence, the cerebral autoregulation [2, 7, 10, 11]. We

hypothesised that in the absence of cardio respiratory

variability, during cardiopulmonary bypass (CPB), we

should reveal extreme physiologic controls, allowing a

better understanding of this complex domain.

Material

Ten consecutive patients, mean age 62.9 (G17) years, scheduled in

our institution for elective cardiac surgery (8 for valve replacement, 5

for coronary artery bypass graft), were included after ethical ap-

proval, between April and July 2002. The mean EuroScore [6] was

5. According to clinical and ultrasonic examination patients who

showed carotid or cerebrovascular disease were excluded. Six pa-

tients had a history of hypertension pharmacologically controlled (ß

adrenergic blockade, 3 cases; diuretic, 4 cases; angiotensin conver-

tase inhibitor, 6 cases; 4 patients had more than one drug). Arterial

blood pressure (ABP, radial invasive), extracorporeal circuitry pres-

sure (ECCP) and cerebral blood flow velocity (CBFV, middle cere-

bral artery) were recorded (Fig. 1) at a rate of 100 samples/sec (ASC,

Soluscience, France). Anaesthesia was realised with sufentanil

(0.5 mg/kg/h) and continuous concentration-targeted intravenous in-

fusion of propofol (2–5 mg/ml). After heparinisation, CPB was car-

ried out through an ascending aortic cannula using a peristaltic

pump (RP 06, Rhône-Poulenc, France) with a flow of 2.6 l/min/m2.

ABP variations were treated according to routine management pro-

tocols (sufentanil, midazolam, propofol, urapidil, phenylephrin or

noradrenalin) with the aim of a mean ABP superior or equal to 55–

60 mmHg (56.3G 6.5 mmHg and 55G 9.6 mmHg respectively be-

fore and during CPB). End tidal-CO2, pH and base deficit were ad-

justed to 40 mmHg, 7.4 and below 4 mEq/l (37 �C), respectively. No

deep hypothermia was induced (minimal temperature during CPB

was 32 �C).



Method

We analysed, before and during CPB, the signals and the slow

waves included in the B (8 mHz to 50 mHz) and the UB (above

50 mHz up to 200 mHz) bands. The periods during which artefacts

were noted (on the CBFV signal), due to the electric scalpel, were

removed. In the temporal domain we calculated: the correlation co-

e‰cient (Pearson) between two signals; the entropy (Shannon, histo-

grammethod) which can be simplified as the complexity of the signal

(the higher entropy, the irregular and non stationary signal); the

mean quantity of mutual information (MQMI) which represents

the mutual entropy between two signals (the lower value, the lower

link); the relative entropy (wavelet analysis) or time-entropy repre-

sentation. In the frequency domain we calculated: the spectrogram

(time-frequency representation); the frequency spectrum, allowing

the distribution of frequencies function of the power (close to the am-

plitude), and the partial spectrum which represents the participation

of a signal in the constitution of another one; the coherence function

between two signals (from 0, no link, to 1, direct link) and this for the

waves (B and UB bands) with the maximal amplitude if applicable

(presence of the waves on both signals).

Results

There was no link between the signals except be-

tween ABP and ECCP signals (B band) and between

ABP and CBFV signals (UB band) respectively during

and before CPB. The results are summarised Table 1.

Before CPB we found complex patterns where B

and UB waves (high amplitude) were present. During

CPB, the analysis of partial spectra (CBFV vs. ABP

and CBFV vs. ECCP) did not reveal influences of

ABP or ECCP signals on the spectral distribution of

CBFV. CPB dramatically changed CBFV and ABP

signals, decreasing the entropy (Fig. 2), in particular

on CBFV (2.01G 0.32 and 1.3G 0.18, respectively be-

Fig. 1. ABP (top) and CBFV (bottom) recordings (X-axis: time,

outset ¼ 10AM21/Y-axis: signal, mean value) during cardiac sur-

gery (aortic valve replacement and coronary bypass graft): 1-aortic

cannulation, 2-cardiopulmonary bypass (CPB) outset, 3-aortic cross

clamp, 4-removal of aortic clamp, 5-end of CPB

Table 1. Estimation of the links between CBFV, ABP and ECCP signals, before and during CPB (cardiopulmonary bypass)

– ABP versus CBFV ABP versus ECCP CBFV versus ECCP

during CPB before CPB during CPB before CPB

Correlation coe‰cient 0.09G 0.24* 0.24G 0.15* 0.58G 0.1* 0.06G 0.01*

MQMI 0.08G 0.08 0.2G 0.06 0.17G 0.2 0.08G 0.1

B band n.a. 0.93G 0.2Coherence

function
UB band

n.a.

0.57G 0.2 n.a.

n.a.

MQMIMean quantity of mutual information.

ECCP Extracorporeal circuitry pressure; ABP arterial blood pressure; CBFV cerebral blood flow velocity.

Frequency bands: B, from 8 mHz to 50 mHz; UB above 50 mHz up to 200 mHz.

* Di¤erence, p < 0.05; n.a., not applicable. Data are expressed as meanG SD.

Fig. 2. Example of the evolution of the entropy (Shannon) on CBFV

(black line) and ABP (grey line) signals (X-axis: time expressed in

intervals/Y-axis: mean value of the entropy): before (left) and after

(right) cardiopulmonary bypass (CPB)
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fore and after CPB). CPB revealed, during about 50%

of the time, a dominant 70 mHz – frequency (B wave)

on CBFV signal and a dominant 9 mHz – frequency

(UB wave) on ABP (Fig. 3).

Discussion

We hypothesised that CPB provoked a highly pro-

tective mechanism, reducing the fluctuations of CBF,

by a deactivation of B waves, revealing monotonous

UB waves. The 50%-duration of the activity could be

due to a progressive control tuning. The interpretation

of the influence of anaesthetic and opiate drugs is com-

plex, as these drugs can interfere with ANS controls [4,

9]. Nevertheless the results could argue in a frequency

dependence of autoregulation [2, 7, 10, 11] and vaso-

motor sensors linked to the intracranial enclosure [1,

8]. Due to the moderate hypothermia we may empha-

sise that the temperature did not have a major influ-

ence on the cerebral autoregulation [5], conversely to

the mean ABP which was at the lower limit of the au-

toregulation. UB and B bands could be linked to two

di¤erent sectors, B activity supported by the main ves-

sels and UB activity by the small vessels closed to the

brain (and others organs).
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Summary

Objective. To propose a new coe‰cient, which contains informa-

tion about both the absolute ICP and the position of the ‘working

point’ on the pressure-volume curve.

Method. ICP was monitored continuously in 187 sedated and ven-

tilated patients. The RAP coe‰cient was calculated as the running (3

minutes) correlation coe‰cient between slow changes in pulse ampli-

tude and mean ICP. RAP has value 0 on the flat part of the Pressure-

Volume Curve andþ1 on the ascending exponential part. Then RAP

decreases to zero or becomes negative when ICP increases further

and a¤ects cerebrovascular pressure-reactivity (which flattens the

pressure-volume curve). Variable tICP ¼ ICP � (1�RAP) has been

called ‘trueICP’. It magnifies the critical values of ICP when cerebro-

vascular reactivity is exhausted and dampens those states where

absolute ICP is elevated but vascular reactivity is not a¤ected.

Results. Both Mean ICP and RAP were independently correlated

with outcome (ANOVA:ICP-GOS: F ¼ 22; p < 0.00001, RAP-

GOS: F ¼ 9; p < 0.001). ‘TrueICP’ had stronger association with

outcome: F ¼ 28; p < 0.000001. Mortality in those patients having

‘trueICP’ above the threshold of 19 mm Hg was above 80%, while

the mortality in those having cICP below 19 mm Hg was only 20%

(F ¼ 80; p < 10�8). ‘TrueICP’ was also suitable for continuous

monitoring: sustained rise in tICP above 19 mm Hg was strongly

associated with fatal complications.

Conclusion. The proposed variable is a powerful predictor of fatal

outcome following head injury. It is sensitive to both the rising abso-

lute ICP and the critical loss of cerebrovascular regulation.

Keywords: Intracranial pressure; head injury; monitoring; out-

come.

Introduction

Mean intracranial pressure is an important prognos-

tic variable in severe head injury [7]. We hypothesised

that absolute ICP would be even more predictive if one

could take into account where on the pressure-volume

curve [4] the ‘working’ pressure point is positioned.

A pressure-volume curve according to Lofgren et al.

[5] shows three distinctive zones. In normal conditions,

without elevation of ICP and with good compensatory

reserve the ‘working point’ lies in the first flat zone of

the pressure-volume curve; Fig. 1. Patients after TBI

‘work’ usually in the second zone (‘poor compensatory

reserve’). In this zone, any change in intracerebral

volume cases deep, exponential pressure response.

Real trouble starts when ICP rises as high that they en-

ter the third zone, where cerebral perfusion pressure

(CPP) is too low to keep normal vascular regulatory

mechanisms (autoregulation and regulation of cere-

bral blood volume) working. This conceptual thresh-

old of ‘critical’ ICP is patient- and time-dependent.

Moving correlation coe‰cient between changes in

mean ICP and pulse amplitude of ICP (called RAP)

can be used to indicate passage between three zones

of the pressure-volume curve [2].

A simple model explains (Fig. 1) the pulse ampli-

tude of ICP resulting from pulsatile changes in cerebral

blood volume transformed by the pressure-volume

curve [1]. The pulse amplitude of ICP is low and does

not depend on mean ICP in the first zone, making the

value of RAP close to 0. Pulse amplitude increases lin-

early with mean ICP in the zone of poor compensatory

reserve, resulting in RAP close to þ1. In the third

zone, pulse amplitude starts to decrease with rising

ICP resulting (theoretically) in low or even negative

values for RAP.

We proposed a new coe‰cient, which contains in-

formation on both the absolute ICP and the pressure-

volume compensatory reserve. The coe‰cient tICP



has been called ‘true ICP’ and is mathematically ex-

pressed as:

tICP ¼ ICP � ð1� RAPÞ
It magnifies the critical values of ICP when cerebrovas-

cular pressure reactivity is exhausted (i.e. when RAP is

close to 0 or negative at high levels of ICP). Value of

‘trueICP’ is attenuated in those states where absolute

ICP is elevated but the vascular reactivity reserve is

not a¤ected (i.e. when RAP is close to þ1).

Material and methods

One hundred and eighty-seven patients admitted after head injury

to Addenbrooke’s Hospital (1992–98) with a median Glasgow

Coma Score (GCS) of 6 (range 3 to 13, 10% of patients with initial

GCS > 9) were studied. There were 44 women and 143 men, their

ages ranging from 6 to 75 years (mean age 36 years; only 7 patients

were younger than 15). 31% had subdural hematomas on their initial

CT of which 64% were evacuated surgically. Intracerebral hemato-

mas were found in 28% (50% were removed surgically) and extra-

dural hematomas in 10% of these patients. 11% had di¤use brain

injury, 57% brain swelling and 38% presented with a midline shift.

Subarachnoid blood was found in 25% of patients, with only 12 dem-

onstrating mean flow velocity above 120 cm/s. The patients were

paralyzed, sedated and ventilated to achieve mild hypocapnia. Falls

in ABP, which reduced CPP below 60 mmHg, were managed with

alternating colloid/normal saline infusions and supplementary ino-

tropic agents if necessary (dopamine 2–15 mg/kg per minute). If

ICP rose to above 20 mm Hg, boluses of mannitol (200 ml of 20%,

over a period of 20 min or longer) were administered.

Intracranial pressure was monitored continuously using micro-

transducers (Camino Direct Pressure Monitor, Camino Laborato-

ries, San Diego, CA or Codman MicroSensor, Johnson&Johnson

Professional, Rynham, MA), inserted intraparenchymally into the

frontal region. Arterial pressure was monitored directly from the ra-

dial or dorsalis pedis artery (System 8000, S&WVickers Ltd, Sidcup,

UK or Solar 6000 System,Marquette, USA). All data were digitized,

sampled (30 Hz) and saved on bedside computer (time period from

30 min to 3 hours daily).

The RAP index (correlation coe‰cient [R] between AMP ampli-

tude [A] and mean pressure [P]) was derived by linear correlation be-

tween 40 consecutive, time-averaged data points of AMP and ICP

acquired over 6.4 s. This index indicates the degree of correlation be-

tween AMP and mean ICP over short periods of time (@4 minutes).

Its clinical significance has been discussed before [2]. Following head

injury and subsequent brain swelling RAP is usually close to þ1.

With further increase in ICP, AMP decreases and RAP values fall

below zero. This occurs when the cerebral autoregulatory capacity

is exhausted and the pressure-volume curve bends to the right as

the capacity of cerebral arterioles to dilate in response to a CPP dec-

rement is exhausted, and they tend to passively collapse. This indi-

cates terminal cerebrovascular derangement with a decrease in pulse

pressure transmission from the arterial bed to the intracranial com-

partment.

Statistical analysis

For statistical evaluation averaged values from artifact-free whole

monitoring periods of RAP, ICP and ‘trueICP’ were taken. Analysis

of variance was used to investigate statistical di¤erence between

patients who survived and died. F-Snodecker coe‰cient was used to

examine separation between these two groups. Ch-square statistics

was used to examine di¤erent mortality rates. Mean valuesG 95%

confidence limits for mean values were given.

Results

Relationship with outcome

Mortality rate was 23% in the studied group of

patient. Both mean ICP and RAP were independently

associated with outcome (ICP: 17G 3 mmHg for sur-

vivors versus 25G 4.2 mm Hg for those who died

F ¼ 22; p < 0.00001. RAP: 0.48G 0.03 for survi-

vors and 0.33G 0.08 for those who died; F ¼ 9;

p < 0.001). ‘Corrected ICP’ had stronger associa-

tion with outcome: F ¼ 28; p < 0.000001. It was

7.5G 1.5 mmHg in survivors and 17.5G 2 mmHg in

those who died.

Fig. 1. In a simple model, pulse amplitude of ICP (expressed along

the y-axis on the right side of the panel) results from pulsatile

changes in cerebral blood volume (expressed along the x-axis) trans-

formed by the pressure-volume curve. This curve has three zones: a

flat zone, expressing good compensatory reserve, an exponential

zone, depicting poor compensatory reserve and a flat zone again,

seen at very high ICP (above the ‘critical’ ICP) depicting derange-

ment of normal cerebrovascular responses. The pulse amplitude

of ICP is low and does not depend on mean ICP in the first zone, re-

sulting in values of RAP close to 0. The pulse amplitude increases

linearly with mean ICP in the zone of poor compensatory reserve,

resulting in RAP close to þ1. In the third zone, the pulse amplitude

starts to decrease with rising ICP making RAP theoretically nega-

tive. Adopted from [1, 5]
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Mortality in those patients having tICP above the

threshold of 18 mmHg was above 80%, while the mor-

tality in those having tICP below 18 mm Hg was only

20% (p < 10�5).

The critical threshold maximizing separation (F

coe‰cient) between patients who died and survived is

31 mmHg for ICP and 18 mmHg for ‘trueICP’.

Use of ‘trueICP’ in continuous monitoring

Use of ‘trueICP’ for continuous monitoring can best

illustrated using two examples chosen from our own

material.

First patient achieved good outcome, in spite of se-

verity of initial injury (Admission GCS was 5); see Fig.

2. After first few hours left temporal haematoma was

removed. Before that event, ICP was unstable, fluc-

tuating up to 30 mmHg. Compensatory reserve was

poor, making RAP close to þ1. TrueICP remained

(in spite of one, relatively short elevation) low. After

removal of haematoma ICP settled, RAP was low

(good compensatory reserve and ‘trueICP’ stayed low.

In contrast, the second case, Fig. 3, contains data

from the patient who died following injury. ICP was

moderately elevated over all period but after first day

vascular response deteriorated (RAP decreased), caus-

ing increase in ‘trueICP’ well above critical threshold.

Patient died.

Discussion

Continuous analysis of intracranial pressure adds

information to simple recording of mean trend values.

‘TrueICP’ shows a potential to warn against these ele-

vations of ICP, which may lead to deterioration of cer-

ebrovascular control mechanisms. Undoubtedly, such

an index is nothing more than mathematical derivative

of two other variables, already used in brain monitor-

ing. But it brings a new quality to already reach family

of ‘brain pressures’ (we know ICP, CPP but also crit-

ical closing pressure, cerebral venous pressure, non-

invasive ICP and CPP, intrahemispherical pressure

gradients, etc.). First of all it is scaled in millimetres

of mercury. And secondly-sustained rise in ‘trueICP’

above 15–18 mmHg almost always indicates life-

threatening situation after head injury. The name

‘trueICP’ is probably not ideal, as it may suggest that

traditional ICP may be ‘untrue’. But, on the other

hand, it shows when the rise in ICP is becoming dan-

gerous. We know that ‘critical’ thresholds for both

Fig. 2. Time-trend of mean arterial pressure, ICP, ‘True ICP’ and RAP coe‰cient recorded in patient after severe head injury with good out-

come. X-axis: day of monitoring
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ICP and CPP are subject- and time-dependent. Facili-

tating information about ICP with compensatory re-

serve derived from the pulse amplitude of ICP is in

fact nothing knew. The lesson from the concepts given

by ‘old masters’ [1, 3–9] has been learnt and thanks to

new computer technology [10] is becoming available at

the bedside.
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Summary

Objective. The authors previously introduced a method in which

intracranial pressure (ICP) was estimated using parameters (TCD

characteristics) derived from cerebral blood flow velocity (FV) and

arterial blood pressure (ABP). Some results suggested that this

model might be influenced by the patient’s state of cerebral autoregu-

lation and other clinical parameters. Hence, it was the aim of the

present study to improve the method by modifying the previously

used global procedure in certain subgroups of patients.

Methods. In 103 traumatic brain injured patients (3–76 years,

mean: 31G 16 years) signal data of FV, ABP and ICP were used to

generate samples of TCD characteristics together with time corre-

sponding ICP. Fuzzy Pattern Classification was used to identify

cluster subsets (classes) of the sample space. On each class a local es-

timator of ICP was defined. This approach provides a non-invasive

assessment of ICP (nICP) as follows: Using FV and ABP the TCD

characteristics were computed and related to the matching classes.

nICP was calculated as a weighted sum of local ICP estimations.

Results. ICP A and B waves and long-term trends could be visibly

assessed. The median absolute di¤erence between ICP and nICP was

5.7 mmHg.

Conclusions. The class structure of the model facilitates nICP as-

sessment in heterogeneous patient groups and supports a stepwise

extension of the target patient group without a¤ecting the former

validity.

Keywords: Intracranial pressure; cerebral autoregulation; cerebral

blood flow; transcranial Doppler ultrasonography; fuzzy pattern

classification.

Introduction

In patients with acute cerebral diseases elevated in-

tracranial pressure (ICP) constitutes a frequent and se-

rious complication. Until now reliable monitoring of

ICP has only been provided by invasive methods such

as for instance the implantation of intraventricular

ICP probes. On the other hand, various approaches

have been made in the past to analyse the relationship

between ICP and parameters derived from cerebral

blood flow velocity (FV) and arterial blood pressure

(ABP) [1, 4, 6–8]. The authors previously introduced

a data based mathematical model in which a linear re-

lationship between selected hemodynamic parameters

(TCD characteristics) and the quotient ICP/ABP was

assumed [11, 12]. Since the introduction of the so-

called linear method of nICP assessment various clini-

cal studies have been performed in order to assess the

accuracy of this method and its potential benefit for

clinical application [13–15]. The results of these studies

showed that this procedure was generally able to visi-

bly assess ICP pulse waves, B waves, plateau waves [9,

10] and ICP trends. Furthermore, the mean absolute

di¤erence between non-invasively and invasively as-

sessed ICP was between 4 and 8 mm Hg depending

on the underlying population. However, there is a gen-

eral problem with this method: By definition the linear

nICP procedure depends on the relationship to the un-

derlying patients reference group which was used for

the model construction. Homogeneity of this group

with respect to defined clinical parameters increases

the accuracy of the model. For the same reason clinical

parameters of the patients reference and target groups

should be similar. Unfortunately, there are a lot of

varying parameters which might influence the relation-

ship between TCD characteristics and the ABP-ICP

relationship such as the underlying disease and its se-

verity, state of cerebral autoregulation (CA), arterial

CO2 pressure, cerebrovascular state, age and others.
* This study was supported by the Deutsche Forschungsgemein-

schaft (KL960/1-2).



These problems can be eliminated by the introduction

of fuzzy pattern method which could be used to

cover heterogeneous patient data by homogeneous

subgroups and to smoothly fit together locally defined

nICP estimators. Hence, the main objective of the cur-

rent study was to clarify the general feasibility of as-

sessing nICP by using a fuzzy pattern classification.

Materials and methods

Patient population

The investigations were performed on data of 103 traumatic brain

injured (TBI) patients (3–76 years, mean: 31G 16 years) treated in

Addenbrooke’s Hospital, Cambridge, UK. At the time of data

recording all the patients were sedated, paralyzed and mechanically

ventilated. No patient showed vasospasm (exclusion criteria was

MCA FV > 90 cm/s) nor evidence of stenosis of the intracranial or

extracranial arteries.

Monitoring

TCD measurements were taken by 2 MHz pulsed Doppler de-

vices (PCDop842, Scimed, Bristol, UK or Neuroguard,Medasonics,

CA). Flow patterns of the MCA were continuously recorded in the

hemisphere ipsilateral to the ICP measurement. Blood pressure was

measured with a standard manometer line inserted into the radial or

femoral artery. ICP was measured using implanted intraparenchy-

mal microsensors (Camino Laboratories, San Diego, CA, USA).

Such a way of monitoring was a routine clinical practice and did

not require separate Local Ethical Committee approvals at the time

of recording.

Computer – assisted recording

PC was used for recording and analyzing FV, ABP and ICP sig-

nals. The computer for signal recording was fitted with data acquisi-

tion systems (DTA2814, Data Translation, Marlboro, CA, USA).

The sampling frequencies used ranged from 25 Hz to 50 Hz. The

signals were recorded daily for the duration of 20–120 min. Home-

written software [16] was used for data recording.

Assessment of state of cerebral autoregulation

Ten-second time averaged values of FV, ICP, ABP, and CPP

(CPP ¼ ABP� ICP) were continuously calculated. The autoregula-

tion index Mx [5] was computed as the correlation coe‰cient of 36

consecutive samples of CPP and FV mean values. Positive associa-

tion between CPP and FV (Mx > 0) indicates passive dependence

of cerebral blood flow (CBF) on CPP. Zero or negative value of

Mx indicates CBF being independent on CPP, i.e. intact (or even

over-regulating) CA. The patients were stratified into two di¤er-

ent groups, one with unequivocally preserved CA (Mx < �0:2,

N ¼ 50), and the other with clearly impaired CA (Mx > 0.2,

N ¼ 53). Patients with equivocal results (�0:2 < Mx < 0.2) were

excluded from the study.

Non-invasive ICP assessment – linear procedure

The procedure is controlled by parameters called TCD character-

istics, which are derived from FV and ABP signals. They essentially

consist of coe‰cients of an ABP ! FV impulse response function

transformation and additional ICP related parameters such as

pulsatility index. The TCD characteristics are used to calculate the

ABP ! ICP impulse response function. The model assumes linear

relationship between TCD characteristics and the coe‰cients of

ABP ! ICP impulse response. This linear function constitutes the

essential part of the nICP assessment procedure and is constructed

using data recordings of FV, ABP and invasively assessed ICP from

a well-defined group of reference patients. In Fig. 1 a flow chart of

the nICP assessment is presented.

Non-invasive ICP assessment using fuzzy pattern classification

Fuzzy Pattern Classification method allows to analyze the inner

structure of a parameter space by means of identification of cluster

subsets [2, 3]. To each of these subsets a smooth membership func-

tion is assigned which is defined on the whole parameter space and

which expresses the a‰liations of the space points to this cluster set

in terms of fuzzy logic values, i.e. any value between 0 (no a‰liation)

and 1 (full a‰liation). A fuzzy pattern class consists of a cluster sub-

set and its associated membership function (Fig. 2a). By definition

classes are not sharply bounded and may overlap with other classes.

Applied to nICP assessment this method was used to classify the

sample space of TCD characteristics. On each of the classes a local

estimator of nICP (nICPi) was defined. The final nICP estimation

was achieved by assembling the local estimators (Fig. 2b). House

written software of Technical University (Fuzzy Toolbox; GWT,

Dresden, Germany) and Medical Centre Chemnitz [11] was used

for model construction.

The nICP was quantitatively compared to invasively measured

ICP using mean absolute errors (DICP) which were defined as

absolute values of ten-second averaged di¤erences ICP–nICP. Fuzzy

versions of sensitivity and specificity of distinction between in-

creased ICP (>20 mm Hg) and normal ICP (<15 mm Hg) were

defined as fuzzy sensitivity: ratio #(cases ICP > 20 mm Hg

and nICP > 18 mm Hg)/#(cases ICP > 20 mm Hg), and fuzzy

specificity: ratio #(cases ICP < 15 mm Hg and nICP < 17 mmHg)/

#(cases ICP < 15 mm Hg).

Fig. 1. nICP assessment procedure. From FV and ABP signals,

TCD characteristics consisting of an ABP ! FV impulse response

function, its coe‰cients divided by ABP, and PI and PL, are com-

puted. A linear transformation on the TCD characteristics gives

an estimation of the ABP ! ICP impulse response function, which

transfers ABP into the nICP signal. The rules of linear transforma-

tion have been formerly derived by a multiple regression analysis on

patients reference data
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Results

The nICP was calculated from data collected in 145

di¤erent recordings of 103 patients. Invasively assessed

reference ICP exceeded 20 mm Hg in 60 patients and

30 mm Hg in 25 patients with a mean (GSD) of

22G 13 mm Hg.

Three di¤erent fuzzy pattern classification models

were constructed and their results compared to results

of the linear nICP procedure. Twenty-nine TCD char-

acteristics (13 coe‰cients ABP ! FV IRF ftjg, 13

ratios tj/ABP, pulsatility index, pulse length, diastolic

FV) were used for nICP assessment by the linear pro-

cedure as well as for data classification in the fuzzy

pattern models.

Model 1: Twenty-seven classes were generated, 14 of

which were associated with intact CA and 13 with dis-

turbed CA data. On each class a constant nICP estima-

tor was defined as the mean ICP of all samples of the

underlying cluster set.

Model 2: Seventeen classes were generated. CA in-

formation was not evaluated. On each class a constant

nICP estimator was defined as the mean ICP of all

samples of the underlying cluster set.

Model 3: Three classes were generated. CA informa-

tion was not evaluated. On each class a linear nICP es-

timator was defined, calculated by a multiple regres-

sion process on the class data.

Mean nICP could be assessed by all models, while

nICP pulse waves could only be calculated by the lin-

ear procedure and by model 3. Accuracy was assessed

in terms of DICP using invasively measured ICP as ref-

erence. Compared to the linear model the three fuzzy

pattern models showed slight but not statistically

significant improvements of accuracy. In model 1

median of DICP was 5.68 mm Hg compared to

5.93 mm Hg in the linear model. Restricted to patients

with ICP below 30 mmHg the mean DICP (GSD) was

5.97G 4.68 mm Hg. The sensitivity and specificity

were 0.79 and 0.69 in model 1. In Table 1 an overview

of the results in the di¤erent models is provided. All

models had in common that trends of ICP changes

usually were repeated by the non-invasive assessment.

Examples of nICP assessments during ICP plateau and

B waves [9, 10] are shown in Fig. 3.

Discussion

In the studied fuzzy pattern classification models the

TCD characteristics were used as classifying parame-

ters in order to allow a direct comparison to the linear

Fig. 2. (a) Fuzzy pattern class in a two-dimensional parameter space. A fuzzy pattern class consists of the underlying cluster subset together

with a related smooth function of membership to the cluster set. The membership function may take on all values between 0 and 1. The class is

fuzzy in the sense that even values outside of the cluster set have non-zero grades of membership to it. (b) Assessment of nICP in a four-class

fuzzy pattern model. Frommeasured FV and ABP samples of TCD characteristics are calculated and their grades of membership to the classes

are expressed in terms of s1–s4. These are used to calculate nICP as the weighted sum of class-local estimators Y1–Y4. (PI pulsatility index; PL

pulse length, dFV diastolic FV)
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nICP assessment method. The results showed similar

accuracy of the linear and the fuzzy pattern models.

The highest accuracy of nICP assessment was achieved

in model 1 by using additional information about the

state of CA, although even the improvement on the

linear model was not statistically significant. Obvi-

ously, the classification of TCD characteristics did not

provide a clear potential of accuracy improvement.

However, the results may be interpreted as a prove

of the general feasibility of nICP assessment by using

fuzzy pattern models. Nevertheless, the question arises

whether improvements could be achieved by using

other types of classifying parameters. Fuzzy pattern

classification applied to nICP assessment provides a

great variety of di¤erent models. In the construction

of the current model we have not yet integrated for-

merly-mentioned clinical parameters such as patient’s

primary disease, arterial CO2 pressure, vascular state

and age. The reason was because the studied popula-

tion was rather homogeneous with regard to these

parameters, age being the only exception. Included pa-

tients su¤ered from TBI and were mildly hyperventi-

lated, patients with cerebral vasospasm and stenosis

had been excluded. It may be assumed that in a target

group with varying diseases and cerebrovascular irreg-

ularities the fuzzy pattern approach would be clearly

preferable. On the other hand the general question

arises for the potential of improvement of this data

driven model. Median DICP of almost 6 mmHgmight

appear to be much. However, it should be taken into

consideration that intraventricular or intraparenchy-

mal ICP assessment which is used as reference method

is erroneous as well. Moreover, implanted ICP probes

assess a local pressure value while Doppler ultransono-

graphic assessed FV is influenced by the pressure dis-

tribution in the whole MCA flow area. This constitutes

a systematic di¤erence between the invasive and the

non-invasive method. As a third point non-optimal

Table 1. Accuracy of nICP assessment in the linear model and in fuzzy pattern models

nICP model Median

DICP

[mm Hg]

Mean DICP

for ICP < 30

[mm Hg]

Mean

DICP

[mm Hg]

Fuzzy

sensitivity

Fuzzy

specificity

Standard

deviation

of ICP-nICP

Linear model 5.93 6.05G 4.13 7.98G 7.59 0.66 0.71 10.38

Fuzzy pattern model 1 5.68 5.97G 4.68 7.50G 6.44 0.79 0.69 9.67

Fuzzy pattern model 2 5.87 5.68G 4.00 7.86G 7.06 0.75 0.59 10.08

Fuzzy pattern model 3 6.09 6.48G 4.39 7.67G 6.31 0.73 0.67 9.71

Median DICP, meanG standard deviation of DICP of all patients and of those with ICP < 30 mmHg, as well as fuzzy sensitivity and specific-

ity were evaluated. The fuzzy pattern models showed similar accuracy of nICP assessment as the linear model. Results of model 1 were slightly

better than in the linear model. Mean values of DICP did not di¤er significantly in the di¤erent models.

Fig. 3. Curves of nICP, ICP, ABP, and FV assessed by fuzzy pattern model 1. In a) nICP was assessed during generation of an ICP plateau

wave. The e¤ect of ABP signal artefact during disconnected arterial line to nICP can be observed at the end of nICP plateau; b) shows corre-

sponding B waves of ICP and nICP with slightly reduced nICP dynamics
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insonation angles during Doppler measurements may

cause serious ICP estimation errors. Due to these ef-

fects it seems unlikely that a median DICP of less than

5 mm Hg could ever be achieved. However, consider-

ing the procedure’s property of properly reflecting the

invasively measured ICP trends, the current accuracy

appears su‰cient for clinical usage of the nICP assess-

ment method.

An important point of fuzzy pattern classification is

that it allows the coverage of heterogeneous patient

data by homogeneous data subsets and locally defined

nICP estimators. Besides a possible accuracy improve-

ment this modular structure facilitates continuous ad-

dition of new patient data without a¤ecting validity of

the complete model. The modular structure, therefore,

supports the ability of the model to learn.

Conclusion and outlook

Fuzzy pattern classification provides a promising

nICP assessment method for the application in hetero-

geneous patient groups. In currently ongoing investi-

gations models are constructed which include patients

with vasospasm.
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Summary

The Noninvasive ICP (Intracranial Pressure) Monitoring System

NIP-200/210 has been used in several hospitals with more than 2000

patients since March 2002. It is based on the N2 wave response to

flash visual evoked potentials (FVEP). According to our data, the

mean latency period for the FVEP-induced N2 wave in healthy con-

trols was 126.61G 14.64 ms, in which that of females was shorter

than that of males (123.95G 10.345 ms vs. 130.75G 14.632 ms;

p < 0:05). There was no significant di¤erence between the left or

right side response (126.71G 14.91 ms vs. 124.468G 15.043 ms,

p > 0:05). No significant di¤erence in latency was found across age

groups in our patient pool. In general, the N2 wave was stable and

easily identified in most of the patients or healthy controls. When

the data obtained with the NIP-200/210 Noninvasive ICP Monitor-

ing System was compared with that from invasive techniques, the re-

sults were quite consistent (correlation index 0.651–0.97, standard

error 8–15%). From our clinical trial results, we conclude that the la-

tency periods for the FVEP-induced N2 wave reflected ICP values.

However this technique is not suitable in patients with bifrontal hem-

atoma, retinal concussion, or contusion of the optical nerve, because

an FVEP value cannot be measured accurately in these cases. In our

clinical trials, we used the FVEP technique to determine the e¤ective-

ness of mannitol in decreasing the ICP. The data revealed that ICP

values decreased significantly within 20 minutes after a mannitol

injection, and reached a minimum level at 40 minutes. For a single

bolus of mannitol, the duration of the ICP decrease ranged from

30–210 minutes. Elevated ICP is one of the most important clinical

issues in neurosurgery and neurology. The present noninvasive

technique is safe and easy to perform, with a minimal risk of compli-

cations.

Keywords: Intracranial pressure; monitoring; visual evoked poten-

tial.

Introduction

Intracranial hypertension is an acute, severe symp-

tom in nervous diseases and is one of the most com-

mon direct causes for a patient’s death. Thus, a key

step for rescuing such patients is to monitor their intra-

cranial pressure promptly and accurately, and to de-

liver e¤ective treatment.

Currently, there are various ICP monitoring meth-

ods used in clinical practice, but most of them are inva-

sive. Although the invasive methods can measure ICP

with relative accuracy, these methods require sophis-

ticated technology and complicated procedures, and

often induce additional complications such as intracra-

nial infection, leakage of cerebrospinal fluid and intra-

cranial hemorrhage. Their application is thus limited,

and currently in most of the hospitals in China, doc-

tors assess ICP levels through by clinical observation,

which can result in the inappropriate usage of dehy-

drating agents. It is imperative to find a noninvasive

technique for monitoring ICP in order to incorporate

this factor into the clinical diagnosis.

Flash visual evoked potential (FVEP) can accu-

rately reflect injuries of the visual pathway. Because

the latency period for FVEP is prolonged in parallel

with increases in ICP, a study was designed to apply

both FVEP and invasive methods to the monitoring

of ICP in patients, and to analyze the correlation and

consistency between these methods. The feasibility of

FVEP as a noninvasive means for monitoring ICP is

discussed.

Clinical data and methods

Clinical data

Subjects: 152 participants in this study (89 males and 63 females)

were enrolled from patients in the Department of Neurosurgery be-

tween March and April 2002 who had signed informed consent

forms. Blood pressure, respiration rate, heart rate and body temper-

ature were recorded for each patient, and tests of consciousness,

pupil size and response to light were carried out before determining

blood pressure. For patients under treatment with diuretics or anes-

thetics, the dosage and the schedule (day, hour) of these medications

were recorded.



The following criteria were used to exclude patients from this

study: (1) bilateral visual pathways under pressure from a hypophy-

seal tumor; (2) hypoxia (O2 saturation less than 95%); (3) obvious

liver dysfunction (abdominal dropsy, severe hypoproteinemia, jaun-

dice); (4) uremia; (5) severe acidosis; (6) diseases obviously a¤ect-

ing the visual acuity, such as severe cataracts, glaucoma or optic

atrophy.

Methods

Instruments: the NIP-200 noninvasive ICP monitoring system

(produced by Chongqing HaiWeiKang Medical Instrument Co.,

Ltd) was used to induce the flash visual stimulation.

Method: According to the operating instructions for the monitor,

the sunflower-shaped galactic disk electrodes (8 mm in diameter)

were placed 3 cm above the occipital tuberosity separately on the

left and right sides, the reference electrode was located on the midline

of forehead hairline, and the ground electrode was located on the

glabella. The impedance between the electrodes was lower than

50 kW. The FVEP stimulation was produced by a light emitting di-

ode array that was arranged in a pair of LED light glasses; dispersed

yellow light was emitted in a pulsed-wave mode that was triggered by

computer. The brightness of light glasses was 20000 cd/m2.

Invasive examination: either the lumbar puncture method or the

cerebral epidural manometric method (LCY-3.10 intelligent intra-

cranial pressure monitor) were carried out to measure the pressure,

depending on the diagnosis and condition of the individual patients.

All invasive examinations were performed after carrying out the

FVEP.

Statistical analysis

All data were expressed as meansG standard deviation, and were

analyzed with a paired t-test and linear correlation analysis using

SAS 6.12 software.

Results

A total of 152 patients were examined, including 89

males and 63 females, with an average age of 45 years

(13–82 years). The indications included: 32 cases with

cerebral hemorrhage, 27 cases with subarachnoid hem-

orrhage, 24 cases with meningitis, 16 cases with brain

trauma (subdural hematoma, contusion and laceration

of brain, etc.), 9 cases with brain tumor, 8 cases with

hydrocephalus, and 36 cases with various other indica-

tions (cerebral infarction, benign intracranial hyper-

tension, encephalitis, headache, etc.).

Recognition of the FVEP waveform

Figure 1a shows the FVEP waveform of a normal

person, where the waves that appear below the base-

line are negative waves (Negative, N). N126 is the

large peak that occurs early on: it is stable and easy to

distinguish, so the latency period of the N126 wave

in NIP-200 noninvasive ICP monitoring system was

adopted as a baseline reflecting the indices of ICP

changes. Figures 1b–d show the FVEP waveforms for

intracranial hypertension patients.

Comparisons between the results from FVEP and those

of the invasive ICP methods

(1) Figure 2 displays the results for a correlation anal-

ysis of the ICP values showing a linear correlation

between FVEP and the invasive methods, with a

correlation coe‰cient (r) of 0.97. This indicates

that the ICP values from the FVEP examination

are remarkably well correlated with those from

the invasive methods.

(2) A paired t-test gives a t-value of 0.37, which dem-

onstrates there is no significant di¤erence between

the results from noninvasive and invasive ICP ex-

aminations ( p > 0:05).

(3) The average relative error (d) for the FVEP ICP

values from the non-invasive ICP technique is

13.2%. 95% confidence limit for prediction is

around 8 mm Hg.

There were no patterns in the alterations of the N126

wave amplitude, and there are no correlations of the

amplitude with the ICP.

Discussion

The FVEP reflects the integrity of the visual path-

way from the retina to the occipital lobe cortex [1, 2].

When the ICP increases, ischemia and anoxia are in-

duced in the neurons and nerve fibers and the level of

lactic acid increases, which results in a decrease in cer-

ebrospinal fluid pH and elicits a nerve conduction

blockade. The conduction velocity of the electrical sig-

nal decreases so as to prolong the latency period of

FVEP peak, which is positively correlated with the

ICP level. Based on this mechanism, it should be valid

to employ FVEP as an indicator of changes in the ICP.

Furthermore, FVEP is less a¤ected by visual acuity

and can easily be performed for patient monitoring

without their active cooperation, for example, includ-

ing patients with severe diseases and especially in co-

matose patients.

Changes in the FVEP waveform accompanying ICP

increases

We have adopted the general international conven-

tions for naming the waveform, and the portion above
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the baseline is referred to as a negative wave N. A

review of the literature (2–9) shows that various re-

searchers use di¤erent names to refer to the waveforms

that reflect ICP changes, such as N2, N3, P1, P2, P100

wave, etc. The reasons for these di¤erences may be

related to the instruments, the use of di¤erent conven-

tions for positive vs. negative waves, delays in the in-

strument’s response time, di¤erent times to commence

sampling, etc. For example, the N2 and N3 waves

could refer to the same signal on di¤erent FVEP in-

struments. In order to facilitate comparisons of these

findings, we propose that a typical graphic output for

the instrument used should be included in publications

in this field, and also the adoption of a standard peak

to establish a benchmark for latency times, such as the

N125 peak. In our preliminary experiments (manu-

script in preparation), we have adopted the N125

wave latency period for the NIP-200 noninvasive ICP

monitoring system as an index for changes in the ICP.

As seen from Figures 1b–d, the latency period for

the N126 peak is prolonged with increases the ICP,

and there is a linear correlation with these ICP values,

but there were no patterns in the wave amplitude

changes. The results of this study also showed that

when the ICP exceeded 900 mmH2O, the FVEP dis-

played 2 large waves (double peaks), as shown in Fig-

ure 1d, of which the N126 should be the latter peak. A

dying patient’s FVEP wave shows a similar change.

The correlation analysis of FVEP and ICP

Correlations between the FVEP and ICP have al-

ready been reported by researchers from di¤erent

parts of the world. Donald et al. [3] used FVEP and

Fig. 1. (a) FVEP of a normal person. The marker is the N126 wave, showing that the average ICP is 126.5 mmH2O. (b) FVEP of a patient with

cerebral hemorrhage. The latency period of N126 is prolonged (147.25 ms). The FVEP indicates an ICP of 363 mmH2O, while the cerebral

epidural pressure is 380 mmH2O. (c) FVEP of a patient with a subarachnoid hemorrhage. The latency period of the N126 peak is 155.91 ms.

The average ICP from FVEP is 400 mmH2O, while the pressure from lumbar puncture is 375 mmH2O. (d) FVEP of a patient with a cerebral

hemorrhage (hemorrhage volume is about 80 mL, patient is deceased). The FVEP displays double peaks; the marker indicates the N126 wave,

and the average ICP of noninvasive methods is 741.5 mmH2O
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the subdural ICP monitoring technique to conduct a

comparative study of the patients with hydrocephalus

and brain trauma. They discovered that the N2 latency

period increased continuously in tandem with ICP in-

creases, and the N2 latency period showed a positive

correlation with ICP and a negative correlation with

cerebral perfusion pressure. York et al. [4] obtained

the same results, and suggested that FVEP could be

used to examine the ICP in patients with hydrocepha-

lus and brain trauma. They proposed that the prolon-

gation of the latency period was related to a drop in the

blood flow and oxygen pressure in the brain.

Burrows et al. [5] also confirmed this relationship in

extracorporeal circulatory support in infants. Liu Jian-

jun et al. [6] studied the correlation between FVEP and

brainstem auditory evoked potentials (BAEP) with

ICP using the acute ICP rabbit model, and discovered

that the latency periods for the N2 and P1 waves in the

FVEP were positively correlated with increases in ICP,

but there was no obvious correlation between BAEP

and ICP. Our findings also indicated that the ICP

values obtained from FVEP were remarkably well cor-

related with those from invasive methods, with a corre-

lation coe‰cient (r) of 0.9. The paired t-test across

both methods proved that the di¤erence has no statis-

tical significance ( p > 0:05), and the average relative

error is only 13.22%.

At present, there are many studies of noninvasive

ICP monitoring methods, including the relatively ma-

ture methods such as FVEP, TCD, etc., and anterior

fontanelle can be used in infants [1, 2, 10]. Compared

with other methods, FVEP itself is an e¤ective means

for monitoring brain function and doing follow-up

with seriously injured patients.

Both our findings and other literature reports indi-

cate a good linear correlation between the prolonga-

tion of the FVEP peak with changes in ICP, and

FVEP has the advantages of being simple, rapid, and

convenient for bedside use. Thus, it is strongly recom-

mended for clinical practice as a noninvasive ICP

monitoring method to inform the design of treatment

strategies. We have used the NIP-200 noninvasive

ICP system to monitor dynamically a number of pa-

tients with intracranial hypertension, and subsequently

obtained significant results (manuscript in prepara-

tion). However, there remain several important issues

to be resolved before FVEP-based ICP noninvasive

monitoring is ready for wider application, including

enhancements in the accuracy, analysis of potential

variations in the FVEP wave with di¤erent clinical in-

dications, and recognizing and controlling any other

factors that may influence the FVEP-based ICP system

as a noninvasive monitoring method.
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Summary

A new absolute ICP (aICP) measurement method was designed

which does not need calibration. In this study we compared a new

method with invasive aICP method in ICU on the patients with

closed severe traumatic brain injury.

A new method is based on two-depth TCD technique for aICP

and external absolute pressure aPe comparison using the eye ar-

tery (EA) as natural ‘‘balance’’. The intracranial segment of EA

is compressed by aICP and the extracranial segment is compressed

by aPe applied to the tissues surrounding the eye. The blood flow

parameters in both EA segments are approximately the same when

aPe ¼ aICP. Two-depth TCD device is used as an indicator of bal-

ance aPe ¼ aICP when the pulsatility index of blood flow velocity

waveform in intracranial and extracranial segments are the same.

Fifty seven simultaneous invasive and non-invasive aICP mea-

surements were performed in aICP range from 3.0 to 37.0 mmHg.

Bland Altman plot of the di¤erences between simultaneous invasive

and non-invasive aICP measurements shows the negligible mean

di¤erence (mean ¼ 0.94 mmHg) with a standard deviation of

6.18 mmHg.

This validation study shows that it is possible to measure aICP

non-invasively without calibration of the system with 95% confi-

dence interval of 12 mmHg.

Keywords: Non-invasive absolute intracranial pressure; calibra-

tion; transcranial Doppler; traumatic brain injury; eye artery.

Introduction

Most of existing absolute intracranial pressure

(ICP) measurement is usually invasive. It would be

very helpfull to measure absolute ICP without implan-

tation of invasive transducers into the human brain [1].

Non-invasive absolute ICP measurement is extremelly

important for the early diagnosing of a brain injury in

emergency cases, for military and aerospace medicine

and for a lot of other applications outside intensive

care unit (ICU). It is expected that the non-invasive

absolute ICP measurement technology could provide

a solution to some of the problems associated with the

current invasive ICP monitoring. The problems in-

clude the increased risk of infection, limitations on the

duration of invasive ICP monitoring, delays in ob-

taining ICP diagnosis in emergency due to the need of

implanting the sensors.

Non-invasive techniques for the measurement of

ICP were reported as early as 1966 in newborns and

infants. Because these techniques rely on an open fon-

tanelle, they are not applicable in older children and

adults. Other methods of non-invasive ICP mea-

surement attempt to find the biophysical objects or

physiological characteristics that would be related to

the ICP and that could be measured or monitored

non-invasively. Some of the proposed non-invasive

technologies are based on dielectric properties [9] of

cranium or intracraniospinal structures. Most of pro-

posed approaches are based on ultrasonic measure-

ments of ICP through the associated physiological pa-

rameters such as skull diameter, blood flow parameters

in intracranial or intraocular vessels, pulsations of ce-

rebral ventricles, acoustic properties of the cranium,

skull bones, transintracranial parenchymal acoustic

path, brain tissue resonance parameters, etc. [2, 3, 11,

12, 14, 15]. Very promissing for absolute ICP measure-

ment is dynamic magnetic resonance imaging (MRI)

technique [7]. Other approaches include tympanic

membrane displacement [8], ophthalmodynamometry

[4], quantitative pupillometry [13], othoacoustic emis-

sion [15], pulsatility of the ocular circulation [5], pre-

diction of ICP based on transcranial Doppler (TCD)

and arterial blood pressure (ABP) simultaneous mea-

surements [10].



However, there are a few common problems limit-

ing the introduction of the proposed methods into clin-

ical application:

1. Biophysical object: which biophysical parameter

of what object inside the human cerebrospinal system

could be a stable and a repeatable function f of abso-

lute ICP, i.e., f ðaICPÞ?
2. Functional dependence f ðaICPÞ: is that function

linear and independent of such influential factors as

ABP, cerebrovascular autoregulation impairment, an-

atomical and physiological individuality of the patient,

etc.?

3. General individual calibration problem: how to

calibrate the system ‘‘individual patient – non-invasive

ICP meter’’ non-invasively?

Current clinical studies failed to solve these prob-

lems.

Calibration is a metrological term. By definition a

calibration is determination of the correct value of

measuring instrument by comparison with a ‘‘golden

standard’’ instrument which is much more accurate.

Non-invasive absolute ICP ‘‘golden standard’’ does

not exist therefore the non-invasive calibration of the

system ‘‘individual patient – non-invasive ICP meter’’

is impossible. This is the main reason why it is im-

possible to apply the existing approaches to non-

invasive ICP measurement for creation of reliable

non-invasive absolute ICP meter. The only solution of

non-invasive absolute ICP meter’s calibration problem

is to apply for aICP measurement the direct compari-

son of aICP and absolute extracranial pressure aPe [6]

by the natural physiological ‘‘scales’’, preliminary bal-

anced by human anatomy (Fig. 1 a).

The objectives of this study were to show that the

eye artery (EA) can be applied for non-invasive abso-

lute ICP measurement as a pressure transducer and

natural ‘‘scales’’, to show that special two-depth TCD

technology is suitable for the pressure balance indica-

tion of natural ‘‘scales’’ and also to show that pro-

posed pressure balance method (Fig. 1 a, b) does not

need calibration of the system ‘‘individual patient –

non-invasive absolute ICP meter’’.

Material and methods

In order to test our hypothesis about possibility to use the natural

‘‘scales’’ based on two EA segments for aICP measurement without

calibration an anatomical study, numerical simulation and clinical

validation study have been performed.

Anatomical study

In order to determine the technical requirements for specially de-

signed compact battery powered two-depth TCD device (HemoPilot

R2) for aICP measurement application we performed an anatomical

study of the eye arteries. Study population was 34 cadavers, 67 eyes,

25 male and 19 female, mean age 23 years (8 months . . . 60 years).

We determined the following parameters:

– diameters of EA: right 1.6G 0.5 mm, left 1.5G 0.5 mm,

– lengths of the optic nerve canal: right 7.2G 2.5 mm, left

6.7G 2.4 mm,

– distances between internal carotid artery and dura mater crossing

point by EA inside optic nerve canal: right 6.2G 2.2 mm, left

5.5G 2.3 mm.

The anatomical study shows that intracranial segment of EA af-

fected by aICP is long enough for TCDmeasurements with standard

TCD volume 3.0 mm. Anatomically identified distance between two

TCD depths is from 4.5 to 5.0 mm. The typical depth of EA extra-

cranial segment is from 36 mm to 40 mm and the typical depth of

EA intracranial segment is from 46 mm to 53 mm. These anatomical

findings were used for a numerical simulation of the pressure balance

method and for the validation study in ICU.

Numerical simulation of absolute ICP value measurement method

The purpose of numerical simulation was to analyze the possible

systematic error of the proposed non-invasive aICP measurement

method and to show that this method does not need the individual

calibration of the system ‘‘individual patient – non-invasive ICP

meter’’.

The mathematical model of blood flow in the EA is based on the

equations resulting from the Navier-Stokes theory (pulsatile incom-

pressible flow in a flexible tube).

The mathematical model of pulsating blood flow through the EA

is based on the assumptions that the behaviour of EA and blood flow

is axis-symmetric and that ABP is constant across the artery. There-

fore, blood flow can be modelled by one-dimensional equations re-

sulting from the integration of three-dimensional non-compressible

Navier-Stokes equations over the cross section of EA. The artery is

considered as an axis-symmetric elastic tube. As a result, time evolu-

tion of blood volume yield in the artery is described by a system of

continuity and momentum equations as follows:

qA

qt
þ qQ

qz
¼ 0 ð1Þ

qQ

qt
¼ �A

r

qp

qz
� 8pm

rA
Q� q

qz

Q2

A

� �
ð2Þ

where t is time, z is the axis along the EA, Aðz; tÞ is the inner cross-
section area of the EA, Qðz; tÞ is the blood volume yield, pðz; tÞ is an
ABP, m and r are the blood viscosity and density, respectively.

The system is completed by the equilibrium equation of forces act-

ing on the arterial wall:

p� pouter ¼ M
q2r

qt2
þ g

qr

qt
þ pelastic þ T

q2r

qz2
ð3Þ

where rðz; tÞ is the inner radius of the artery, pouter – pressure acting

on the outer wall of the artery and is a function of z, M is related to

the density of the the wall, Tðr; zÞ – longitudinal tensile force, g is the
damping coe‰cient for wall motion, pelastic is pressure created by the

elastic force of the arterial wall and is defined as follows:

pelastic ¼ p0 exp k
A� A0

A0

� �
ð4Þ
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where r0 is the artery inner radius, while arterial pressure is p0 and

kðzÞ is arterial sti¤ness.
The simulation area is divided into three segments: intracranial,

inside the optic nerve canal and extracranial. That defines the di¤er-

ent outer pressures: pouter ¼ aICP inside the brain, pouter ¼ aPe.

Under assumption that the EA does not pulsate inside the optic

nerve canal, the inner radius of the EA inside that canal is constant.

As a result, the equilibrium equation (3) is not solved inside the

optic nerve canal. All segments are coupled during calculations.

Boundary conditions are defined by inlet pressure pin(t) or blood

yield Qin(t). Results of numerical simulation are presented in

Fig. 2. It is shown on Fig. 2 a and b, that the ICP dependent system-

atic error of the proposed non-invasive method is within limits

[�3.0 . . .þ1.0] mmHg when the aICP values are within clinically im-

portant limits [10 . . . 40] mmHg. The calculated absolute systematic

error is small enough and it is not important in clinical practice. This

result confirms that the proposed method of two EA segments pres-

sure balancing could be used for aICP measurement without a cali-

bration problem. It is important to notice that the pressure balance

aICP ¼ aPe is not a¤ected by changing EA blood flow parameters,

by changing vascular resistances of the EA or the eye, by absolute

values of ICP or Pe and by individual anatomy of patient.

Clinical study

In order to validate the proposed aICP measurement method the

clinical study of simultaneous invasive and non-invasive aICP mea-

surements has been performed under neurosurgical ICU conditions.

The main goal of the study was to determine the systematic error of

non-invasive method compared with the invasive method. In order

to minimize the systematic errors of invasive ICP monitor (Codman

ICP Express) the simultaneous invasive and non-invasive aICP

measurements were performed as soon as possible after implantation

of invasive ICP transducers. Study population was: pathology –

Fig. 1. Innovative non-invasive method for absolute ICP (aICP) measurement: (a) preliminary balanced ‘‘scales’’ as an aICP measurement

instrument without calibration problem, (b) structure of proposed non-invasive aICP meter
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closed severe traumatic brain injury 100%, 57 male/female 37/20,

age mean 27.6 (18–70 years), implanted invasive ICP transducers.

The results of clinical study are summarized in Fig. 3. Probability

mass function p(D) (Fig. 3 a) of the di¤erence between simultaneous

invasive and non-invasive aICP measurements shows negligible

systematic error mean ¼ 0.939 mmHg of the di¤erence D ¼
ICPi� ICPn between invasively (ICPi) and non-invasively (ICPn)

measured absolute ICP values. The hypothesis on zero value of

di¤erences between invasive and non-invasive measurements can

be proved by t-test statistics |T| ¼ 1:1471 < 2:0. Bland Altman plot

(Fig. 3 b) of simultaneous invasive and non-invasive aICP measure-

ments shows that the negligible systematic error (solid line on Fig. 3

b) practically does not depend on absolute ICP in the tested aICP

range. That is the evidence that proposed non-invasive absolute

ICP measurement method does not need the correction of negligible

systematic error, i.e., does not need calibration. That was predicted

by mathematical modeling and numerical simulation.

The random error (Fig. 3) of clinical data (SD ¼ 6.18 mmHg) are

caused by both invasive and non-invasive meters. The random error

of non-invasive aICP is mainly because of limited resolution and ac-

curacy of two-depth TCD device. That is a new challenge for two-

depth TCD technology development. Twice value of the standard

deviation gives the predicted 95% confidence limit for prediction of

invasive ICP around 12 mmHg.

The results of the clinical study support our hypotheses that the

balance between aICP and aPe applied to the eye can be achieved

and identified applying two-depth TCD technology with clinically

non-significant systematic errors of non-invasive aICP measurement

and with relatively small 95% confidence interval.
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Summary

Objectives. We report on using a computational (finite element)

model to simulate a human skull-brain structure to quantify the

distortion of brain.

Methods. We simulated various e¤ects of brain haematoma

causing the distortion of brain. Midline shifts of the human brain in

relation to size and location of haematoma were compared with the

theoretical prediction.

Results. Prediction of midline shifts in lobar space-occupying le-

sions was more accurate that in deep-seated ones (such as thalamic

lesions).

Discussion. More accurate boundary conditions of space-

occupying lesions and better knowledge of physical materials prop-

erties of brain tissues can improve predictions of brain deformation

using mathematical models.

Keywords: Cerebral hemorrhage; simulation; finite element

method; brain shift; space occupying brain lesion.

Introduction

Frameless neuronavigation has proven its usefulness

in neurosurgical operation for accurate spatial delinea-

tion. However, it su¤ers from the inaccuracy caused by

the intraoperative brain shift. Mathematical under-

standing and correction of brain shift would be there-

fore useful.

Neuro-surgical CT andMRI scan images of patients

can now be imported into our contour digitization pro-

gram. This program has been modified to take up the

DICOM 3 format, which is a common format for med-

ical image transfer.

The finite element model software fromUnigraphics

is the same as the ‘Nastran’ FEA software, except that

it has better user interface. The modeling of a human

skull using this kind of method for a specific patient

has not been reported in the literature so far.

Method

After image extraction, the skull, the left and right hemispheres

and the haematoma are all separately extracted as independent ob-

jects. The boundary condition for the FEAmodel presumes the inner

boundary of the skull being a rigid support structure. The nodes on

this area are all constrained in the displacement and rotation in all 6

degrees of freedom. When the haematoma is located inside one side

of the brain, the model is only built for that side. The other side is

extracted and processed as a reference for comparison.

The co-ordinates of outline of the extracted haematoma are used

to compute the location of its mass centroid. A circular seed is used

to model the growth of the haematoma. A loading in a constant

and uniform form is applied as the initial loading conditions for the

analysis.

The physical material properties of a human brain can be found

readily in the literature [1, 2] and they were summarized in the Table

1 below. The Young modulus taken for the calculation is probably

appropriate for dead brain, without volume of circulating blood

which can be easily displaced outside craniospinal system. This vol-

ume makes the compliance of ‘living’ brain much lower than ‘dead’

incompressible brain. Therefore the value of the Young modulus in-

tuitively should be lower for the living brain. Unfortunately, there is

no data concerning such a modification in the literature (editorial

comment).

The FEA model generated with 3D mesh using the contour out-

lined previously. For the simplicity in the calculations, the whole

model was treated as a 5 mm thick solid in our investigation.

After validating the method described above, the variations of the

Table 1. Physical parameters used in the Finite Element Analysis

(FEA) model

Physical Parameters of Brain

Young’s Modulus (N/m2) 2.52357� 105

Poisson ratio n 0.48

Mass density (kg/m3) 1.007� 103

FEAModel Characteristics

Element Type 3 mm Tetra

Diameter of tumour seed (mm) 10

Initial Loading on seed (mN) 1� 106



shape of the mid-line shifts as a function of haematoma sites were

studied. This was achieved by repositioning the seed to various posi-

tions. To cover most of specific cases found clinically, we decided to

pick 9 representative positions for our calculations. They are de-

picted as positions P1 to P9 as shown in Fig. 1. Two clinically useful

positions were also studied. They are haematoma in thalamus and

putamen.

Result

The maximum displacements in the model and the

corresponding maximum percentage strain energies

for all the 11 di¤erent cases were summarized in Table

2.

We also studied the e¤ect of changing the size of

the haematoma on the maximum mid-line shifts. The

goodness of fit of the relationship was shown graphi-

cally in Fig. 2. The variations of the maximum mid-

line shifts followed a linear correlation with a linear

proportional constant of 0.89 mm increase in mid-line

shifts for every 100 mm2 increase in size of the space-

occupying lesion. The space-occupying lesion sizes

were measured by graphical method from the pre-

sented output of the FEA software. The accuracy

was about G0.1 mm since the used a pixel scale was

0.208 mm.

Conclusion

Using Nastran, a linear structural finite element

analysis software, computed model can be validated

by comparing simulations and clinical results. The

boundary conditions and the method of building the

brain model were both adequate for the FEA com-

putation.

For large size of space-occupying lesions within

40 mm diameter, the human brain basically behaves

as a linear elastic solid model. The mid-line shifts can

be predicted to sub-mm accuracy in our method with-

out having to go to elaborate 3D model of the whole

brain.

From the results, we can conclude that the locations

and sizes of the space-occupying lesions were the ma-

jor factors that dominated the magnitude and shape

of brain mid-line shifts. The results also suggested

that the idea of utilizing a finite element approach to

interpret the midline shifts in the presence of large

space-occupying lesion have considerable merit. It

will lead to the development of quantitative models

that could predict brain shifts during operations,

Fig. 1. The positions of the seed used in this study

Table 2. The maximum shifts along the midline line for the 11 cases

Calculated Cases Max Displacement (mm) Strain Energy (%)

Haematoma 16.82 1.331

P1 16.66 0.592

P2 16.90 0.578

P3 22.11 0.770

P4 16.23 0.624

P5 16.95 0.672

P6 20.32 0.670

P7 16.87 0.679

P8 16.28 0.651

P9 21.37 0.855

Thalamus 19.27 0.906

Putamen 28.25 0.872

Fig. 2. The linear correlation between the sizes of the space-

occupying lesion and the maximum mid-line shifts of the human

brain was shown in this plot
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which is a very important tool for 3D navigated brain

surgery in the 21st century.

References

1. Hickling R, Wenner ML (1973) Mathematical Model of a head

subjected to an axisymmetric impact. J Biomechanics 6, 115–132

2. Charalambopoulos A, Dassios G, Fotiadis DI, Massalas CV

(1998) Mathl Comput Modelling 27(2): 81–101

Correspondence: W. S. Poon, Department of Surgery, Prince of

Wales Hospital, Shatin, New Territories, Hong Kong SAR, China.

e-mail: wpoon@surgery.cuhk.edu.hk

The correlation of midline shifts of human brain with large brain haematoma using a finite element approach 365



Acta Neurochir (2005) [Suppl] 95: 367–370

6 Springer-Verlag 2005

Printed in Austria

Clinical study of continuous non-invasive cerebrovascular autoregulation
monitoring in neurosurgical ICU

A. Ragauskas1, G. Daubaris1, V. Petkus1, V. Ragaisis2, and M. Ursino3

1Kaunas University of Technology, Kaunas, Lithuania

2Kaunas Medical University Neurosurgical Clinic, Kaunas, Lithuania

3University of Bologna, Bologna, Italy

Summary

Ultrasonic ‘‘time-of-flight’’ monitor (Vittamed) was used for con-

tinuous monitoring of intracranial blood volume (IBV) pulse, respi-

ratory, slow waves and cerebrovascular autoregulation (CA). The

objectives are to compare of invasively and non-invasively moni-

tored slow intracranial waves and CA of ICU patients and to evalu-

ate the phase shift between ABP and IBV respiratory waves as a pos-

sible estimator of CA.

CA monitoring has been performed in 13 patients with severe TBI

(age mean/range 30.5/(18–64)). Data were collected from 87 one-

hour sessions of simultaneous invasive and non-invasive wave mon-

itoring and from 53 one-hour sessions of invasive and non-invasive

CA monitoring.

High correlation (R > 0.9) has been obtained between invasively

and non-invasively recorded intracranial slow waves. Bland Altman

di¤erence between invasively and non-invasively recorded intra-

cranial slow waves is clinically not significant (mean ¼ �0:07,

SD ¼ 0.089, a ¼ 0:05). Agreement has been confirmed between

invasive and non-invasive CA monitoring data in a wide range of

R ¼ [�0.85; þ0.96]:

Hypothesis of the coincidence of invasive and non-invasive CA

assessment is accepted (p < 0.05).

Phase shift monitoring of permanent respiratory ABP waves and

IBV waves permit continuous non-invasive CA estimation without

unnatural physical or pharmacological stimulations of CA system.

Keywords: Traumatic brain injury; ICP; ABP; slow waves; cere-

brovascular autoregulation; non-invasive monitoring.

Introduction

It is assumed that a negative correlation or the phase

shift close to 180� in the time courses of ‘slow waves’

(0.03 Hz to 0.008 Hz) of CBF and CPP reflects an

active change in cerebrovascular resistance and there-

fore an intact CA system [2, 3, 5]. A positive correla-

tion or the phase shift close to zero of CBF and CPP

shows a non-reacting cerebral vessels and impaired

CA system [2, 3, 5].

Control of CA in order to prevent secondary brain

insults and to guide ICP/CA targeted therapy requires

continuous uninterrupted and real-time CA monitor-

ing. Transcranial Doppler (TCD) technology together

with non-invasive ABP wave monitoring has been pro-

posed for non-invasive CA assessment [5].

A convenient way to assess CA continuously under

ICU conditions is to monitor the moving Pearson’s

correlation coe‰cient between invasively measured

ABP and ICP waves [2, 8] at B wave frequencies [4].

It is necessary to note that the moving Pearson’s corre-

lation coe‰cient in the case of CA monitoring reflects

the cosine of phase shift between the waves under com-

parison (þ1 is equivalent to 0 degrees phase shift,�1 is

equivalent to 180 degrees phase shift). The limitation

of slow B wave moving correlation method are the in-

termittent nature of B waves. Moving averaging of

monitoring data in order to reduce the uncertainty of

CA estimation is the cause of 3 min to 10 min instru-

mental delay between actual CA changes and the re-

flection of such changes in the CA monitoring [2].

Such a data delay time can be di‰cult in the acute

patients.

ABP and ICP respiratory waves are permanent and

up to 10 times more frequent comparing with slow B

waves. The main advantage of natural or ventilatory

supported respiratory wave application for CA assess-

ment is the possibility of continuous uninterrupted CA

monitoring with up to 10 times shorter monitoring

data delay comparing with B wave method.

Slow, respiratory and pulse ICP waves are the

consequences of the variations of intracranial blood

volume (IBV). All IBV waves can be monitored con-



tinuously, non-invasively and in real-time applying

ultrasonic ‘‘time-of-flight’’ technique [6, 7].

The aim of this study was to verify clinically contin-

uous CA monitoring on neurosurgical ICU patients

with severe TBI. Simultaneous continuous invasive

and non-invasive monitoring of CA were compared

Additionally, the phase shift between ABP and IBV

respiratory waves as an estimator of CA state was pre-

liminary evaluated.

Materials and methods

Clinical data were collected from neurosurgical ICU of Kaunas

Medical University, Lithuania. ABP, ICP and IBV monitoring data

have been obtained following Clinical Research Protocol No.

99124006, AIBS No. 990135, HSRRB log No. A-9676. Invasive

ICP monitors Camino V420 and Codman ICP Express have been

used simultaneously with the non-invasive IBV monitor (Vittamed)

in the ICU on TBI coma patients. Datex CardioCup II ABPmonitor

was used for invasive ABP wave monitoring. Study population pa-

rameters are shown in Table 1.

ICP, ABP and IBV data were simultaneously and collected (50 Hz

sampling frequency) at the bedside by a personal computer running

Vittamed software. In order to select ICP, ABP and IBV slow B

waves the digital real-time bandpass filtering (bandwidth 0.03 Hz

to 0.008 Hz) procedure has been performed. The digital real-time

bandpass filtering (bandwidth 0.1 Hz to 0.45 Hz) procedure has

been used for respiratory wave selection. Moving Pearson’s correla-

tion coe‰cient method with three minute averaging window has

been applied simultaneously for ABP/ICP and for ABP/IBV slow B

wave.

The phase shifts between ABP/IBV waves in the case of intact CA

were estimated applying monitoring data within subinterval of

R ¼ [�1.0; �0.4] and in the case of impaired CA – within sub-

interval of R ¼ [þ1.0; þ0.4]. A mathematical model of CA [21] has

been used for simulation of the ABP/IBV wave phase shift frequency

dependences in the cases of intact CA and impaired CA.

Results and discussion

Comparison of invasive and non-invasive slow B wave

monitoring clinical data

The typical clinical results of simultaneous invasive

and non-invasive monitoring of CA are illustrated in

Fig. 1. It shows a good agreement between invasive

and non-invasive moving correlation coe‰cient R in-

dividual variability during one hour invasive and non-

invasive CA monitoring sessions.

It was determined that the coe‰cient R(ICP; IBV)

exceeded 0.9 when the amplitude of ICP B waves was

above 3 mmHg. Correlation between invasive and

non-invasive CA monitoring data also exceeded 0.9

when the amplitudes of ICP B wave was above

3 mmHg and the amplitude of ABP slow wave was

above 5 mmHg.

In order to assess the similarity between the invasive

ICP slow waves and non-invasive IBV slow waves data

two types of data sets were evaluated for each monitor-

ing session. The first type data sets that contain all

measurement points were checked by calculating the

standard deviation and mean of di¤erences between

the normalized invasive and non-invasive data and

also by applying the correlation analysis. The second

type data sets that contain randomly selected data

points were evaluated by performing t-test of the

paired data. The values of t-criterion corresponding

to each data set were calculated using the normalized

data. Normalization was performed dividing the origi-

nal measurement data by standard deviation. The cal-

culated values of t-criterion were checked in terms of

inequality jtj < Tcritða ¼ 0:05; n ¼ 50 . . . 70Þ, where, t
is the calculated value of t-criterion of paired samples,

Tcrit is a critical value of t-statistics, a is a significance

level of the test, n is a number of randomly selected

points. N ¼ 83 samples of paired data were found

which satisfied condition of accepted hypothesis on

the equality of the mean values of measurements under

comparison. The investigated number of samples was

N ¼ 87. The obtained proportion of samples with pos-

itive decision was higher than the proportion of inter-

est (p ¼ 0:95) and that confirms the hypothesis on the

coincidence of invasively and non-invasively measured

slow waves p ¼ Nþ=N ¼ 0:954 > 0:95.

The Bland Altman evaluation of invasively and

non-invasively measured slow B waves and the dis-

tribution of the di¤erences between these waves

shows the good agreement between invasive and non-

Table 1. Study population parameters

Total 13 ICU patients

Gender: male/female 10(76.9%)/3(23.1%)

Age: Mean/Range 30.5/(18–64) years

Pathology: Closed severe traumatic brain

injury

100%

Glasgow coma scale before sedation 3–7

Mean ABP range, mmHg 35–140

Mean ICP range, mmHg 3–80

Mean CPP range, mmHg 54–142

Cerebrovascular autoregulation

simultaneous invasive and non-invasive

monitoring

53 one hour sessions

Slow intracranial B wave, respiratory wave

and pulse wave simultaneous invasive

and non-invasive monitoring

87 one hour sessions
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invasive data (SD ¼ 0.089, p < 0.0001). The Bland

Altman evaluation of invasive and non-invasive CA

monitoring data also shows good agreement (SD ¼
0.05, p < 0.0001). Both invasive and non-invasive

methods of CAmonitoring seem to give the same diag-

nostic information about CA state with the uncer-

tainty of experimental data which is not important for

clinical practice.

Relationship between ABP/IBV respiratory wave phase

shift and CA

Our data suggest that the phase shift not only be-

tween slow intermittent B waves of ABP and IBV, but

also the phase shift between permanent respiratory

waves is able to di¤erentiate between intact and im-

paired CA (Fig. 2). In order to support the clinical re-

sults, the phase shift between ABP and ICP waves has

been simulated on a computer using the mathematical

model described in [9], with di¤erent values of auto-

regulation gains and time constants. The simulations

were performed at the frequencies 0.01 Hz, 0.1 Hz

and 1.0 Hz (Fig. 2). The di¤erent time constants of

pial artery reactivity (Tpa) and reactivity of arterioles

(Tar) has been used in the case of intact CA. The im-

pairement of CA was simulated by reducing all gains

in CA model up to zero. Mathematical simulation

shows that the phase shift between respiratory waves

under intact CA and impaired CA conditions is from

26� to 73� in the wide range of Tpa ¼ [1.5 s; 10 s] and

Tar ¼ [15 s; 2 s]. That is in agreement with our empir-

ical data (Fig. 2). It is evident (Fig. 2) that the phase

shift between ABP and IBV can be used as an estima-

tor of CA impairement under ICU conditions when

the frequences of natural or ventilatory supported pa-

tient respiration can change in wide frequency band

from 0.1 Hz to 0.45 Hz. This is an attractive alterna-

tive to slow B wave application for CA monitoring be-

cause natural or ventilatory supported respiration is

a permanent physiological process which can be moni-

tored continuously, uninterruptedly and with the in-

strumental delay time of monitoring data up to 10

times less comparing with B wave method (Ragaus-

kas A., Daubaris G. Method and apparatus for non-

invasive continuous monitoring of cerebrovascular au-

toregulation state. US patent pending, 2004).

ABP and IBV pulse wave phase shift clinical data

shows no di¤erence in the cases of intact and impaired

CA (Fig. 2). That is in agreement with simulation

data.

In conclusion, our study shows that the good corre-

lation between invasive and non-invasive CA assess-

ment using intermittent B wave. Phase shift changes

of permanent respiratory ABP waves and IBV waves

Fig. 1. Phase shift between ABP and IBV waves in the cases of intact and impaired CA comparing with intact CA/impaired CA phase shift

data of mathematical simulation: Tpa time constant of pial arteries, Tar time constant of arterioles. Slow B wave data are presented in fre-

quency band 0.01 Hz . . . 0.04 Hz, respiratory wave data – in frequency band 0.1 Hz . . . 0.45 Hz and pulse wave data – in frequency band

0.65 Hz . . . 3.0 Hz
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also permit continuous non-invasive CA monitoring

under ICU conditions without physical or pharmaco-

logical stimulations of CA system.
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Summary

There is a bi-directional communication between the immune

and central nervous system. In this context, it is known that patients

with traumatic brain injury su¤ered from systemic immunodepres-

sion and an increased risk to develop infectious complications. We

investigated the role of an increased intracranial pressure (ICP) and

sympathetic activation on systemic immune changes. A sustained in-

crease in ICP was achieved by inflation of a subdural balloon. At dif-

ferent time points, plasma levels of the anti-inflammatory cytokine,

interleukin (IL)-10, were measured. Furthermore, the e¤ect of a

sympathetic blockade by co-administration of the b2-adreoreceptor

antagonist, propranolol, was evaluated. Finally, we examined the

impact of epinephrine infusion on blood IL-10 levels. We showed

that an increase in ICP with activation of the sympathetic nervous

system was able to induce systemic release of IL-10. This e¤ect was

blocked by administration of the b2-adreoreceptor antagonist. Fur-

thermore, epinephrine infusion directly induced systemic release of

IL-10. Our data suggested that sympathetic activation with release

of epinephrine may induce systemic immunodepression with risk of

infectious complications in brain-injured patients.

Keywords: Intracranial pressure; interleukin-10; immunodepres-

sion; catecholamines.

Introduction

Brain injury is an independent risk factor for infec-

tious complications in patients with polytrauma [18].

It is reported that early pneumonia occurs in 40% of

patients with closed head injury [10, 15]. Moreover,

brain injury is associated with the appearance of di¤er-

ent cytokines (e.g. IL-1, IL-6, IL-8, IL-10) in the cere-

brospinal fluid and plasma [3, 6, 12, 13, 25]. Interest-

ingly, high levels of pro-inflammatory cytokines in the

brain and an elevated intracranial pressure (ICP) can

stimulate neuroimmune pathways like the hypothala-

mic pituitary adrenal (HPA) axis and the sympathetic

nervous system (SNS). This correlates with the severity

of injury and outcome [1, 2, 23]. Since monocytes and

macrophages are the main targets for the immuno-

modulatory action of glucocorticoids and catecho-

lamines. Therefore, alterations of these immunologi-

cally important cells should reflect the cerebral impact

on the post-injury immunodepression [11, 20, 21]. An

important mediator of monocytic deactivation is inter-

leukin (IL)-10, an anti-inflammatory cytokine that in-

hibits the production of pro-inflammatory cytokines

(for example tumor necrosis factor, TNF) and is a ma-

jor depressor of specific cellular immunity through its

reduction of monocytic MHC class II expression and

IL-12 production [7, 14].

With this background, we investigated the impor-

tance of epinephrine infusion and increased ICP with

sympathetic activation for the systemic IL-10 release

in a rat model.

Our results provide strong evidence that catecho-

lamine-mediated systemic release of IL-10 may be an

important neuroimmunological mechanism contribu-

ting to immunodepression after injury and stress.

Material and methods

All experimental protocols were approved by the Animal Protec-

tion Board of the Senate of Berlin. Thirteen male Sprague-Dawley

rats (body weight 350–400 g; Harlan Winkelmann, Borchen, Ger-

many) were anaesthetized using an isoflurane (1.5–2.5%/v/v), N2O/

O2 (0.5 l/min, 0.25 l/min) gas-mixture. A Forgarty-catheter (Baxter

Healthcare, Deerfield, Illinois, USA) was placed subdurally through

a bore hole. ICP was elevated to 60 mm Hg by inflation of the bal-

loon of this catheter. Six of these animals also received an intrave-

nous infusion of propranolol (Sigma-Aldrich, Seelze, Germany) at a

dosage of 7.5 mg/h during the entire observation period. ICP and

mean arterial pressure (MAP) were monitored continuously using

an intraparenchymal ICP probe (Codman/Johnson & Johnson,

Raynham, Massachusetts, USA) and a catheter in the femoral artery

connected to a Transpac transducer (Abbott, Ludwigshafen, Ger-



many), respectively. Arterial blood samples were collected before the

increase in ICP and 10, 30 and 50 minutes thereafter. IL-10 levels

were analyzed using a commercial rat IL-10 ELISA kit (Biosource,

Laboserv, Giesen, Germany). The detection limit was 40 pg/ml.

In another 10 anaesthetized animals, the experiments were re-

peated. Intravenous epinephrine (suprarenin1, Aventis, Bad Soden,

Germany) was also infused through a femoral catheter (1 mg/ml;

25 ml/min infusion rate). MAP was monitored continuously, and ar-

terial blood samples were collected before increase of ICP and there-

after every 30 minutes up to 2 hours.

Results

In our model, mean (G standard deviation) ICP

was increased up to 65.8G 7.4 mm Hg after the

subdural balloon was inflated for 50 min (Table 1).

This leads to a clear increase of the MAP up to

152G 12 mm Hg. Correspondingly, there was a sig-

nificant increase in IL-10 plasma levels of 757.6G
237.8 pg/ml and 1072.6G 333.5 pg/ml, 30 min and

50 min after elevation of ICP (P < 0:05 versus base-

line, Mann-Whitney U test), respectively. This sys-

temic release of IL-10, however, was prevented by

simultaneous infusion of propranolol (Table 2). As ex-

pected, propranolol administration also significantly

attenuated the rise in the MAP. This was considered

as an e¤ective blockade of the sympathetic activation.

Furthermore, direct infusion of epinephrine at the

dosage of 25 mg/min also leads to an elevation of the

MAP. This was associated with significant increase in

plasma IL-10 levels with a peak at 60 minutes (Fig. 1).

To study the source of IL-10, we analyzed IL-10

mRNA expression by real-time reverse transcription-

polymerase chain reaction (RT-PCR) in di¤erent tis-

sues including peripheral blood leukocytes. A signifi-

cant increase of IL-10 mRNA levels were observed in

liver (>10 fold) and spleen (2–4 fold) but not in lung,

peripheral blood and brain (data not shown).

Discussion

Our findings demonstrate that increased ICP leads

to a systemic release of IL-10. It is mediated by sympa-

thetic activation and direct action of catecholamines

on immune cells. Therefore, direct epinephrine infu-

sion produces the same e¤ect, proven the importance

Table 1. An increase in ICP followed by an increase in MAP (as in-

dication of sympathetic activation) induces a systemic release of IL-10

Time

(min)

ICP

(mmHg)

MAP

(mmHg)

IL-10

(pg/ml)

0 13.6G 1.1 96.6G 4.5 <40,0

10 42.5G 6.7 102.1G 5.9 58.4G 18.4

30 64.8G 3.6 131.8G 8.2 757.6G 237.8*

50 65.3G 7.4 152.2G 11.7 1072.6G 333.5*

* p < 0.05 versus 0 h value, Mann-Whitney U test.

Fig. 1. Intravenous epinephrine infusion at the dosage of 25 mg/min leads to an increase of mean arterial pressure (MAP) and an increase of

blood IL-10 levels. *P < 0:05, **P < 0:05 versus baseline, Mann-Whitney U test

Table 2. The application of the b2 adrenoreceptor antagonist propra-

nolol blocks the ICP triggered systemic release of IL-10

Time

(min)

ICP

(mmHg)

MAP

(mmHg)

IL-10

(pg/ml)

0 9.0G 0.5 83.2G 3.3 <40,0

10 38.7G 7.9 95.8G 1.5 <40,0

30 60.2G 0.9 109.6G 2.9 <40,0

50 59.8G 0.8 115.0G 4.8 64.4þ 24.4
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of neurotransmitters for the modulation of the sys-

temic immune capacity.

In previous studies, we have demonstrated that

neurosurgical procedures and traumatic brain injury

are associated with immunodepression which leads to

monocytic deactivation [1, 2, 23, 24]. This immuno-

depression was linked to brain cytokine induced

stimulation of the HPA axis [1].

However, our studies revealed that stimulation of

the HPA axis was not the unique mechanism involved

in immunodepression following brain injury. Thus, pa-

tients with infratentorial tumors with brainstem com-

pression and patients with severe brain injury showed

a marked systemic release of the anti-inflammatory cy-

tokine, IL-10, early after the acute event or operation.

Furthermore, these patients showed signs of sympa-

thetic activation like increases in systolic blood pres-

sure. Therefore, we assumed that sympathetic activa-

tion may be responsible for some of the reported

e¤ects [23].

Under these circumstances the rapid catecholamine

mediated systemic release of the immunoinhibitory cy-

tokine IL-10 was assumed to play a key role in brain

mediated immunodepression [4, 8, 9, 17, 19]. To con-

firm this clinical hypothesis, di¤erent animal studies

have been performed. In our model of raised ICP and

epinephrine infusion, we confirmed for the first time

that ICP induced ‘‘sympathetic storm’’ leads to a sys-

temic release of the immunoinhibitory cytokine IL-10,

particularly in the liver. This may be in part responsi-

ble for the observed systemic immunodepression after

severe brain injury. These results correspond to data

from the literature, where it is known that IL-10 acts

an immunosuppressive. Furtheremore, there is evi-

dence that catecholamines released non-synaptically

from the sympathetic axon terminals are able to inhibit

production of proinflammatory (TNF-a, interferon-g,

IL-12, IL-1) and increase antiinflammatory cytokines

(IL-10). These molecules are enhanced in concentra-

tion in the close proximity of immune cells, indicating

a fine-tuning control of the production of cytokines by

sympathetic innervation under stressful conditions [5,

22]. Furthermore, it is described that these e¤ects are

mediated via b2-adrenoceptors expressed on immune

cells and coupled to cAMP levels [16].
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Summary

Hyponatremia is a common complication in patients with aneur-

ysmal subarachnoid hemorrhage (SAH). Such patient demonstrates

excessive natriuresis and an increased risk of symptomatic cerebral

vasospasm. However, the precise mechanisms underlying SAH in-

duced hyponatremia remain unclear. In the present study, in order

to establish an experimental model of hyponatremia following

SAH, we induced SAH in rats, and evaluated the serum sodium

(Na) levels, Na excretion and physiological parameters. Twenty-

four maleWistar rats were used. SAHwas induced by an endovascu-

lar puncture method. The mean arterial pressure (MAP), intracra-

nial pressure (ICP), and cerebral blood flow (CBF) were monitored

continuously. The urine was collected cumulatively for 12 hours

after SAH, and the urine Na concentration was determined with

a spectrophotometer. The serum Na levels were measured at 12 hrs,

2 and 4 days following the SAH induction. The mean (G standard

deviation) baseline ICP was 3.5G 2.6 mmHg, and increased to

67.4G 17.6 mmHg immediately following induction of SAH. CBF

decreased rapidly, and then gradually recovered to 70–80% of base-

line. The urine volume and total Na excretion were significantly

increased in comparison to those of the sham (P < 0:05). The serum

Na level was significantly decreased at 4 days following SAH

(P < 0:05). The present results demonstrated for the first time that

rats with SAH exhibited excessive natriuresis. The endovascular

puncture model is suitable for investigating hyponatremia that oc-

curs concomitantly with natriuresis and diuresis after SAH.

Keywords: Animal model; subarachnoid hemorrhage; hyponatre-

mia; natriuresis.

Introduction

Subarachnoid hemorrhage (SAH) is a common life-

threatening neurological disease [2] and the overall

outlook for patients with SAH still remains poor [2].

Electrolyte abnormalities, especially hyponatremia,

are frequently observed during the acute period of

SAH [4, 11]. Concurrent hyponatremia in SAH may

increase the severity of neurological symptoms be-

cause of an increased risk of cerebral ischemia. It has

been reported that a relationship exists between hypo-

natremia and the occurrence of cerebral vasospasm [3,

9, 13]. The cause of the hyponatremia after SAH is

now believed to involve cerebral salt wasting (CSW)

[6]. From the acute phase of SAH, patients su¤er

from excessive natriuresis, concomitantly developing

osmotic diuresis. The induced hyponatremia and de-

crease total blood volume are indicative of dehydra-

tion, and dehydration is reported to increase the risk

of cerebral vasospasm. We focused our attention on

these events after SAH and indicated the e‰cacy of

inhibition of natriuresis [7, 8]. In the present study, we

attempted to establish an experimental model of hypo-

natremia following SAH.

Materials and methods

SAH model

All experimental procedures were approved by the Committee on

Animal Research at Nihon University School of Medicine, Tokyo,

Japan.MaleWistar rats (weight 250–300 g) were used for the experi-

ments (n ¼ 24). The animals were anesthetized with 2% halothane in

a mixture of 70% N2O and 30% O2 under spontaneous respiration.

During the surgical procedure, anesthesia was maintained with 1%

halothane. We followed the time course of MAP, ICP, CPP, and

CBF for 90 min after induction of injury. Each rat was placed in a

prone position on a heated pad and its body temperature was main-

tained at between 37 and 38 C. A laser Doppler probe for assessing

the CBF was positioned within the temporal skull vault in the area of

the middle cerebral artery. For ICP monitoring, a tip of 1.5 mm in

diameter was inserted into the brain parenchyma, with the tip situ-

ated at a depth of 1 mm from the brain surface. The catheter was

connected to a transducer for continuous monitoring of the ICP.

The rat was rotated to the supine position and the right femoral ar-

tery was cannulated for continuous blood pressure monitoring. The



induction of SAH was performed according to the methods de-

scribed by Veelken et al. [12]. Briefly, the common carotid artery in-

cluding its bifurcation was exposed and dissected. A nylon monofila-

ment (0.235 mm in diameter) was introduced into the right internal

carotid artery through the external carotid artery to perforate the in-

ternal bifurcation. Sham control animals were subjected to similar

operations to expose the carotid arteries without perforation (n ¼ 6).

The urine was collected cumulatively for 12 hours post SAH, and the

urinary specific gravity was measured. The urine sodium (Na) con-

centration was determined with a spectrophotometer. The serum

Na levels were measured at 12 hours, 2 and 4 days following the

SAH induction.

Results

Mortality and blood distribution

Three of the 18 rats died within 12 hours after SAH.

These animals were confirmed to have di¤use SAH

especially in the basal cistern macroscopically. Four

animals were observed to have subdural hemorrhage

without SAH. The endovascular puncture model occa-

sionally produced subdural hemorrhage which was de-

pendent on the site of puncture.

Physiological data

The meanG standard deviation (SD) values of

the physiological variables before SAH induction

were 104.3G 11.4 mmHg for the MAP and 3.5G
2.6 mmHg for the ICP. After SAH, the MAP in-

creased immediately to 122G 11 mmHg and then re-

turned to baseline values within 5 min. The ICP rose

rapidly to 67G 18 mmHg after SAH and remained at

around 40 mmHg up to 90 min. The CBF decreased

suddenly to reach 40% of baseline, and then gradually

recovered to normal values at 90 min after SAH.

Urine volume and sodium levels

At 12 hours following SAH, the urine volume was

significantly increased in comparison to that of the

sham (P < 0:05). The sodium excretion following

SAH was also increased. These data indicated that

the urine volume increased concomitantly with the so-

dium excretion (Fig. 1). There were no significant dif-

ferences in urine specific gravity and urinary Na con-

centration between the groups (Table 1). In the SAH

group, the serum Na level decreased gradually and

showed a significant di¤erence on day 4 (P < 0:05;

Fig. 2).

Fig. 1. Scatter plot showing the overall relationship between urinary

sodium (Na) excretion and urine volume after SAH: The strong cor-

relation (p < 0.05, r ¼ 0.726) indicates that the urine volume in-

creased concomitantly with the sodium excretion

Fig. 2. Bar graphs demonstrating serum sodium levels at 12 hrs, 2

and 4 days after SAH. The serum sodium level was significantly de-

creased at 4 days following SAH. Asterisk indicates a statistically

significant di¤erence between two groups (p < 0.05)

Table 1. Urine specific gravity (U-S.G.) and urinary sodium concen-

tration (U-Na conc) 12 hrs following SAH

Sham SAH

U-S.G. 1.015G 0.02 1.022G 0.04

U-Na conc. 82.3G 12.2 68.1G 10.1

(mEq/mL).
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Discussion

Hyponatremia after SAH

Hyponatremia is a common finding in acute brain

disease. Especially in patients with SAH, it is observed

in about 30% of cases. Such patients tend to su¤er

from excessive natriuresis and diuresis which decrease

the total blood volume, and they eventually become

exposed to the risk of cerebral vasospasm. It has been

reported that a relationship exists between hyponatre-

mia and the occurrence of cerebral vasospasm [3, 9,

13]. Evidence has been accumulated to indicate that

the most common cause of hyponatremia in acute

brain disease is CSW [6]. Among the diagnostic crite-

ria of CSW, excessive natriuresis and total blood vol-

ume depletion are crucially important. We reported

previously that maintenance of an adequate intravas-

cular volume is vital for the management of SAH in

order to minimize cerebral ischemia due to cerebral

vasospasm [7, 8]. It is important to clarify the pathol-

ogy of CSW following SAH. In the present study, our

aim was thus to establish an experimental model of hy-

ponatremia after SAH.

SAH model in rats

A variety of animal models have been established

and various species have been employed in the study

of SAH, including dogs, cats, monkeys, and more re-

cently rats [1]. Recent animal studies of SAH have fo-

cused on the investigation of delayed ischemia. To the

best of our knowledge, there are no published papers

giving detailed descriptions of hyponatremia following

SAH in rats. We chose the endovascular puncture

model to investigate hyponatremia after SAH because

this model does not require craniotomy to produce and

bleeding induced by arterial injury. It is important that

the mechanism of hemorrhage closely simulates aneur-

ysmal rupture. SAH in rats demonstrates an extensive

distribution of blood throughout the subarachnoid

space, reduces the cortical blood flow, and produces a

consistent and significant elevation of ICP. However,

one serious problem for SAH research is the inability

to control the severity of hemorrhage, giving rise to a

high mortality [10]. Veelken et al. attempted to control

the SAH severity by occluding the ipsilateral common

carotid artery [12].

Cause of CSW

Natriuretic peptides have been investigated in hypo-

natremia during acute brain disease and they represent

suitable candidates for the purposed natriuretic factors

in CSW [6]. We have measured the levels of atrial

natriuretic peptide (ANP), brain natriuretic peptide

(BNP) and antidiuretic hormone (ADH), but there

were no significant di¤erences between the control

group and SAH group (data not shown). Further

studies are needed to clarify the detailed mechanism

by which natriuresis occurs following SAH.

Conclusion

The present results demonstrated for the first time

that rats with SAH exhibited excessive natriuresis.

The endovascular puncture model is considered suit-

able for investigating hyponatremia concomitant with

natriuresis and diuresis after SAH.
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Summary

We evaluated the e¤ects of defibrase DF-521 batroxobin on reduc-

ing brain edema formation and the expression of ICAM-1, com-

plement C3d and C9 in the perihematomal area after intracerebral

hemorrhage (ICH) in rats. A rat ICH model, involving infusion of

autologous blood into the right basal ganglia, were used in this

study. The animals were sacrificed at 24 and 72 hours after ICH to

determine the water content of the brain tissue with wet/dry weight

measurement. While the expression of ICAM-1 and complement

C3d was detected using immuno-histochemistry, and C9 was de-

tected semi-quantitatively with Western blot analysis in the perihe-

matomal area. Perihematomal brain edema was reduced after intra-

peritoneally injection of DF-521 batroxobin 24 and 72 hours after

intracerebral hemorrhage. Immunohistochemistry showed that there

were less ICAM-1 positive cells were found around the hematoma

after intraperitoneally injection of DF-521 batroxobin 24 and 72

hours after ICH. Immuno-histochemistry also showed that C3d de-

position reduced significantly, and the Western blot analysis also

showed the content of C9 protein declined around the hematoma in

DF-521 batroxobin treatment group at 72 hours after ICH. Defib-

rase DF-521 batroxobin down-regulate ICAM-1 and complement

C3d and C9 expression in the perihematomal area, and attenuate

brain edema formation in ICH rats.

Keywords: Intracerebral hemorrhage (ICH ); brain edema; inter-

cellular adhesion; molecule-1 (ICAM-1); defibrase; complement.

Introduction

Spontaneous intracerebral hemorrhage (ICH) rep-

resents one of the most common and lethal type of

stroke. The incidence of ICH is continuously increas-

ing in China [7]. Brain edema plays an important role

in secondary brain injury after ICH [3], there has been

no e¤ective treatment for ICH. The current therapeu-

tic approaches for ICH include hematoma evacuation

and injection of fibrinolytic substance to lyse the hem-

atoma. However, under many circumstances fibrino-

lytic substance may worsen thrombin-induced brain

injury [16]. Clinically, there has been no e¤ective treat-

ment that lyses the clot and attenuates the brain

edema.

Venom defibrase is an enzyme purified from Viperi-

dae, which can inhibit thrombosis and e¤ectively lyses

thrombus. This enzyme is widely used in ischemic

stroke treatment [5]. Experimental research has shown

that the mechanisms underlying the beneficial e¤ects

of venom Defibrase in attenuating ischemic brain

injury include clearance of free radical [4], down-

regulation of c-fos gene expression [17], and reduction

of the complement infiltration [13]. However, the e¤ect

of venom defibrase on ICH-induced brain edema has

not been investigated.

Df-521 batroxobin (Tobishi Biomedical Technol-

ogy) is a mono-component venom defibrase agent.

We evaluate the e¤ect of Df-521 batroxobin on brain

edema formation and expression of intracellular adhe-

sion molecule-1 (ICAM-1) and complement C3d and

C9 following ICH in a rat model.

Materials and methods

Animal preparation and intracerebral infusion

Male Sprague-Dawley rats (Shanghai Experimental Animal Cen-

ter), weighing 300 to 420 g each, were used in this study. The animals

were anesthetized with 400 mg/kg of intraperitoneal chloral hydrate

injection. The right femoral artery of the rats was catheterized for

blood pressure monitoring, blood sampling and used as the source

for intracerebral blood infusion. Blood pH, arterial oxygen tension

(PaO2), and glucose levels were monitored during infusion. Rectal

temperature was maintained at 37G 0.5 �C. The rats were then

placed in a stereotactic head frame (Kopf Instrument, Tujunga,

CA), and a 1-mm cranial burr hole was drilled on the right coronal

suture 4 mm lateral to the midline. One hundred microliters of auto-

logous blood withdrawn from the right femoral artery or saline was

infused into the right caudate nucleus by a micro infusion pump

(Harvard Apparatus Inc) at a rate of 13 ml/min through a needle (co-

ordinates: 0.2 mm anterior, 5.5 mm ventral, and 4 mm lateral to the

bregma). The needle was removed 10 min later and the skin incision

was closed.



Experimental groups

There were three experimental groups. In the first group (n ¼ 5),

rats received intracerebral injections of 100 ml autologous blood and

intraperitoneal injections of 1 ml saline, intracerebral injections of

100 ml autologous blood and intraperitoneal injections Df-521 ba-

troxobin (8 IU/kg), or intracerebral injections of 100 ml saline (as

naive control). After 24 and 72 hours, the rats were killed for brain

water and ion contents. In the second group (n ¼ 4 rats per group),

rats received intracerebral injections of 100 ml autologous blood

and intraperitoneal injections 1 ml saline or Df-521 batroxobin

(8 IU/kg). After 24 and 72 hours, the rats were killed for ICAM-1

and complement C3d immunohistochemical studies. In the third

group (n ¼ 3 rats per group), rats received intracerebral injections

of 100 ml autologous blood and intraperitoneal injections 1 ml saline

or Df-521 batroxobin (8 IU/kg). After 72 hours, the rats were killed

for complement C9 Western blot analysis.

Measurement of brain water and ion contents

Animals were re-anesthetized 24 or 72 hours later with 400 mg/kg

of intraperitoneally injected chloral hydrate and killed by decapita-

tion. Their brains were removed and a 3-mm thick coronal brain slice

was cut with a blade approximately 4 mm from the frontal pole.

The brain slice was separated into ipsilateral and contralateral

cortex, and ipsilateral and contralateral basal ganglia. The cerebel-

lum served as a control specimen. Brain samples were immediately

weighed on an electronic analytical balance for wet weight, and

were dried at 95 �C for 24 hours to obtain the dry weight. Water con-

tent was determined as (wet weight – dry weight)/wet weight. The de-

hydrated samples were then digested in 1 ml of 1 M nitric acid for

more than 7 days. Sodium and potassium contents were measured

using atomic absorption spectrophotometer (Hitachi Z-8000); ion

contents were expressed in mg per kg of dehydrated brain tissue.

Immunohistochemical studies

The rats were re-anesthetized 24 or 72 hours later with 600 mg/

kg of intraperitoneally injected chloral hydrate and underwent

transcardiac perfusion with 4% paraformaldehyde in 0.1 M pH 7.4

phosphate-bu¤ered saline (PBS). The brains were removed and

kept in 4% paraformaldehyde for 6 hours, and immersed in 25%

sucrose for 3 to 4 days at 4 �C. Brains were then embedded in OCT

compound and sectioned in 6-mm slices on a cryostat. Sections

were incubated using the avidin-biotin complex technique. Primary

antibodies were rabbit anti-human C3d Pab (DAKO), and mouse-

anti-rat ICAM-1 Pab (DAKO). Normal rabbit or mouse IgG was

used as a control.

Western blot analysis

Rats were reanesthetized with 600 mg/kg of intraperitoneally in-

jected chloral hydrate at 72 hours after intracerebral infusion and un-

derwent transcardiac perfusion with saline. A coronal brain slice was

cut as described for water content measurements and were divided

into ipsilateral and contralateral part. The brain tissues were im-

mersed in 1 ml of 0.05 mol/L Tris/HCl (pH 7.4; 0.01% PMSF) and

Homogenized in ice. The samples then were centrifuged at 1000� G

for 20 minutes 2 hours later at 4 �C. 15 mg protein of ipsilateral brain

tissue was run on 7.5% polyacrylamide gels with a 5% stacking gel

after boiling for 5 minutes at 95 �C. The protein was transferred to

pure nitrocellulose membrane, and membranes were probed with a

1 :400 dilution of the primary antibody (rabbit anti-rat C9 PAB,

Gift from Dr. P. Morgan, University of Wales) and a 1 :250 dilution

of the secondary antibody (HRP-Goat anti-rabbit IgG). Finally, the

antigen-antibody complexes were visualized with diaminobenzidine.

The relative densities of C9 protein bands were analyzed using the

NIH image software.

Statistical analysis

All data in this study are presented as the meanG standard devia-

tion (SD). Data were analyzed using Student’s t-test. A P value less

than 0.05 was considered statistically significant.

Results

All physiological variables including mean arterial

pressure (MAP), body temperature, PaO2, and blood

glucose were within normal ranges.

As shown in Fig. 1, Df-521 batroxobin treat-

ment significantly reduced brain edema in the ipsi-

lateral basal ganglia 24 hours (79.5G 0.7% versus

81.8G 1.1% in ICH group; P < 0:01; (Fig. 1a) and 72

hours (81.1G 0.3% versus 83.1G 0.4% in ICH group;

P < 0:05; (Fig. 1b) after ICH. In contrast, the cerebel-

lar water content was una¤ected. The reduction of wa-

ter content was associated with reduction of sodium

ion accumulation (7.5G 1.2 versus 10.7G 1.4 mg/kg

dry wt in ICH group; P < 0:01) and reduction of po-

tassium ion loss (24.0G 2.2 versus 19.6G 2.3 mg/kg

dry wt in ICH group; P < 0:05) (Fig. 1c and d).

ICAM-1 was detected in the ipsilateral brain tissue,

at both 24 and 72 hours after ICH in non-Df-521 ba-

troxobin treated group, and there were more ICAM-1

immunoreactive particles at 72 hours compared to 24

hours. However, compared to ICH group, there were

smaller number of ICAM-1immunoreactive particles

in the ipsilateral brain tissue in Df-521 batroxobin

treated animals (Fig. 2A–D).

Three days after ICH, there was greater C3d im-

munoreactivity around the hematoma in ICH group

compared to the Df-521 batroxobin-treated group

(Fig. 2E and F). Western blot analysis showed that

complement C9 content in the Df-521 batroxobin

treated group was significantly decreased in the ipsi-

lateral brain tissue (gray value 185.5G 14.9 versus

225.8G 3.2 in ICH group, P ¼ 0:01) at 72 hours after

intracerebral infusion of 100 ml of autologous blood

(Fig. 3).

Discussion

The major novel finding of this study is that Venom

defibrase can also decrease ICH-induced brain dam-

age. We found that Df-521 batroxobin treatment re-
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duced the water content in the ipsilateral brain tissues,

which coincided with reductions of sodium accumula-

tion and potassium loss. Df-521 batroxobin also de-

creased ICAM-1 expression at both 24 and 72 hours

after ICH, and reduce the expression of complement

C3d and C9 at 72 hours after ICH. We suggest that

Df-521 batroxobin decreases ICH-induced edema for-

mation at least partially by its e¤ects on the expression

Fig. 1. Bar graph of brain water contents at 24 hours (a), 72 hours (b), brain sodium (c) and potassium (d) contents at 24 hours after intra-

cerebral infusion of 100 mL autologous blood. ICH ¼ intracerebral hematoma group. Values are meanG SD; n ¼ 5. *P < 0:01, #P < 0:05 vs

ICH group
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of ICAM-1 and complements – two components in in-

flammatory responses.

Many studies have indicated that inflammatory

reactions play important roles in many neurological

diseases such as cerebral ischemia [2, 15]. Cerebral

ischemia causes infiltration of leukocyte, activation of

microglia and upregulation of ICAM-1, which con-

tributes ischemic brain damage. Although there is no

typical brain ischemia in ICH models, inflammatory

reactions do occur around the hematoma [9]. These

Fig. 1 (continued )
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Fig. 2. ICAM-1 immunoreactivity 24 (A and B), 72 (C and D) hours and Complement C3d immunoreactivity 72 hours (E and F) in ipsilateral

brain tissue after intracerebral infusion of 100 mL blood. Fewer ICAM-1 immunoreactive particles were found in the ipsilateral brain tissue in

Df-521 batroxobin treated animals (A and B) than in ICH group (C and D). Also the complement C3d-immunoreactive minute particles are

less in ipsilateral brain tissue of Df-521 batroxobin treated (B) rats than the ICH ones. Examples of positive cells are indicated by arrows. Bar =

40 mm
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hematoma release inflammatory mediators that may

contribute to edema formation. ICH also induces in-

flammation by producing up-regulation of adhesion

molecules in local brain tissues, which induces leuco-

cytes infiltration [6].

ICAM-1 is widely expressed in various types of cells,

including activated T cells, B cells, dendricytes and

microglia. Tissue injury and inflammatory cytokines,

such as IL-1 and TNF, also up-regulates ICAM-1 ex-

pression in endothelial cells and some hematopoietic

cells [19]. The coagulation reaction in hematoma after

ICH releases large number of thrombin, which induces

the expression of cytokine such as IL-1 and TNF [18].

This hematoma induced cytokine production may ac-

count for the increased ICAM-1 expression found af-

ter ICH [9]. The increased ICAM-1 on the endothelial

cells can promote infiltration of leukocytes and inter-

actions between microglia and neurons, which may

contribute to the brain edema formation and neuronal

death due to the release of cytotoxic factors from leu-

kocytes and microglia and direct cell-cell interactions.

The infiltrating leukocytes can alter cerebral vasoreac-

tivity by releasing vasoactive mediators, such as super-

oxidase, endothelin and prostagladins. In addition,

some leukocytes can release proteolytic enzymes such

as elastase. These factors produced by infiltrating leu-

kocytes might damage endothelial cell membranes and

the basal lamina, thus altering BBB and leading to for-

mation of brain edema [8].

In our study, Df-521 batroxobin treatment de-

creased ICAM-1 expression at both 24 and 72 hours

after ICH. Because ICAM-1 may play a significant

role in brain edema formation and neuronal injury,

we propose that the beneficial e¤ects of Df-521 batrox-

obin may be, at least partially, due to its inhibition of

ICAM-1 expression. We also found that there were

much more ICAM-1 positive microvessels and cells at

72 hours after ICH compared with 24 hours after ICH,

which may be determined by the di¤erent levels of

hematoma induced cytokine production at di¤erent

time points.

Complement activation has been shown in many

diseases including cerebral ischemia [1] and subarach-

noid hemorrhage [14]. Complements mediated brain

injury may be caused by the formation of membrane

attack complex (MAC), their cytotoxicity [18] and

complement mediated inflammatory response [19].

Complement, that is excluded from the brain under

normal conditions, enters the brain soon after ICH

due to disruption of blood-brain barrier. After ICH,

C3d, a fragment of C3 was detected in and around the

hematoma [1]. Deposition of C9 was also shown on the

cell membrane of perihematoma [10]. These observa-

tions suggest that the complement system is activated

and MAC is formed after ICH. In ICH, MAC leads

to red cells lysis. Subsequently hemoglobin, iron and

other productions such as bilirubin are released, which

causes delayed brain edema after ICH [11]. In addi-

tion, the activated complement system stimulates mi-

crogia and macrophage to release TNF-a and IL-1,

which induces ICAM-1 expression, leukocytes infiltra-

tion, and edema formation. Our study showed that Df-

521 batroxobin decreased the expression of comple-

ment C3d and C9. Based on the information indicating

important roles of complement, the Df-521 batroxobin

decreases brain edema formation and may be due to,

at least partially, its inhibitory e¤ects on the expression

of the complements.

However, our study does not exclude other mecha-

nisms by which venom defibrase decreases edema for-

mation. For example, many studies have shown that

venom defibrase can reduce c-fos expression in brain

tissues [17]. Since marked expression of c-fos may cor-

relate with T cell activation, venom defibrase might

also attenuate edema formation by a¤ecting c-fos

expression.

Conclusion

Our study shows that venom defibrase Df-521 ba-

troxobin attenuates brain edema formation induced

by ICH. This beneficial e¤ect of the enzyme may result

from its anti-inflammatory capacity via decreasing ex-

pression of ICAM-1 and preventing complement acti-

vation and deposition. Thus, venom defibrase, a drug

widely used in treatment of ischemic diseases, may

also be a promising drug for treating ICH.
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Summary

The present study examined whether thrombin activates the

complement cascade in the brain and whether N-acetylheparin, an

inhibitor of complement activation, attenuates brain injury induced

by thrombin. There were three sets of studies. In the first set, rats

had an intracerebral infusion of either five-unit thrombin or a

needle insertion. Brains were sampled at 24 hours for Western blot

analysis and immuno-histochemistry. In the second set, rats received

either five-unit thrombinþsaline, five-unit thrombinþ25 mg N-

acetylheparin or five-unit thrombinþ100 mg N-acetylheparin infu-

sion. Brains were sampled 24 hours later for water content measure-

ment. In the third set, rats received either five-unit thrombinþsaline

or five-unit thrombinþ100 mg N-acetylheparin. Behavioral tests sen-

sitive to unilateral striatal damage were carried out for two weeks.

Western blotting demonstrated that complement C9 and clusterin

levels increase 24 hours after thrombin infusion (P < 0:01). Both

C9 and clusterin positive cells were found around the injection site.

High-dose (100-mg) but not low-dose (25-mg) N-acetylheparin atten-

uated thrombin-induced brain edema (81.5G 0.4% vs. 83.7G 0.3%

in the vehicle, P < 0:05). Behavior was also significantly improved

by N-acetylheparin (P < 0:05). In conclusion, thrombin-induced

edema formation and neurological deficits were both reduced by N-

acetylheparin. This suggests that inhibition may be a novel treatment

for the thrombin-induced brain injury that occurs in intracerebral

hemorrhage.

Keywords: Cerebral hemorrhage; thrombin; complement; N-

acetylheparin; brain edema.

Introduction

Mechanisms of edema formation after intracerebral

hemorrhage (ICH) have been identified during the past

decade [14]. We now know that several processes

are responsible for edema formation around the clot.

These include hydrostatic pressure during the clot for-

mation, clot retraction, coagulation cascade activation

with thrombin production, erythrocyte lysis with he-

moglobin induced toxicity, and complement cascade

activation in the brain parenchyma [14].

Thrombin, in particular, has been shown to play a

major role in early edema formation after ICH. In-

deed, a thrombin inhibitor (argatroban) reduced ICH-

induced edema formation when given after six hours in

a rat ICH model [9] and there is some evidence to sup-

port human e‰cacy [11].

The present study, therefore, examined whether

thrombin can activate the complement cascade and

whether complement inhibition can reduce thrombin-

induced brain injury.

Materials and methods

Animal preparation

The protocols for these animal studies were approved by the Uni-

versity of Michigan Committee on the Use and Care of Animals.

Adult male Sprague-Dawley rats (275–325 g, Charles River Labora-

tories, Portage, Michigan) were anesthetized with pentobarbital

(40 mg/kg, i.p.). Aseptic precautions were utilized in all procedures.

A polyethylene catheter (PE-50) was then inserted into the right fem-

oral artery in order to monitor arterial blood pressure and to obtain

blood samples for analysis of blood gases, blood pH, hematocrit,

blood glucose concentration. Body temperature was maintained at

37.5 �C by using a feedback-controlled heating pad.

Intracerebral infusion

Before intracerebral infusion, the rats were positioned in a stereo-

tactic frame (Kopf Instrument, Tujunga, CA), the scalp was incised

along the sagittal midline using a sterile technique. A cranial burr

hole (1 mm) was drilled near the right coronal suture 4.0 mm lateral

to the midline and a 26-gauge needle was inserted stereotaxically into

the right basal ganglia (coordinates: 0.2 mm anterior, 5.5 mm ven-

tral, and 4.0 mm lateral to the bregma). Thrombin, saline or throm-
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bin plus N-acetylheparin were infused at 5 ml/min into the right basal

ganglia using a microinfusion pump. After infusion, the needle was

removed and the skin incisions were closed with sutures. Animals

were allowed to recover.

Experiment groups

There were three sets of studies. In the first set, rats had intracere-

bral infusion of either five-unit thrombin or a needle insertion. Brains

were sampled at 24 hours for Western blot analysis and immuno-

histochemistry. In the second set, rats received either five-unit

thrombinþsaline, five-unit thrombinþ25 mg N-acetylheparin or

five-unit thrombinþ100 mg N-acetylheparin infusion. Brains were

sampled 24 hours later for water content measurement. In the third

set, rats received either five-unit thrombinþsaline or five-unit

thrombinþ100 mg N-acetylheparin. Behavioral tests sensitive to uni-

lateral striatal damage were carried out for two weeks.

Brain water content measurement

The rats were sacrificed by decapitation under deep pentobarbital

anesthesia (60 mg/kg i.p.). The brains were removed immediately

and a 3 mm thick coronal brain slice 4 mm from the frontal pole

was cut. That slice was divided into four samples, ipsilateral and con-

tralateral basal ganglia, and ipsilateral and contralateral cortex. Cer-

ebellum was obtained as a control. Tissue samples were weighed on

an electronic analytical balance to obtain the wet weight (WW). The

tissue was then dried in a gravity oven at 100 �C for more than 24

hours to determine the dry weight (DW). Tissue water contents (%)

were calculated as [(WW�DW)/WW]� 100.

Western blot analysis

The rat brains were perfused with saline, and a coronal brain slice

was cut as described for brain water content measurements. The

brain tissue was immersed in 0.5 ml of Western blot sample bu¤er

and then sonicated forWestern blot analysis [15]. Primary antibodies

were rabbit anti-complement C9 polyclonal antibody (gift from Dr.

P. Morgan, University of Wales) and rabbit anti-clusterin polyclonal

antibody (gift fromDr. M. Griswold, Washington State University).

The relative densities of complement C9 and clusterin protein bands

were analyzed using the NIH image software.

Immuno-histochemistry

Immuno-histochemical studies were performed according to our

previous report [15]. Brain sections were incubated according to the

avidin-biotin complex technique. Primary antibodies were rabbit

anti-complement C9 polyclonal antibody (gift from Dr. P. Morgan,

University of Wales) and rabbit anti-clusterin polyclonal antibody

(gift from Dr. M. Griswold, Washington State University). Normal

rabbit IgG was used as negative control.

Behavioral tests

Animals were placed in a cylindrical enclosure to record preferen-

tial use of the non-impaired forelimb for weight shifting movements

during spontaneous vertical exploration. The percentage indepen-

dent use of the non-impaired forelimb (ipsilateral to the injection

side), that for the contralateral forelimb, or for both forelimbs to-

gether in rapid succession for stepping movements along the walls

of the cylinder were calculated. A single score was then used to reflect

forelimb use asymmetry: percentage ipsilateral limb use minus per-

centage contralateral limb use (low score ¼ better function). In addi-

tion, a vibrissae-stimulated forelimb placing test (10 trials per side

for each rat) was used to examine sensorimotor/proprioceptive ca-

pacity (high score ¼ better function) [6]. All behavior was scored

by experimenters who were blind to both neurological and treatment

conditions. These tests are highly correlated with extent of striatal in-

jury without being influenced by repeated testing.

Statistical analysis

All data in this study are presented as meanG standard deviation.

Data were analyzed with ANOVA using the Sche¤e F test or Mann-

Whitney U rank test. Significance levels were measured at P < 0:05.

Results

Mean arterial pressure, blood pH, arterial oxygen

and carbon dioxide tensions, hematocrit, and blood

glucose were controlled within normal ranges.

Western blot analysis demonstrated that C9 had a

seven-fold increase 24 hours after intracerebral infu-

sion of five-unit thrombin (3329G 433 vs 458G 395

pixels in saline control, P < 0:01). Immuno-histo-

chemistry showed that C9 was deposited on neuronal

membranes, indicating activation of the complement

cascade and the formation of membrane attack com-

plex. Clusterin, an inhibitor of membrane attack com-

plex formation, also increased after thrombin infusion

(4925G 686 vs 2453G 264 pixels in saline control,

P < 0:01) and was expressed in neurons.

High-dose (100 mg) but not low-dose (25 mg) N-

acetylheparin attenuated thrombin-induced brain

edema (81.5G 0.4% vs 83.7G 0.3% in the vehicle,

P < 0:05; Fig. 1). Forelimb use asymmetry score and

forelimb placing score were also significantly im-

proved by high-dose N-acetylheparin (P < 0:05; Fig.

2).

Discussion

In the present study, we demonstrated that

thrombin can increase complement C9 and clusterin

levels in the brain. Complement inhibition with N-

acetylheparin, a heparin congener without anticoa-

gulant properties, reduced thrombin-induced brain

edema and neurological deficits.

The complement system is involved in various im-

mune reactions, including cell lysis and the inflamma-

tory response [12]. Complement is normally excluded

from the brain parenchyma by the blood-brain barrier

(BBB), but entry can occur after ICH as a part of the

extravasated blood and later as a result of BBB disrup-

tion. There is evidence that the complement cascade is
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activated in brain parenchyma after ICH. Our previ-

ous studies have found that inhibition and depletion

of the complement cascade attenuate perihematomal

brain edema [7, 13].

The current study indicates that thrombin can acti-

vate the complement cascade in the brain. Intracere-

bral infusion of thrombin resulted in a seven-fold

increase in complement C9 and a deposition of com-

plement C9 on neuronal membranes. Complement-

related brain injury may be due to membrane attack

complex (MAC) formation and the classic inflamma-

tory response. MAC consists of C5b-9 complement

forms which are assembled following complement

activation [3]. The presence of C9 on cell membranes

is an indicator of MAC formation. Its formation

causes the production of a pore in the cell membrane

that leads to cell lysis. Thus, MAC formation may be

involved in the lysis of erythrocytes within the clot

after ICH. However, MAC insertion may also occur

in neurons, glia and endothelial cells, causing neu-

ronal death and BBB leakage. Our studies have also

shown that MAC is assembled after ICH [7]. Recent

studies have demonstrated that MAC not only causes

cell lysis, but also modulates cellular functions such as

the release of cytokines, oxygen radicals, and matrix

proteins [5].

Clusterin, an inhibitor of MAC formation, was also

up-regulated and found in neurons after intracerebral

thrombin infusion. We have also found that it is up-

regulated in the brain parenchyma after ICH [7]. The

balance between complement activation and clusterin

up-regulation may help to determine the extent of

brain injury.

The e¤ects of coagulation cascade on comple-

ment activation are not well studied. However, several

studies suggest that there is a very close relationship

between thrombin and complement. About 50% of

C3 is cleaved during clot formation [4]. Thrombin can

cleave and activate C3 [1]. Thrombin cleaved C3a like

fragments are chemotatic for leukocytes and to induce

enzyme release from neutrophils [8]. Thrombin can

also cleave C5 to produce C5a like fragments which

are leukotactic [8].

Although the primary role of thrombin in hemosta-

sis is through cleaving fibrinogen to fibrin and inducing

platelet aggregation, other important cellular activities

of thrombin may be related to thrombin receptor

activation [16]. Three protease-activated receptors

(PARs), PAR-1, PAR-3 and PAR-4, have been identi-

fied as thrombin receptors [2]. Little is known about

Fig. 1. Brain water content 24 hours after intracerebral infusion of

5 units thrombin, thrombin 5 unitsþ 25 mg N-acetyheparin, and

thrombin 5 unitsþ 100 mg N-acetyheparin. Values are meanGSD,

n ¼ 5, *P < 0:05 vs. thrombin

Fig. 2. Forelimb use asymmetry (low score ¼ better function; a) and

forelimb placing score (high score ¼ better function; b) at days 1, 3,

5, 7 and 14 after incerebral infusion of 5 units thrombin or 5 units

thrombinþ 100 mg N-acetyheparin. Values are meanG SD, n ¼ 8,

#P < 0.01 and *P < 0:05, Mann-Whitney U rank test
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the interaction between the activation of PARs and the

complement system. Lidington et al. [10] found that

thrombin stimulates decay-accelerating factor (DAF)

production through PAR-1. However, whether the ef-

fects of thrombin on the complement system found in

this study are PAR mediated is still uncertain.

In conclusion, thrombin-induced edema formation

and neurological deficits were both reduced by N-

acetylheparin suggesting that complement inhibition

may be a novel treatment for ICH.
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Summary

We determined the role of VEGF-transfected neural stem cells

(NSCs) transplantation in rat brain subjected to ischemia.

Fetal NSCs were cultured from E14 days SD rats and transfected

with VEGF121 gene by using lipofectamine technique. Temporary

middle cerebral artery occlusion (tMCAO) models were established

and randomly divided into 1: control group, 2: PBS transplantation

group, 3: NSCs transplantation group and 4: VEGF-secreting NSCs

transplantation group. Grafts were transplanted into the penumbra

zones 3 days after tMCAOmodel established. Neurological Severity

Score (NSS) was checked in all groups 2–12 weeks after transplan-

tation. By using immunofluorescent staining, VEGF expression of

transplanted cells, di¤erentiation and migration of transplanted

NSCs after transplantation were detected.

VEGF gene-transfected neural stem cells expressed gene products

during the first 2 weeks. NSS in this group was significantly lower

compared with that in other 3 groups 12 weeks after transplantation.

VEGF gene-transfected NSCs migrated and expressed VEGF in

hosts’ brains, some of them di¤erentiated to neurons 12 weeks after

transplantation.

VEGF-transfected NSCs expressed gene products during the early

time after transplantation, which reduce brain injury through pro-

tecting the vascular system against ischemic attack.

Keywords: Neural stem cells; Vascular endothelial growth factor;

transplantation; cerebral ischemia; gene transfer.

Introduction

Vascular endothelial growth factor (VEGF) be-

longs to neurotrophic factor family, which has a broad

range of e¤ects on neural and endothelial cells, includ-

ing neuroprotection. The expression of VEGF and its

receptors are regulated by a variety of acute brain in-

sults, including cerebral ischemia. The increased syn-

thesis of VEGF triggered by cerebral ischemia should

be an intrinsic neuroprotective response of the dam-

aged brain. VEGF regulates neovascularization in

ischemic brain, decreases infarct volume and brain

edema after temporary cerebral ischemia [1, 2]. This

raised the possibility that exogenously supplying

VEGF might be an useful strategy to up-regulate neo-

vascularization, ameliorate brain edema in ischemic

region and protect injured neurons from dying after

acute ischemic attack.

Biological delivery of VEGF is an e¤ective ap-

proach for administering it locally into the mamma-

lian brain. However, the poor di¤usion properties,

short half-life in the brain interstitium and the blood

brain barrier have previously require intraventricular

or intracerebral injection [1]. Such procedures often in-

duce additional trauma, and the duration of action is

limited. Ex vivo gene transfer of neurotrophic factors

to di¤erent types of carrier cells might be a more useful

and less invasive approach.

Neural stem cells (NSCs), is capabile to develop into

integral cyto-architectural components of many region

throughout the host brain as neurons, astrocytes and

oligodendrocytes. They may also be used as cellular

vectors for the stable in vivo expression of foreign ther-

apeutic genes. Since they display significant migratory

capacity as well as ability to integrate widely through-

out the brain when implanted into germinal zones,

NSCs may help reconstitute enzyme and cellular defi-

ciencies in a global fashion. Furthermore, NSCs ap-

pear to possess a tropism for degenerating CNS region.

The intrinsic properties of NSCs may overcome some

of the limitations of standard viral and cellular vectors,

and provides more promising strategies against cere-

bral ischemia.

The main objective of the present study was to ex-

plore the possibility that VEGF, secreted by grafts of

ex vivo transfected NSCs, could ameliorate neural

and vascular damage induced by transient focal

ischemia.



Materials and methods

The procedures for the use of laboratory animals were approved

by the institutional animal care and use committee in the Shanghai

Medical School, Fudan University, Shanghai, China. Embryonic

NSCs were isolated from the hippocampus of E14 fetal Sprague-

Dawley rats. NSCs were cultured according to Vescovi’s methods

[3]. Briefly, diluted VEGF121 plasmid (2 mg pcDNA3-VEGF121

plasmid in 375 ml NSCs culture medium) was mixed with lipofect-

amine (12 ml lipofactamine in 375 ml NSCs culture medium) gently.

The mixture was incubated at room temperature for 45 min. Anti-

biotics (0.7 ml) was then added to the free medium complex. The

neurosphere of NSCs was digested. Forty thousand cells were centri-

fugated and resuspended in the DNA/lipofectamine medium

complex. They were incubated for 6 h at 37 �C in a carbon dioxide

incubator. The cells were then centrifugalized from the transfection

mixture. A further 6 ml culture medium with antibiotics was added

and gently mixed.

From 24 h to 14 days after transfection, VEGF121 expression of

NSCs was evaluated by reverse transcription-polymerase chain reac-

tion (RT-PCR). VEGF expression of transfected NSCs was also as-

sessed by immunoflurescent staining 48 h after transfection.

The middle cerebral artery was temporarily occluded (tMCAO)

according to Hayashi’s method [2]. After surgery, anesthesia was

continued and reperfusion was performed by extracting the surgical

thread 120 min later. During the surgery, arterial pressure and body

temperature were monitored. Ventilation was adjusted according to

arterial oxygen and carbon dioxide tensions and pH values.

Experimental groups were designed as follows:

Group 1: rats were subjected tMCAO alone without donor cell

administration (n ¼ 10);

Group 2: rats received 10 ml of PBS injected into right striatum

3 days after tMCAO (n ¼ 10);

Group 3: rats were treated with 10 ml of NSCs (2� 105 cells)

3 days after tMCAO (n ¼ 10);

Group 4: rats were treated with 10 ml of VEGF-secreting NSCs

(2� 105 cells) 3 days after tMCAO (n ¼ 10).

Another 10 rats were given 10 ml of VEGF-secreting NSCs

(2� 105 cells) 3 days after tMCAO, and fluorescent study was per-

formed to detect VEGF expression of donor cells 7 days after the

transplantation. Transplantation of donors into the striatum was

carried out according to the method described by Fukunaga [4].

Briefly, 10 ml PBS or semisuspended BrdU labeled cells were injected

over a 10-minute period into right striatum (posterior ¼ 0.5 mm,

right to midline ¼ 3.5 mm, vertical to dura ¼ 5.0 mm from the

bregma). This position approximates the ischemic penumbra zone

in the striatum.

In all animals, behavior tests were performed just before donor

transplantation and at 2, 4, 6, 8, 10, and 12 weeks after transplanta-

tion by an investigator who was blinded to the experimental groups.

Neurological Severity Scores (NSS) [5] was used to evaluate neuro-

logical function of each animal. Before tMCAO surgery, all animals

were trained to be familiar with the testing environment. Once the

rats scored 0 and passed all the tests, they were subjected to tMCAO.

Rats’ brains were fixed by transcardial perfusion with saline, fol-

lowed by perfusion and immersion in 4% paraformaldehyde for

6 hours, then transferred to 20% sucrose solution (in 0.1 M PBS).

Sucrose-impregnated brain slabs were covered with O.C.T. com-

pound embedding medium and frozen on dry ice. 10 mm thick cryo-

stat section were cut and mounted on Poly-L-lysine-coated micro-

scope slides. To detect VEGF expression of grafted cells in vivo,

double immunofluorescent staining of anti-BrdU and anti-VEGF

antibodies were used 1 week after transplantation. To visualize the

cellular colocalization of BrdU-specific and neuron-specific markers

in the same transplanted cells, double immunofluorescent staining of

anti-BrdU and anti-neurofilament antibodies were used 12 weeks

after transplantation. Sections in 3 and 4 groups were also immuno-

histochemical study for anti-Factor VIII antibody to investigate the

capillary vessel structure at transplanted area.

For statistical procedures, SPSS 11.5 software was used and data

in di¤erent groups were analyzed by a one-way analysis of variance.

All data are presented as meanG standard deviations and P < 0:05

was considered statistically significant.

Results

Neurosphere of NSCs were isolated, cultured and

were transferred and adhered to poly-L-ornithine-

coated glass coverslips. NSCs showed nestin positive

with immunofluorescent staining. These neurosheres

also showed neurofilament-positive, GFAP-positive

or GalC-positive, respectively, when they were in-

duced to di¤erentiate.

From 24 hours after VEGF gene transfection, NSCs

continued to expresse VEGF mRNA until about 2

weeks, and reached its peak at 48–72 hours after trans-

fection. Immunofluorescent study for VEGF showed

that both undi¤erentiated and di¤erentiated NSCs

were stained positively.

on the 7th day after grafting, VEGF-transfected

NSCs migrated out from the injection site. The central

core of heavily labeled cells expressed VEGF, showed

double labeling of BrdU and VEGF (Fig. 1). These

findings indicated that the ex vivo VEGF-transfected

NSCs also expressed gene products in vivo, as they

migrated with the common NSCs after being trans-

planted into the penumbra zone of ischemia.

At 12th week after grafting, BrdU positive cells were

found scattered in an area of the striatum surrounding

the injection site, and only very few labeled cells re-

mained at the injection site. Some of the immigrated

cells also showed neurofilament-positive (Fig. 2), indi-

cating that they had di¤erentiated to neurons.

The ischemic lesion in rats of VEGF gene-

transfected NSCs group appeared to be less severe

compared with that in rats of NSCs grafted group,

with more Factor-VIII positive cells and less destroyed

vessel structure at 12th week after transplantation.

(Fig. 3)

There was no significant di¤erences in NSS among

groups before transplantation. At the 8th week after

transplantation, NSS in group 3 and 4 was signifi-

cantly lower than that in group 1 and 2. At the 12th

week, NSS in group 4 was significantly lower than

that in other 3 groups, NSS in group 3 was also signifi-

cantly lower than that in group 1 and 2. There was no
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di¤erence between 1 and 2 groups during the 12 weeks

after transplantation. (Table 1)

Discussion

Because of their inherent biologic properties, NSCs

represent valuable therapeutic tools against a variety

of neuropathologies, including cerebral ischemic

disease. Their ability to develop into integral cyto-

architectural components of ischemic region in the

host’s brain, makes them capable of replacing the

missing or dysfunctional neural cells.

Veizovic et al. implanted NSCs into the striatum

and cortex of MCAO rats, stable and long-lasting res-

olution of sensory dysfunction was observed 8 weeks

after transplantation [6]. However, Andsberg et al. [7]

did not find any significant protection during the early

period after implantation of NSCs into the penumbra

area of tMCAO rats.

Because NSCs require time to migrate and di¤eren-

tiate into neural cells and integrate with the host cyto-

architecture, limited restoration of neurological func-

tion is achieved during the early period after transient

ischemia. However, NSCs secret cytokine which can

ameliorate neural death [3]. Therefore, transfecting

NSCs with foreign therapeutic gene in vitro, trans-

planting them to the penumbra zone, delivering these

gene products to the ischemic area of the host’s brain

might be an e¤ective way to reduce neurological dam-

age in the early period.

Several lines of evidences supported that the reduc-

tion of neural damage in the tMCAO rats was due to

the transplantation of VEGF-secreting NSCs. Firstly,

there was no systematic di¤erence between the experi-

mental groups in the severity of ischemic insult before

donor transplantation. Secondly, NSS in VEGF-

secreting NSCs group was significantly lower than

those in other 3 groups 12 weeks postgrafting. Thirdly,

Fig. 1. Transplanted VEGF-transfected neural stem cells showed

double positive of BrdU and VEGF in vivo. (Primary antibody:

monoclonal BrdU antibody and polyclonal VEGF antibody; second

antibody: goat anti-mouse IgG-CY3 and goat anti-rabbit IgM-FITC.

Magnification: 400). (A) VEGF-transfected neural stem cells migrated

and showed BrdU-positive in vivo 1 weeks after being transplanted

into host’s ischemic area. (B) some cells showed VEGF-positive at

the same region as Fig. 1A. (C) some transplanted VEGF-transfected

neural stem cells showed double positive of BrdU and VEGF
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in the VEGF-secreting NSCs group, the rats which ex-

hibited very poor grafts survival also showed no reduc-

tion of ischemic damage. (Data not shown)

It is unclear as to the mechanism or factors that pro-

mote damaged neurological function with VEGF-

secreting NSCs transplantation after stroke. One

possibility is that the NSCs integrated into the tissue,

replaced the damaged neural cells, and reconstructed

neural circuity. Although we have no direct evidence

that NSCs developed direct contacts with other neu-

rons, NSS in NSCs group declined more quickly com-

pared with control and PBS graft groups at the 8th

week after transplantation. A more important reason

is that VEGF121 secreted by transplanted NSCs con-

tributed to recovery of function lost as a result of le-

sions [2]. VEGF secreted by host’s inherent cells de-

clined greatly 3 days after tMCAO [8]. Exogenously

administrated VEGF which is delivered by trans-

planted NSCs contributed to inhibit activation of

the apoptosis signal pathway of endothelial cells. In

addition, with the migration of NSCs, VEGF made

its e¤ect on larger ischemic area. However, in present

study, the NSS in group 4 was significantly lower at the

12th week after transplantation, indicating that exoge-

nously administrated VEGFmight be an initiating fac-

tor of vascular and neurological protection.

Hayashi [8] investigated VEGF expression in ische-

mic rats after tMCAO, and showed that VEGF ex-

pression was increased at 1 hour after tMCAO and

reached its peak at 3 hour, then decreased to the base-

line level within 1 day. On the contrary, flk-1 expres-

sion, one of the main VEGF receptor expressed by en-

dothelial cells, reached its peak 1–3 days after tMCAO

and remained at high level until 3 weeks after tMCAO.

In our present study, gene-transfected NSCs expressed

VEGF121 in about 2 weeks. When being transplanted

into the hosts’ brain 3 days after tMCAO, these cells

were most e¤ective because VEGF receptor of endo-

Fig. 2. Transplanted NSCs showed double positive of BrdU and

Neurofilament. (Primary antibody: monoclonal BrdU antibody and

Neurofilament antibody; second antibody: goat anti-mouse IgG-CY3

and goat anti-mouse IgM-FITC. Magnification: 400). (A) NSCs

migrated and showed BrdU-positive in vivo 12 weeks after being trans-

planted into host’s ischemic area. (B) some cells showed neurofila-

ment-positive at the same region as Fig. 2A. (C) some transplanted

NSCs showed double positive of BrdU and neurofilament
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thelial cells is still being expressed at that time. If gene-

transfected NSCs, which have the ability of perma-

nently secreting VEGF, were transplanted, the e¤ect

of VEGF would be relatively poor in the later time.

Additionally, permanently secreting of VEGF could

lead to more severe brain edema.
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Fig. 3. Immunohistochemistry staining showed larger amount of capillary vessels in transplanted regions of VEGF-secreting NSCs transplan-

tation group. (Primary antibody was monoclonal Factor-VIII antibody; ABC kit. Magnification: 400). (A) VEGF-secreting NSCs transplan-

tation group. (B) NSCs transplantation group

Table 1. Neurological severity scores in 4 groups from 0–12 weeks after transplantation

Group Case 0 week 2 weeks 4 weeks 6 weeks 8 weeks 10 weeks 12 weeks

1 10 6.8G 1.3 6.2G 1.2 5.5G 1.5 5.7G 2.0 5.2G 1.2 5.4G 1.4 5.4G 0.7

2 10 6.8G 1.7 6.2G 1.3 6.0G 1.9 6.3G 1.9 5.4G 0.9 5.1G 1.7 5.1G 0.7

3 10 6.7G 1.5 6.4G 1.7 5.7G 1.4 5.5G 1.5 4.5G 0.9 4.5G 1.6 4.4G 0.7

4 10 7.0G 1.7 5.8G 1.5 5.0G 1.1 4.6G 0.9 4.0G 0.7 4.0G 1.1 3.8G 0.4

P values 0.98 0.82 0.51 0.16 0.01* 0.15 <0.001*
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Summary

Hemorrhagic transformation upon reperfusion therapy has fo-

cused attention on ischemia-induced endothelial dysfunction. This

study examined whether hyperglycemia may induce hemorrhagic

transformation by enhancing endothelial mitochondrial damage

during ischemia and whether preconditioning (PC) stimuli may limit

ischemia-induced endothelial damage. In vivo, rats received 2.8 M

D-glucose or arabinose (1 ml/100 g; i.p.) prior to undergoing two

hours of middle cerebral artery occlusion and transcardiac fixation

for electron microscopy. In vitro, brain endothelial cells were ex-

posed to a PC impulse (short-term oxygen glucose deprivation;

OGD) prior to an injurious event (5 hours OGD). Endothelial injury

was assessed by measuring lactate dehydrogenase release. Hypergly-

cemia during cerebral ischemia resulted in marked changes in endo-

thelial morphology and mitochondrial swelling. Thus, in the ische-

mic hemisphere, there was no evidence of endothelial mitochondrial

swelling in normoglycemic rats (mean profile width 0.22G 0.04 vs.

0.17G 0.01 mm in contralateral hemisphere) but there was marked

swelling in hyperglycemic rats (0.44G 0.02 mm). In vitro, cells pre-

conditioned with one hour of OGD one day prior to 5 hours of

OGD, showed reduced lactate dehydrogenase release (p < 0.05). In

conclusion, hyperglycemia may have specific adverse e¤ects on en-

dothelial cell mitochondria during ischemia. Preventing those e¤ects

may help to ameliorate blood-brain barrier disruption on reperfu-

sion. Insights into how to prevent endothelial injury may come

from determining the mechanisms involved in endothelial precondi-

tioning.

Keywords: Cerebral ischemia; hyperglycemia; cerebral endothelial

cells; blood-brain barrier; mitochondria.

Introduction

The blood-brain barrier (BBB) is formed by the ce-

rebral endothelial cells and their linking tight junc-

tions. BBB disruption occurs during cerebral ischemia

with and without reperfusion [1]. The increased barrier

permeability may contribute to increased intracra-

nial pressure by causing vasogenic edema. In cases of

marked disruption, however, it can also lead to hemor-

rhagic transformation with potentially devastating ef-

fects. Indeed, such transformation is a major factor

limiting the use of tissue plasminogen activator (tPA)

as a stroke therapy.

One of the factors influencing the occurrence of

hemorrhagic transformation after a stroke is hypergly-

cemia [2, 5]. Animal ischemia reperfusion models have

also shown that hyperglycemia markedly increases the

occurrence of hemorrhagic transformation [4, 7]. The

mechanisms involved in this e¤ect of hyperglycemia

are still uncertain, but we have found that hyperglyce-

mia a¤ects endothelial function during ischemia [7, 8].

This suggests that hyperglycemia-enhanced endothe-

lial damage during ischemia may lead to hemorrhagic

transformation if the brain is reperfused. To examine

this hypothesis further, the current study examined

the e¤ects of hyperglycemia on endothelial morphol-

ogy during ischemia.

We have recently shown that ischemic precondition-

ing (PC) can limit BBB disruption during a subsequent

ischemic event [10]. Thus, there are endogenous mech-

anisms that can limit BBB injury. To help identify

those mechanisms, we have examined whether the in

vivo PC phenomenon can be mimicked in vitro using

cultured cerebral endothelial cells. An in vitro system

allows examination of the e¤ects of PC on endothelial

cells in the absence of other cell types.

Materials and methods

In vivo experiments

The animal protocols were approved by the University of

Michigan Committee on the Use and Care of Animals. Adult male

Sprague-Dawley rats (Charles River Laboratories) weighing 275–

350 g were used for all experiments. Animals were anesthetized

with pentobarbital (65 mg/kg, i.p.) and body temperature was main-



tained at 37 �C. The rats then received 2.8 MD-glucose (1 ml/100 g;

i.p.), to induce hyperglycemia, or arabinose, an osmotic control, 20

minutes before undergoing two hours of permanent middle cerebral

artery (MCA) occlusion using the suture method [9]. The rats were

then transcardially perfused with phosphate-bu¤ered fixative, pH

7.4 containing 2% paraformaldehyde and 2.5% glutaraldehyde.

Brains were removed and the cerebral cortex ipsi- and contralateral

to the MCA occlusion was sampled using a punch scheme [7]. Tissue

was sampled from the core of the ipsilateral and contralateral MCA

territory and processed for electron microscopy. Ultrathin sections

were taken and stained for examination with a Philips CM100 trans-

mission electron microscope equipped with a Kodak 1.6 Megaplus

high-resolution digital camera. For each sample 10–12 randomly se-

lected capillary profiles were selected and the measurements made of

mitochondrial lengths and widths (longest dimension perpendicular

to the length). An average of 52G 3 profiles were measured per

sample.

In vitro experiments

These experiments were performed on an immortalized mouse

brain endothelial cell line (bEND.3; American Type Culture Collec-

tion VA). Cells were plated and grown in the recommended cell me-

dia (DMEM, 10%FBS, 1xAA, 2 mM glutamine) in the presence

of 10% CO2 to confluence. They were then exposed to one hour

of oxygen glucose deprivation (OGD) as a PC stimulus or no PC.

The OGD was induced by transferal into a temperature-controlled

(37G 1 �C) anaerobic chamber (Coy Laboratory, MI) and replace-

ment of the media by deoxygenated glucose-free DMEM solution.

Then, at di¤erent time intervals (4 to 72 hours), the cells were ex-

posed to 5 hours of OGD (to induce injury) and reoxygenated for

24 hours. During the injury-inducing OGD and subsequent reoxyge-

nation, lactate dehydrogenase (LDH) release into the media was

monitored to assess cell damage using a commercially available kit

(CytoTox 96; Promega, WI).

Results

Two hours of permanent MCA occlusion in normo-

glycemic rats had little e¤ect on the structure of the

cerebral endothelium. For example, there was no

significant swelling of the mitochondria in the ipsilat-

eral (ischemic) hemisphere compared to contralateral

(Table 1). By contrast, in hyperglycemic animals, the

cerebral endothelium was grossly abnormal in the is-

chemic hemisphere. Particularly noticeable were the

presence of trapped erythrocytes within the lumen

of the blood vessels (despite perfusion fixation) and

grossly swollen mitochondria. Thus, the average width

of a mitochondrial profile was 175% greater in the

ipsilateral hemisphere compared to contralateral

and the average profile length also increased 77%

(Table 1). This enhanced endothelial damage during

ischemia may contribute to the greater occurrence of

reperfusion-induced hemorrhagic transformation in

hyperglycemic animals (75% of rats compared to 9%

of normoglycemic animals; [7]).

In vitro, bEND.3 cells were preconditioned with one

hour of OGD and then exposed to 5 hours of OGD 4,

24 or 72 hours later. Those cultures where the interval

was 24 or 72 hours, showed markedly reduced LDH

release at the end of the 5 hours of OGD and at the

end of 24 hours of reoxygenation (Table 2).

Discussion

Currently, a very small percentage of patients obtain

tPA therapy for stroke (@ 2%). An expansion of the

use of tPA-induced reperfusion therapy could occur

if the number of patients reaching hospitals within

the current therapeutic time window (three hours) in-

creases, if methods are found to prolong that therapeu-

tic time window or if the occurrence of hemorrhagic

transformation with t-PA could be reduced. In terms

of the latter, hyperglycemia is a risk factor for hemor-

rhagic transformation [2, 5] and the adverse e¤ects of

hyperglycemia in humans can be mimicked in animals

[4, 7]. The mechanisms by which hyperglycemia en-

hances hemorrhagic transformation are, however, still

uncertain. The results of this study suggest that adverse

e¤ects of hyperglycemia occur during ischemia (rather

than being solely a reperfusion event). Evidence was

found for enhanced endothelial injury. In particular,

the endothelial mitochondria of the ischemic hemi-

sphere in hyperglycemic animals became grossly swol-

len and there was evidence that some blood vessels

may cease to be perfused (as evinced by trapped eryth-

rocytes). This suggests a possible scenario whereby

Table 1. Endothelial mitochondrial dimensions after normo- and hyperglycemic MCA occlusion

Normoglycemic contralateral Normoglycemic ipsilateral Hyperglycemic contralateral Hyperglycemic ipsilateral

Length (mm) 0.36G 0.03 0.36G 0.04 0.31G 0.01 0.55G 0.03*y
Width (mm) 0.18G 0.02 0.22G 0.04 0.16G 0.01 0.42G 0.02**yy

E¤ect of hyperglycemia on the average mitochondrial dimensions in the cerebral endothelium ipsi- and contralateral to an MCA occlusion.

Values are meansG S.E., n ¼ 3 animals per group. * and ** indicate a significant di¤erence from contralateral at the P < 0.01 and p < 0.001

levels. y and yy indicate a significant di¤erence between the normo- and hyperglycemic animals at the P < 0.01 and p < 0.001 levels. Compar-

isons by ANOVA with a Newman-Keuls multiple comparisons test.
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hyperglycemia during ischemia causes extensive endo-

thelial damage, perhaps by a¤ecting mitochondrial

function, which causes activation of the coagulation

cascade. Normally, activation of the coagulation cas-

cade would prevent perfusion of the damaged vessel.

However, reperfusion of the damaged vessel (by re-

moval of the suture before the clot can withstand the

restoration of pressure or by tPA treatment) may lead

to hemorrhagic transformation.

The mechanism underlying hyperglycemia-

enhancement of endothelial damage during ischemia

remains to be elucidated. The mitochondrial swelling

that occurs suggests that those organelles may be spe-

cifically involved in the injury, possibly through activa-

tion of the mitochondrial permeability transition pore.

This pore is permeable to large molecular weight par-

ticles (such as cytochrome c) and its opening can result

in mitochondrial swelling [6].

An understanding of the mechanisms involved in is-

chemia-induced endothelial injury is necessary for the

rational design of therapeutic agents to limit that in-

jury. Insights into those mechanisms can potentially

be derived by examining the endogenous protective

mechanisms, such as those upregulated by PC to limit

ischemic injury. We have previously shown that ische-

mic PC limits ischemia-induced BBB disruption in

vivo [10] but, in such studies, it is always problematic

to determine whether PC a¤ects the endothelium

directly or has indirect e¤ects via parenchymal cell

protection. The current study, therefore, examined

whether cerebral endothelial cells could be protected

in vitro in the absence of other cell types. As shown

previously in neurons [3], the current results demon-

strate that cerebral endothelial cells are robustly pro-

tected by PC. Whether there are di¤erences in the cel-

lular mechanisms underlying protection in these two

di¤erent cell types is currently undergoing investiga-

tion. The fact that there is a delay in the onset of pro-

tection with PC suggests that the phenomenon requires

protein synthesis.

In conclusion, endothelial injury during ischemia is

an understudied phenomenon. Such endothelial injury

is markedly exacerbated by hyperglycemia and may

lead to hemorrhagic transformation upon reperfusion.

Endothelial injury in vivo [10] and in vitro (this study)

can be limited by preconditioning. Understanding the

mechanisms involved may help in the design of thera-

peutic agents to limit endothelial injury.
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Summary

Our previous studies showed that intracerebral infusion of

argatroban, a specific thrombin inhibitor, reduces brain edema and

neurological deficits in a C6 glioma model. The present study in-

vestigated whether systemic argatroban administration can reduce

glioma mass and neurological deficits and extend survival time in

C6 and F98 gliomas. Rat C6 or F98 glioma cells were infused into

the right caudate of adult male Fischer 344 rats. Osmotic minipump

loaded with argatroban (0.3 mg/hour) or vehicle was implanted into

abdomen immediately after glioma implantation. Tumor mass was

determined at day 9. Over the period of the experiment, the animals

underwent behavioral testing (forelimb placing and forelimb use

asymmetry). In addition, survival time was tested in the F98 glioma

model. In C6 glioma, argatroban reduced glioma mass (p < 0.05)

and neurological deficits (p < 0.05) at day 9. In F98 glioma, agratro-

ban prolonged the survival time (p < 0.05) and reduced the body

weight loss (84G 15 gram vs. 99G 2 gram in the vehicle group,

P < 0.05). In conclusion, systemic use of argatroban reduced tumor

mass and neurological deficits, and prolonged survival time. These

results suggest that thrombin plays a key role in glioma growth and

thrombin inhibition with argatroban may be a novel treatment for

gliomas.

Keywords: Glioma; brain edema; thrombin; argatroban; neuro-

logical deficits; rats.

Introduction

It has long been known that thrombin has a pivotal

role in the coagulation cascade. However, the discov-

ery and cloning of a series of thrombin receptors [2],

has suggested that thrombin has a wide range of poten-

tial actions. Several pieces of evidence led us to ex-

amine whether thrombin might have a major role in

malignant gliomas. (A) In contrast to normal brain,

the vasculature of these tumors is often highly perme-

able with the potential for prothrombin entry from

blood into tumor. (B) Brain edema in and around

gliomas contributes to the high mortality (within

months) of patients with malignant gliomas by causing

herniation-related death. Our previous studies indicate

that thrombin plays an important role in edema for-

mation after intracerebral hemorrhage (ICH) [4, 6].

(C) Thrombin is a potent mitogen, which enhances

the synthesis and secretion of nerve growth factor in

glial cells and stimulates astrocyte and tumor cell pro-

liferation [1]. (D) Angiogenesis is essential for rapid

glioma growth because of the need for oxygen and me-

tabolites. Although many factors regulate angiogene-

sis, thrombin may play an important role [7].

Our previous study found that intracerebral infusion

of argatroban reduces brain edema and improves func-

tion outcome in a C6 glioma model [3]. The present

study was to determine whether systemic use of arga-

troban can reduce tumor mass and tumor-induced be-

havioral deficits and prolong survival time.

Materials and methods

Animal preparation and C6, F98 glioma models

The protocols in this study were approved by the University of

Michigan Committee on the Use and Care of Animals. Adult male

Fischer 344 rats (200–225 g, Charles River Laboratories, Portage,

Michigan) were anesthetized with pentobarbital (50 mg/kg, i.p.).

Aseptic precautions were utilized in all surgical procedures. After an-

esthesia was achieved, a polyethylene catheter (PE-50) was inserted

into the right femoral artery in order to monitor arterial blood pres-

sure and to obtain blood for analysis of blood gases, blood pH, hem-

atocrit, and blood glucose concentration. They then were placed in

a Kopf stereotaxic frame. Body temperature was maintained at

37G 1 �C using a rectal temperature probe and a feedback regulator.* This study was supported by Mitsubishi Pharma Corporation.



A small burr hole was drilled in the skull overlying the right caudate

nucleus. The tip of a 26-gauge stainless steel cannula was then

lowered into the right caudate (0.2 mm anterior, 5.5 mm ventral,

3.5 mm lateral to the bregma) and 1� 106 C6 or F98 glioma cells

were infused. Behavioral deficits in these animals were examined at

3, 6, 9 and 12 days. Animals were sacrificed at 3 and 12 days for mea-

surement of tumor mass and edema formation, while other animals

were sacrificed at 12 days for immunohistochemistry and measure-

ment of thrombin activity.

Alzet osmotic mini-pump implantation and argatroban treatment

To examine whether thrombin contributed to brain edema for-

mation, glioma growth, glioma-related neurological deficits and sur-

vival time, animals were treated with argatroban, a thrombin inhibi-

tor. At the time of C6 or F98 glioma cell implantation, rats were

implanted intraperitoneally with an osmotic minipump (Alzet, Cu-

pertino, California). The pump was preloaded with argatroban

(60 mg/ml and delivers 5 ml/h) or vehicle.

Brain water content

The rats were sacrificed by decapitation under deep pentobarbital

anesthesia. The brains were removed immediately and cut into three

parts: front part (frontal pole to 3 mm back), the middle part (3–

7 mm frontal pole) and the rear part (7 mm to occipital pole). The

brain samples were then divided in to cortex or basal ganglia (ipsilat-

eral or contralateral). The brain water content was measured by wet/

dry method.

Tumor mass

We used the weight di¤erence between the ipsilateral (tumor side)

and contralateral hemisphere to estimate the tumor mass.

Behavioral tests

Animals were placed in a cylindrical enclosure to record preferen-

tial use of the non-impaired forelimb for weight shifting movements

during spontaneous vertical exploration. The % independent use of

the non-impaired forelimb (ipsilateral to the tumor), the % indepen-

dent use of the contralateral forelimb, and the % use of both fore-

limbs together in rapid succession for stepping movements along

the walls of the cylinder were assessed. A single score was then used

to reflect forelimb use asymmetry: % ipsilateral limb use minus %

contralateral limb use (low score ¼ better function). In addition, a

vibrissae-stimulated forelimb placing test (10 trials per side for each

rat) was used to examine sensorimotor/proprioceptive capacity (high

score ¼ better function) [4]. All behavior was scored by experi-

menters who were blind to both neurological and treatment condi-

tions. These tests are highly correlated with extent of striatal injury

without being influenced by repeated testing.

Cell culture

C6 (passage number 36 to 42) and F98 (passage number 9–11)

glioma cell lines were obtained from American Type Culture Collec-

tion (Manassas, Virginia). C6 glioma cells were grown at 37 �C in air

with 5% CO2 in Ham’s F-10 medium with 2.5% fetal bovine serum

and 15% horse serum. F98 glioma cell were obtained from American

Type Culture Collection (ATCC, Manassas VA) and grown in

DMEM (ATCC) medium with 10% fetal bovine serum at 37 �C in

air with 5% CO2. Cells were maintained in a monolayer culture.

Statistics

Data were analyzed by Student t test, Mann-Whitney U rank test

or Trend Peto-Peto-Wilcoxon test. Di¤erences were considered sig-

nificant at the p < 0.05 level.

Results

Brain water content was measured at day 9 after in-

fusion of C6 glioma cells with and without argatroban

treatment. Argatroban did not reduce brain edema in

the glioma significantly (80.7G 1.5% vs. 81.2G 0.7%

in the vehicle, p > 0.05). Minor hemorrhages were

found in all gliomas with argatroban treatment that

may prevent argatroban causing the significant reduc-

tion in edema we found with intracerebral treatment

[3].

We used the weight di¤erence between the ipsilat-

eral (tumor side) and the contralateral hemisphere to

estimate the tumor mass. Argatroban (0.3 mg/h/rat)

reduced C6 glioma mass at day 9 (43.3G 31 mg vs.

80.1G 35.2 mg in the vehicle group, n ¼ 8, p < 0.05,

Fig. 1).

Argatroban treatment also improved F98 glioma-

related neurological deficits including forelimb use

asymmetry and forelimb placing (Fig. 2). For forelimb

use asymmetry test, we only could test the glioma rats

to day 9 because the rats could not perform at day 12.

Early argatroban systemic treatment reduced rat body

weight loss (84G 15 gram vs. 99G 2 gram in the vehi-

cle group, p < 0.05). Argatroban prolonged survival

Fig. 1. Bar graph showing glioma mass at day 9 after C6 glioma cell

implantation in the argatroban-treated group (0.3 mg/h/rat) and

vehicle-treated group. Values are meanGSD, n ¼ 8, *p < 0.05 vs.

vehicle
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time in F98 glioma model (18G 3 days vs. 14G 4 days

in the vehicle group, p < 0.05).

Discussion

The current study demonstrates that systemic use of

argatroban (0.3 mg/h/rat) reduced C6 glioma mass. It

also improved F98 glioma-induced behavioral deficits

and prolonged survival time in that glioma model.

These results suggested that thrombin plays an impor-

tant role in glioma growth and argatroban may be a

useful treatment for glioma.

Our recent studies have found that intracerebral in-

fusion of argatroban reduced tumor mass, edema for-

mation and neurological deficits in a C6 glioma model

[3]. The e¤ect of thrombin on tumor mass may re-

sult from a direct e¤ect on tumor cell proliferation.

Thrombin enhances the synthesis and secretion of

nerve growth factor in glial cells [10] and stimulates as-

trocyte proliferation [1]. In addition, thrombin may act

as a growth factor for tumor cells and induces prolifer-

ative response in T-47D mammary tumor cells [9]. In

T98G and TM-1 human glioma cells, thrombin also

induced proliferation. This mitogenic e¤ect was abol-

ished by hirudin, a thrombin inhibitor [12]. Another

possibility is thrombin may increase tumor mass by

promoting angiogenesis [18].

Other experimental data suggest a role for coagula-

tion and fibrinolysis systems in tumor development,

progression and metastasis [11, 13]. Clinical data also

suggest that targeting the coagulation system might in-

fluence the course of malignant disease. The anticoa-

gulant drug warfarin prolongs the length of survival

of patients with small cell lung cancer. Heparin has a

benefit in patients with several types of cancer [19].

Our results suggest that drugs directly targeting throm-

bin may have similar actions and that warfarin and

heparin may be having their e¤ects by reducing throm-

bin production or activity.

Argatroban was chosen as the thrombin inhibitor in

this study. It is a small molecule (molecule weight:

508.7) and a direct thrombin inhibitor binding to the

catalytic site of thrombin molecule. Argatroban is an

e¤ective inhibitor of thrombin both bound to fibrin

and thrombin free in solution [5, 8]. We have found

that systemically delivered argatroban is e¤ective in re-

ducing intracerebral hemorrhage-induced edema for-

mation [6].

In the first part of this study C6 glioma cells were in-

jected into the caudate. This takes advantage of the

fact that a number of behavioral tests have been de-

vised to assess caudate damage induced by ischemia,

hemorrhage or neurotoxins [4, 15, 16]. This model is

stable and reproducible for edema, tumor mass and

neurological deficit measurements. There is a very seri-

ous limitation for the survival studies, however, since

C6 glioma can be immunogenic in allogeneic hosts

[17]. For this reason, we developed the F98 glioma

model in the rat for survival time studies.

Argatroban reduced neurological deficits in the F98

glioma model. Traditional preclinical investigations of

brain tumor therapies have focused primarily on inhib-

iting tumor cell proliferation or survival with little

regard to behavioral assessment. However, in clinical

trials brain function has been an essential index of

treatment benefit. A model that includes sensitive

functional outcome measures would appear to repre-

sent a significant advantage in brain tumor research.

The current study provides evidence that thrombin

could be a therapeutic target for malignant gliomas.

It does not address the question of whether thrombin

plays a role in other forms of brain tumor, i.e. is it spe-

cific for gliomas or does thrombin stimulate tumor

growth in, for example, low grade astrocytomas? But,

in relation to this point, there is evidence that the e¤ect

of thrombin is not confined to gliomas from examina-

tion of tumors outside the brain [14]. In particular, the

e¤ects of thrombin on angiogenesis suggest that it may

a¤ect growth in a variety of solid tumors which depend

on the formation of new blood vessels [7, 11, 14]. In

Fig. 2. Forelimb placing score at days 3, 6, 9 and 12 after intra-

cerebral infusion of F98 glioma cells with systemic treatment of arga-

troban or vehicle. The lower the score the greater the neurological

deficits. Values are meanG SD, n ¼ 15, *p < 0.05, #p < 0.01 vs. ve-

hicle by Mann-Whitney U rank test
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summary, we found that early systemic use of arga-

troban reduced glioma mass, improved glioma-related

neurological deficits and prolonged survival time in

two rat glioma models. Clarification of the e¤ects of

argatroban on glioma proliferation, angiogenesis and

edema formation should help to develop new thera-

peutic strategies for glioma treatment.
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Summary

Objectives. After application of hyperosmolar mannitol the cere-

brospinal (CSF) pressure is usually lowered within 30 min but this

e¤ect cannot be explained either by changes in intracranial blood

volume and flow or by changes in brain volume. We assume that

this e¤ect of mannitol my be consequence of CSF volume decrease

primarily in the spinal CSF due to high compliance of the spinal

dura.

Methods. To explore such a possibility we planned to separate spi-

nal and cerebral CSF. In chloralose anaesthetized cats dorsal lami-

nectomy of C2 vertebrae was performed and a plastic semi ring was

positioned extradurally separating cranial and spinal CSF. CSF

pressures were recorded via cannulas positioned in lateral ventricle

and lumbar subarachnoid space at L3 vertebrae, respectively.

Results. After intravenous bolus of 20%mannitol (0.5 or 1.0 g/kg/

3 min) in control animals without cervical stenosis, the fall of both

ventricular and lumbar CSF pressures was equal over time. At

15 min after mannitol application in cats with cervical stenosis an

slight increase of ventricular and a fall of lumbar CSF pressures

were observed, while at 30 min a gradient of these pressures of 5.5

and 7 cm H2O at lower and higher dose of mannitol, respectively,

were registered. However, after removal of cervical stenosis these

gradients disappeared.

Conclusion. The observed changes of CSF pressures in spinal and

intracranial space indicate that spinal subarachnoid space contrib-

utes a great deal to overall fall of CSF pressure and volume in the

early period after mannitol application probably due to high compli-

ance of the spinal dura.

Keywords: Mannitol; intracranial pressure; cervical stenosis; spi-

nal dura compliance.

Introduction

Mannitol has been widely used in clinical practice

for reduction of intracranial pressure (ICP) but the ex-

act mechanism of its action still remains controversial.

It is generally accepted that decrease of the volume of

intracranial contents (brain, blood, cerebrospinal fluid

(CSF)) may change ICP. It is observed that the ICP

usually is lowest at 30 min after i.v. bolus of hyperos-

molar mannitol but this e¤ect does not correlate with

changes of percentage of brain tissue water [3, 9] or ce-

rebral blood volume [7, 8]. We assume that this e¤ect

of mannitol may be consequence of CSF volume re-

duction primarily in the spinal CSF due to high com-

pliance of the spinal dura. To test this hypothesis we

have developed a new model of cervical stenosis in

cats separating the cranial and spinal CSF, and in this

model ventricular and lumbar CSF pressures were

measured after application of mannitol.

Material and methods

Adult cats weighing 2.5–5.0 kg were anaesthetised with chloralose

(100 mg/kg, i.p.) and positioned in sphinx position in stereotaxic

frame (D. Kopf, USA) with their heads elevated 12 cm above the

stereotaxic table. Mean arterial blood pressure and arterial blood

gases controlled during experiment. The CSF pressures were re-

corded via cannulas positioned in left lateral ventricle and lumbar

subarachnoid space at L3 vertebrae, respectively (Fig. 1). Interaural

line was taken as zero reference point for pressures measurements

and the pressures were registered via transducers (Statham P 23 ID,

Gold Electronics, USA) and polygraph (Model R511A, Beckman,

USA) (Fig. 1).

Since e¤ect of mannitol on normal CSF pressure is small (reduc-

tion about 18%) [1] to enhance this pressure we infused mock CSF

at a rate of 52 ml/min (Harvard M-975 infusion pump) over 10 min

via a cannula positioned in right lateral ventricle. Such an infusion

increases CSF pressure to 22–25 cm H2O. During the last 3 min of

intraventricular infusion 20% solution of mannitol (0.5 g/kg) was

intravenously injected and CSF pressures recorded over 60 min

(Fig. 2). The animals so treated served as control.

In the other group of experiments, the laminectomy of cervical C2

vertebrae and exposition of dura was performed. Immediately after

mock CSF infusion and mannitol application (see above), a plastic

semi ring, covering dorsal and lateral parts of dura and gently press-

ing on the cord, was positioned and CSF pressures recorded over

60 min (Fig. 2). It was shown in preliminary experiments that after

infusion (7 ml/min) of 2% phenolsulfophthalein (Fluka, Switzerland)

in saline over 20 min and after waiting of 60 min, tissue above plastic



semi ring adjacent to CSF showed intensive pink colour while below

plastic semi ring in the spinal region no pink colour was detected in-

dicating a block of communication of CSF above and below plastic

semi ring.

Results are shown as meanG S.E.M. Significance between data

was estimated by the Student’s t-test.

Results

After i.v. mannitol (0.5 g/kg) application change

of blood pressure from control 91G 7 mmHg to

103G 30 at 30 min and 95G 17 mmHg at 60 min

was observed. Control plasma osmolarity was

307G 1 milliosmoles (mosm) per litre, immediately

after mannitol application (0.5 g/kg) osmolarity was

317G 4 mosm/L, while at 30 and 60 min after manni-

tol osmolarities were 324G 4 and 313G 2 mosm/L,

respectively.

Figure 2 shows that in control animals without

stenosis (n ¼ 5) CSF pressures in lateral ventricle and

lumbar subarachnoid space fall to the same degree and

after 20 min they reached a relatively constant value of

about 8 cm H2O. Similar fall in CSF pressures is ob-

served in animals with cervical stenosis (n ¼ 4) during

first 15 min. However, after that time the ventricular

CSF pressure reaches value about 11.5 cm H2O while

lumbar CSF pressure falls to about 6 cm H2O, so that

significant gradient of pressure between ventricular

and lumbar CSF of 5 to 7 cm H2O (p < 0.05) is main-

tained until the end of experiment. When the plastic

semi ring was removed at the end of experiment this

gradient of CSF pressure disappeared and ventricular

and lumbar CSF pressure reached a value as in control

animals. In three animals with cervical stenosis manni-

tol in dose of 1.0 g/kg was applied and gradient of

CSF pressure was somewhat higher than in previous

case reaching a value of 9 cm H2O (mean value at

30 min was 7 cm H2O).

Fig. 1. Scheme of experimental model showing position of cannulas in lumbar subarachnoid space and left lateral ventricle for CSF pressure

recording, cannula in right lateral ventricle for infusion of mock CSF and the site of cervical stenosis
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Discussion

The large fall of CSF pressures in both groups of an-

imals during first 15 min after intraventricular infusion

of mock CSF and mannitol application (Fig. 2) can be

ascribed to increased absorption of CSF under high

CSF pressure and osmotic withdrawal of water into

blood capillaries due to increased plasma osmolarity

of about 10 mosm/L (see Results). After 15 min in an-

imals with cervical stenosis a separation of ventricular

and lumbar CSF pressure is manifested until the end of

experiment, the ventricular CSF pressure being signifi-

cantly higher than lumbar CSF pressure (p < 0.05).

At the same time in control animals without cervical

stenosis the ventricular and lumbar CSF pressures

were equal what should be expected due to free com-

munication of these two compartments.

Exchange of water and dissolved substances be-

tween the CSF and interstitial fluid is free process

[12]. After intravenous application of hyperosmolar

mannitol the hydrostatic pressure in interstitial fluid

decreases what is followed by decrease of CSF pressure

[11] indicating the absorption of water from inter-

stitium (and CSF) into blood capillaries. We assume

that replacement of water in interstitium by water

coming from CSF is reason why a decrease of percent-

age of interstitial water was not observed in early pe-

riod after mannitol application [3, 9]. During mannitol

action the osmolarity of CSF is significantly increased

[2] primarily due to retention of electrolytes (Na, Cl

and K). Since permeability of cerebral capillaries to

electrolytes is very poor, the increase of their concen-

tration and osmotic pressure in CSF and interstitium

should limit the intravascular osmotic e¤ect of manni-

tol on interstitial and CSF water volume.

In our model of cervical stenosis the transmission of

CSF pressure and volume is blocked between cranial

and spinal CSF so that the e¤ect of mannitol on these

two CSF compartments can be studied separately. Our

observation in animals with cervical stenosis that lum-

bar CSF is significantly lower than ventricular CSF

pressure (Fig. 2) requires explanation. It was shown

that mannitol increases cerebral blood volume and

flow [8] what should oppose to intraventricular CSF

pressure decrease. Furthermore, intracranial dura with

adjacent arachnoidea is tightly apposed to cranial

bones preventing the collapse of subarachnoid space

and opposing to absorption of intracranial CSF water

volume during osmotic action of mannitol, what

should not contribute to fall of ventricular pressure.

Fig. 2. The CSF pressures (cm H2O) in lateral ventricle (LV; e) and lumbar subarachnoid space (LSS; a) in control cats without cervical

stenosis (Control; n ¼ 5), and CSF pressures in LV (m) and LSS (i) in animals with cervical stenosis (Stenosis; n ¼ 5). Immediately before these

pressure recordings the mock CSF was infused (52 ml/min) into right lateral ventricle, mannitol (20%; 0.5 g/kg) injected over last 3 min of intra-

ventricular infusion, and thereafter cervical stenosis executed (Stenosis). Significant statistical di¤erence between LV and LSS CSF pressures in

animals with cervical stenosis is indicated (*p < 0.05)
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On the other hand, the spinal dura with adjacent

arachnoidea is not fixed to vertebrae so that subarach-

noid space filled with CSF can easily change volume

under di¤erent conditions [6, 10]. So we assume that

during mannitol osmotic action water from intersti-

tium of spinal cord and spinal CSF is predominantly

absorbed in spinal capillaries due to high compliance

of spinal dura. The importance of compliance of spinal

dura in regulation of CSF pressure was previously

stressed [4, 5].

The observed changes of CSF pressures in spinal

and intracranial space indicate that spinal subarach-

noid space contributes a great deal to overall fall of

CSF pressure and volume in the early period after

mannitol application probably due to high compliance

of the spinal dura. We suppose that our observation is

missing point which enables interpretation of main

e¤ects of mannitol on ICP, cerebral blood volume

and flow, brain water and CSF.
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Elimination of phenolsulfophthalein from the cerebrospinal

fluid via capillaries in central nervous system in cats by active

transport. Neurosci Lett 321: 123–125

Correspondence: Marijan Klarica, Department of Pharmacology,

School of Medicine, University of Zagreb, POB 916, Salata 11, HR-

10 000, Zagreb, Croatia. e-mail: mklarica@hiim.hr

410 M. Klarica et al.: Spinal contribution to CSF pressure lowering e¤ect of mannitol in cats



Acta Neurochir (2005) [Suppl] 95: 411–414

6 Springer-Verlag 2005

Printed in Austria

Cell column chromatography: a new research tool to quantify cerebral cell volume
changes following chemically-induced anoxia/re-oxygenation

F. Xiao1, S. Pardue1, T. Nash1, T. C. Arnold1, J. S. Alexander2, D. L. Carden1, R. Turnage3, A. Jawahar4, and

S. A. Conrad1

1Department of Emergency Medicine, Louisiana State University Health Science Center, Shreveport, Louisiana, USA

2Department of Physiology, Louisiana State University Health Science Center, Shreveport, Louisiana, USA

3Department of Surgery, Louisiana State University Health Science Center, Shreveport, Louisiana, USA

4Department of Neurosurgery, Louisiana State University Health Science Center, Shreveport, Louisiana, USA

Summary

Objective. The roles of individual types of cerebral cells in contri-

buting to brain edema are undefined. The objective of this study

was to determine the role of cerebral cell-column chromatography

in quantifying cell volumes of individual cerebral cell lines, under

chemically-induced anoxia/re-oxygenation (A/R).

Methods. Cerebral endothelial cells (4 experiments) or type II as-

trocytes (4 experiments) were cultured to confluence on microcarrier

beads. A chromatographic cell-column of 1.5 cm height was filled

with non-treated cell-covered beads. The column was perfused at

1 ml/min with a balanced perfusate for one hour (Baseline). The

perfusate was then switched to that containing 5 mM thioglycolic

acid for one hour (Anoxia). Then the column was perfused with the

normal perfusate for another two hours (Re-oxygenation). The total

free space in the column, reversely reflecting cell volumes, was deter-

mined by averaged transit time (TTa) of a non-permeable flow tracer

blue dextran. Decreased TTa means that cells swell, and vice versa.

Results. TTa in endothelial cell columns increased with a peak at

60 minutes of re-oxygenation. TTa in astrocyte columns decreased

with a nadir at 30 minutes of re-oxygenation.

Conclusion. Cell column chromatography can be used to deter-

mine the cerebral cell volume changes following chemically-induced

anoxia/re-oxygenation.

Keywords: Brain edema; cell column chromatography; cell vol-

ume; anoxia; re-oxygenation; cytotoxic edema; vasogenic edema.

Introduction

The pathophysiological mechanisms of brain dam-

age caused by cardiac arrest (CA) and resuscitation

are complicated and multifactorial [20], including

the primary insult of CA (complete temporary global

brain ischemia) and secondary inflammatory re-

sponses during and after resuscitation, also known as

the post-resuscitation syndrome. A characteristic fea-

ture of this syndrome is brain edema [24]. Brain edema

formation correlates with morphological neuronal in-

jury, including endothelial pinocytosis and opening of

the endothelial cell-to-cell tight junctions [6, 7]. Di¤use

brain edema formation has been documented in CA

patients with CT and MRI scanning and has been

shown to predict a poor neurological outcome [8, 16].

Increased ICP has also been reported in CA patients

[14, 16]. We have recently reported that experimental

CA of eight-minute asphyxiation results in brain

edema formation following one hour of restoration of

spontaneous circulation (ROSC) [25–27]. The mech-

anisms underlying CA-elicited brain edema are not

clear, but increasing evidence indicates an association

of brain edema formation with N-methyl-D-aspartate

(NMDA) receptor activation and aquaporin 4

(AQP4), a brain water-selective transport channel [24,

26, 28]. Furthermore, the contributions of each type

of cerebral cells to CA-elicited brain edema are un-

defined, partly due to the complexity of in vivo ex-

periments and the paucity of in vitro systems that accu-

rately measure cerebral cell water content and volume.

Cell column chromatography is an in vitro technique

that has been successfully used to determine alterations

in endothelial cell permeability [9, 10, 18]. The objec-

tive of this study was to determine if a cell column

chromatography technique, modified from that in

our previous studies, can be used to quantify cere-

bral cell volumes during chemically-induced anoxia/

re-oxygenation (A/R) [10, 18].



Methods and materials

Microcarrier bead cultures

Cerebral endothelial cells (4 experiments) or type II astrocytes

(4 experiments) were seeded on Cytodex-3 microcarrier beads

(Pharmacia, Uppsala, Sweden) at a density of 2� 104 cells per

cm2. Microcarrier cultures were stirred at 60 rpm and 50% of the

medium exchanged 3 times a week, as previously described [10, 18].

Cultures were used for these assays after confluence occurred.

Cell-column methods

Chromatographic cell-columns were made from water-jacketed

glass columns (0.65 cm diameter; Rainin, Emeryville, CA). Non-

treated cell-covered beads were poured into a cell column to a height

of approximately 1.5 cm (approximately 1:5� 108 cells). The col-

umn was equilibrated and perfused with HBSSþ 15 mM HEPES

(pH 7.4, Sigma). Perfusion through the column was maintained by

a peristaltic pump (Minipuls II; Gilson, Middleton, WI) at 1 ml/

min (chosen to approximate the gravity flow rate). After equili-

brating columns in this bu¤er for one hour as baseline, the col-

umn perfusate was then switched to HBSSþHEPES containing

5 mM thioglycolic acid for one hour of anoxia. After one hour of

thioglycollate-induced anoxia, the perfusate was switched back to

normal perfusate and the columnwas perfused for another two hours

of re-oxygenation. TTa was determined at baseline, 30 and 60 mi-

nutes of anoxia, and 30, 60, 90, and 120 minutes of re-oxygenation.

A/R injury

Perfusing the cell column with thioglycollate of 5 mM for 60

minutes was used to create anoxic injury since we observe in our pre-

vious studies that, at this concentration, after 30 minute treatment

there was only 7% of oxygen tension remained in the media, and

after 60 minute treatment there were no changes in viability of cells,

determined by the trypan blue exclusion test [18]. Re-oxygenation

state was established by washing out thioglycollate-containing perfu-

sate with thioglycollate-free perfusate.

Cell volume determination

Changes in cell volume were indirectly inferred from the average

transit time (TTa) of blue dextran through the cell columns, at base-

line, 30 and 60 minutes of anoxia, 30, 60, 90, and 120 minutes of re-

oxygenation. Blue dextran with a molecular weight of 2� 106 can-

not penetrate the monolayer through the cell membrane or cell-cell

junctions and follows the fluid phase, i.e., it is a flow tracer. To deter-

mine TTa at each time point, a bolus of non-permeable flow tracer

blue dextran at a concentration of 10 mg/ml was applied by a rotary

injection valve (Rainin) using a 50 ml loop. 100 ml of outflow fluid

were collected every second after dye injection until the total injected

dye was recovered and the optical absorbance (OD) of each sample

at 620 nm was determined using a 96-well plate reader (Titertek

Multiskan MCC/340, Vienna, VA). According to the formula, tran-

sit time (TT) ¼ cross sectional perfusion area (free space)/flow rate,

since flow rate was kept constant in these experiments, any increase

in cell volume reflected by decreased cell column free space, was ob-

served as an increase in fluid velocity through cell columns, resulting

in more rapid transit times, i.e., decreased TT. Average TT (TTa) of

the complete recovery of the impermeable tracer blue dextran in

each experiment was determined using the formula, TTa ¼ STðnÞ �
ODðnÞ/SODðnÞ, where TðnÞ ¼ the time in seconds at each n time point

after dye injection; and ODðnÞ ¼ OD of the recovered blue dextran at

each n time point after dye injection. This technique permits ex-

tremely rapid and sensitive analysis of cell volume changes.

Results

Figure 1 showed a representative light microscopic

picture of type II astrocytes-covered microcarrier

beads. Although there were no statistical di¤erences

in TTa at any time point compared to baseline mea-

surements, the following trends were observed (Fig.

2). TTa increased after anoxia in columns containing

cerebral endothelial cells with a peak at 60 minutes of

re-oxygenation. TTa decreased after anoxia in col-

umns containing Type II astrocytes with a nadir at 30

minutes of re-oxygenation.

Fig. 1. A representative light microscopic picture of type II

astrocyte-covering microcarrier beads

Fig. 2. Brain AQP4 expression following CA treated with ifenpro-

dil. TTa increased in columns containing cerebral endothelial cells

with a peak at 60 minutes of re-oxygenation. TTa decreased in

columns containing Type II astrocytes with a nadir at 30 minutes of

re-oxygenation. BL Baseline, A anoxia, R re-oxygenation
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Discussion

Brain edema, occurs in CA patients, detected with

CT orMRI scanning, and correlates to brain histology

and predicts a poor neurological outcome [4, 8, 16].

If patients survive the time of maximal brain edema,

chances for recovery improve, with or without neuro-

logical deficits [19]. We recently documented in several

studies that experimental CA results in brain edema as

determined by brain wet-to-dry weight ratio following

one hour of ROSC [25–28]. The reduction in brain

edema by the neuroprotective agents correlates with

the reduction in infarct volume following focal cere-

bral ischemia [22]. The mechanisms underlying brain

edema elicited by CA are unclear. By defining the

mechanisms underlying CA-elicited brain edema, ef-

fective new therapeutic strategies to preserve cellular,

tissue and neurological function following CAmay be-

come feasible.

Brain edema can be localized either intracellular

(cytotoxic edema, cerebral cell swelling) or intersti-

tially (vasogenic edema) [12]. Because of the dominant

e¤ect of hypoxia on cells, cerebral ischemia results pri-

marily in cytotoxic edema. After reperfusion, vaso-

genic edema plays a critical role in brain edema forma-

tion. Vasogenic brain edema is a consequence of the

damage to the blood-brain barrier (BBB). BBB shields

brain parenchyma from plasma constituents, including

ions and large molecules. Cerebral capillaries are the

major sites of the BBB [3]. The capillary complex is

composed of the lining endothelial cells, the surround-

ing pericytes, the basal lamina, and the astrocytic end-

feet near the vessels. Tight junctions formed between

the endothelial cells are major sites for restriction of

molecular tra‰cking for molecules that are hydropho-

bic, large, or charged. Vasogenic edema is important

because of the increased risk for hemorrhage from the

damaged vessel and the excess fluid [19]. There has

been increasing evidence that a considerable overlap

exists between these two types of brain edema, espe-

cially in ischemic brain edema [11, 13]. At the present

time, it is di‰cult to di¤erentiate cytotoxic from vaso-

genic brain edema in any clinical setting. Nevertheless,

brain edema, probably with both cytotoxic and vaso-

genic components in many if not all clinical scenarios

[11, 13], has been documented to be well related to se-

verity of brain injury and to be a major predictor of

neurological outcome in patients of CA [8, 16], stroke

[5, 23], traumatic brain injury [1, 15, 17], acute liver

failure [2], and diabetic ketoacidosis [21]. Further-

more, the contributions of each type of cerebral cells,

including endothelial cells, astrocytes, and neurons, to

brain edema are not known. This line of the studies is

very limited in vivo due to a lack of a technique that

can reproducibly measure cerebral cell volume.

In this study, we have described a new in vitro ap-

proach to measure cerebral cell volume. The method

was modified from previously reported studies in that

cell column chromatography was used to determine

endothelial cell monolayer permeability [9, 10, 18].

The method combines aspects of cell culture on micro-

carrier beads, column chromatography, and flow indi-

cator optical analysis. The monolayer formed in this

culture system appear to be confluent and provide

stable and reproducible characteristics of cell volume

changes for at least four hours of column perfusion, al-

lowing serial measurements on the same population of

cells subjected to several treatments. The use of flow

tracer blue dextran, which is non-permeable to mono-

layer cells covering microcarrier beads due to its large

molecular weight of 2� 106, allows us to determine

the intra-column free space, reflecting total cell vol-

ume.

We found in this study that type II astrocytes and

endothelial cells behave di¤erently under a condition

of chemically-induced anoxia/re-oxygenation. Astro-

cytes swell following anoxia with a peak of swelling at

30 minutes of re-oxygenation, and endothelial cells

shrink following anoxia with a peak of shrinking at 60

minutes of re-oxygenation. Due to facts that the astro-

cyte is one dominant type of glial cells in brain and

play roles in providing structural support and modu-

lating the micro-environment for neurons, regulating

neuronal growth factors and neurogenesis, and main-

taining BBB, studies on astrocyte swelling will shine

a light on the mechanisms responsible for both cyto-

toxic and vasogenic brain edema. The finding from

this study that cerebral endothelial cells shrink follow-

ing chemically-induced anoxia/re-oxygenation sug-

gests that inter-endothelial tight junction might be

physically opened, resulting in vasogenic brain edema.

While BBB is formed by tight junctions between endo-

thelial cells, the disruption of relationship of end-feet

to the endothelial cells leads to disruption of BBB and

subsequent leakage.

In in vitro studies of hypoxia, a hypoxia chamber

with an anoxic gas mixture has been widely used.

However, this system needs a long incubation time in

the medium to produce an anoxic condition. In addi-

tion, it is very di‰cult to handle the cells in anoxic
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chambers. The current and previous studies suggest

that thioglycollate-induced anoxia/re-oxygenation is

a useful model for investigating the e¤ect of ischemia/

reperfusion injury on cerebral cell volume. Because

thioglycollate produces a rapid, nontoxic, and con-

trollable hypoxic environment, this in vitro model of

hypoxia/anoxia may be used to study the e¤ects of dif-

ferent levels of hypoxia on specific cells [18].

In summary, this study suggests that cell column

chromatography may be a useful technique to deter-

mine cerebral parenchymal cell (type II astrocytes) and

vascular cell (endothelial) volume changes following

chemically-induced anoxia/re-oxygenation. Cerebral

type II astrocyte swelling and vascular cell contraction

are evident using cell column chromatography follow-

ing chemical-induced anoxia/re-oxygenation.
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Summary

Objectives. Ifenprodil, a NMDA receptor polyamine site antago-

nist, reduces experimental cardiac arrest (CA)-elicited brain edema,

which is associated with an up-regulation of aquaporin 4 (AQP4), a

brain water-selective channel. However, the interacting roles of

NMDA receptors and AQP4 in CA-elicited brain edema are un-

known. The objective of this study was to test our hypothesis that

ifenprodil treatment is associated with a down-regulation of brain

AQP4.

Methods. Twenty-five rats were assigned to normal controls

(group 1, n ¼ 6) or subjected to eight minutes of asphyxial CA

treated with placebo (group 2, n ¼ 9) or ifenprodil (group 3,

n ¼ 10). Ifenprodil at 10 mg/kg or normal saline of equal volume

was given intraperitoneally, 5 minutes before CA. The density of

AQP4 protein and actin bands was scanned and expressed as the

ratios of the optical density of AQP4 relative to that of actin. The

ANOVA analysis was used to compare the group di¤erences.

Results. The ratios of the optical density of AQP4 to that of actin

were 0:88G 0:06 in group 1, 1:11G 0:08 in group 2 (p < 0:05 vs.

group 1), and 0:78G 0:04 in group 3 (p < 0:01 vs. group 2; NS vs.

group 1).

Conclusion. Ifenprodil given before CA is associated with a down-

regulation of brain AQP4 in rats.

Keywords: Cardiac arrest; brain edema; ifenprodil; aquaporin 4;

NMDA receptor; AQP4 phosphorylation.

Introduction

Sudden cardiac arrest (CA) claims approximately

1,200 lives daily in the United States [9, 23, 39, 40].

CPR attempts have achieved suboptimal results.

Even when the restoration of spontaneous circulation

(ROSC) is achieved by current treatment, about 40%

of those who arrive at the hospital are never awakened,

and about 30% of those who are awakened su¤er per-

manent brain damage, including cognitive and motor

deficits [18]. Recent data demonstrate that although

the implementation of the survival of chain increases

overall survival rate of out-of-hospital CA victims

from 5–10% to 15–40%, 44% of the survivors su¤er

from some extents of neurological, psychosocial, or

cognitive deficits [3, 4, 30]. Furthermore, survival in

patients following in-hospital CA has not improved in

last 40 years [2]. More interestingly, the outcomes after

out-of-hospital CA in pediatric population have not

changed in last 30 years [37, 38]. Poor neurological

outcome after CA illustrates improved understand-

ing of pathophysiology of global cerebral ischemia/

reperfusion (I/R) elicited by CA.

Brain edema occurs in experimental CA and CA

patients and predicts a poor neurological outcome

[8, 14, 21, 33–36]. It has been documented that

ifenprodil (a-4-hydroxyphenyl-b-methyl-4-benzyl-1-

piperidineethanol), a polyamine modulatory site

blocker of N-methyl-D-aspartate (NMDA), reduces

brain edema following focal cerebral I/R and trau-

matic brain injury (TBI) [1, 6, 10]. We recently docu-

mented that ifenprodil reduces experimental CA-

elicited brain edema and CA-elicited brain edema is

associated with an up-regulation of AQP4 in brain

[34, 36]. Aquaporin 4 (AQP4), a brain water-selective

transport channel, contributes to brain edema forma-

tion elicited by focal cerebral I/R [20, 29]. However,

the interacting roles of NMDA receptors and AQP4

and their sequence in the signaling pathway underlying

CA-elicited brain edema remain unclear [32]. There-

fore, the objective of this study was to test our hy-

pothesis that ifenprodil treatment is associated with a



down-regulation of brain AQP4. The role of ifenprodil

on phosphorylation of AQP4 was also investigated.

Methods and materials

1. Study design

This study was approved by the Institutional Animal Care and

Use Committee. Twenty-five Sprague-Dawley rats weighing 350–

450 grams were assigned to normal controls (group 1, n ¼ 6) or sub-

jected to CA treated with placebo (group 2, n ¼ 9) or ifenprodil

(group 3, n ¼ 10). Ifenprodil at 10 mg/kg or normal saline of equal

volume was given intraperitoneally, 5 minutes before CA.

2. Animal protocol

Halothane was used for anesthesia induction (3%) and maintained

as low as possible throughout the surgical procedures. The rat was

instrumented with a tracheostomy for mechanical ventilation and

femoral arterial/venous cannulations for blood pressure monitoring

or medicine administration. Vecuronium bromide at 2 mg/kg prn

was used to facilitate ventilation. After baseline measurements of

blood pressure and rectal temperature, the rat was ventilated with

intermittent positive pressure ventilation (IPPV) of 100% O2 for

one minute followed by room air for four minutes. Asphyxia was

then induced by stopping IPPV and clamping the ventilator tubing

for eight minutes. The animal was resuscitated by resuming ventila-

tion, CPR, and epinephrine (0.01 mg/kg) and NaCO3 (2 mEq/kg)

administered IV push without interrupting CPR. Resuscitation

was continued until ROSC which was defined as a spontaneous sys-

tolic BPb 60 mmHg in placebo-treated animals (group 2) and

b 40 mmHg in ifenprodil-treated animals (group 3). The dis-

crepancy in defining ROSC between these two groups is from

our observation that ifenprodil-treated animals maintained systolic

BP < 60 mmHg for about two minutes after resuscitation. We also

noticed that all ifenprodil-treated animals survived the experiment

if they had a systolic BPb 40 mmHg during resuscitation [34].

Rectal temperature was controlled at 37:5G 0:5 �C in all animals

throughout the experiments. At one hour of ROSC, the experiment

was terminated with 3% halothane and the brain was perfused trans-

cardially with 100 ml of normal saline under a fixed infusion rate,

until clear fluid drainage occured [34, 35]. The whole brain was re-

moved and a part of the brain was frozen for brain AQP4 expression

and phosphorylation determination.

3. AQP4 protein expression in brain using western blotting

Brain samples were homogenized for 30 s in 10 mM Tris (pH 7.4)

and 2 mM EDTA, containing protease inhibitors (10 uM pepstatin,

10 uM leupeptin, and 0.1% phenylmethyl-sulfonyl fluoride) (Sigma).

Whole cell homogenates (40 mg) were loaded on a 12% poly-

acrylamide gel. After electrophoresis, proteins were electrophoreti-

cally transferred for 2 h to PDVF membranes. The membranes

were blocked with 20% milk in PBS (overnight) and incubated with

primary antibodies (rabbit anti-rat AQP4, 1 :1000, Chemicon, Te-

mecula, CA) overnight. Membranes were rinsed in PBS with 2%

milk, and horse-radish peroxidase conjugated secondary antibodies

(anti-rabbit Ig, Vector Lab, CA) were bound for 1 h. Membranes

were rinsed and visualization was preformed using a chemilumine-

sence kit (Pierce Biochemicals, Rockford, IL). Films were scanned

and densotometric measurement was preformed using Imagej soft-

ware (NIH). The optical density of AQP4 band was normalized to

that of actin, which was determined using Ponseau S staining in the

same gels. The level of AQP4 protein was expressed as the ratios of

the optical density of AQP4 relative to that of actin.

4. Total phosphorylation of AQP4 using immunoprecipitation

To determine the e¤ect of ifenprodil on AQP4 phosphorylation,

immunoprecipitation was preliminarily performed to measure the

levels of total phosphorylated AQP4. Brain samples challenged

with ifenprodil were homogenized in 150 mM NaCl, 1% NP-40 and

50 mM Tris (pH 8.0) containing both protease inhibitors (as used in

western blot) and a phosphatase inhibitor cocktail (Sigma). Samples

were precleared for 1 h on ice using normal rabbit serum and precipi-

tated with washed staph aureus (Sigma). AQP4 antibody (4 mg) was

added for 1 hour (Chemicon, Temecula, CA). Protein A conjugated

agarose (Sigma) was added and pelleted. The pellets were washed in

the same bu¤er and re-suspended with Lammli sample bu¤er and

loaded on a 12% agarose gel. After electrophoresis, the gels were

fixed, washed, and stained for 2 h with Pro-Q diamond phosphopro-

tein stain for total phosphorylated AQP4 (Molecular Probes, Eu-

gene, OR). To remove non-specific bindings of the stain, the gels

were destained 3 h with 3 changes of destain solution (15% 1,2-

propanediol, 50 mM sodium acetate, pH 4.0. Sigma). Gels were

then scanned and densotometric measurement was performed using

Imagej software (NIH) to determine the optical density of total

phosphorylated AQP4.

5. Statistical analysis

All data obtained from this proposal were entered into SPSS

11.0 for Windows. One-way ANOVA with a post-hoc analysis of

Sche¤e’s procedure was used for group comparisons. The results

were presented as meanG STD and significant di¤erences were de-

fined as p < 0:05.

Results

There were no statistical di¤erences in animal body

weight, surgical preparation time, and baseline mea-

surements of blood pressure, temperature, ABG, Kþ,

Naþ, and Caþ. There were no statistical di¤erences

between groups in physiological variables at any time

point of the experiments, including blood pressure,

temperature, ABG, Kþ, Naþ, and Caþ, except that

mean blood pressure at 30 minutes of ROSC were

55G 5 mmHg in group 2 and 68G 17 mmHg in

group 3 (p < 0:05).

Figure 1 showed a representative illustration of

brain AQP4 protein expression determined by western

blotting. Brain AQP4, expressed as the ratio of the

optical density of AQP4 to actin, were 0:88G 0:06 in

group 1, 1:11G 0:08 in group 2 (p < 0:05 vs. group

1); and 0:78G 0:04 in group 3 (p < 0:01 vs. group 2)

(Fig. 2). Total phosphorylated AQP4, expressed as

absolute staining intensity, were 1004G 149 in group

1 (n ¼ 3), 3303G 794 in group 3 (n ¼ 3); and

2201G 769 in group 3 (n ¼ 3) (Fig. 3). However, there
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were no statistical di¤erences between groups in total

phosphorylated AQP4 due to their small sample sizes.

Discussion

Brain edema occurs in CA patients, detected with

CT orMRI scanning, and correlates to brain histology

and predicts a poor neurological outcome [5, 8, 14, 21].

Increased ICP has also been reported in CA patients

[7, 21]. If patients survive the time of maximal brain

edema, chances for recovery improve, with or without

neurological deficits [26]. We recently documented in

several studies that experimental CA results in brain

edema as determined by brain wet-to-dry weight ratio

following one hour of ROSC [33–36]. The reduction in

brain edema by the neuroprotective agents correlates

with the reduction in infarct volume following focal

cerebral ischemia [28]. The mechanisms underlying

brain edema elicited by CA are unclear. By defining

the mechanisms underlying CA-elicited brain edema,

e¤ective new therapeutic strategies to preserve cellular,

tissue and neurological function following CAmay be-

come feasible.

The fact that glutamate receptor antagonists are

neuroprotective following focal cerebral I/R sug-

gests that glutamatergic transmission is enhanced

during I/R injury [24]. NMDA receptors are the

most important and the most studied glutamate re-

ceptors. NMDA receptors include NMDA recep-

tor-1 (NMDAR1) and NMDA receptor-2A-C

(NMDAR2A-C). NMDAR1 is ligand-operated

Ca2þ channels, whereas, NMDAR2 does not consti-

tute a functional Ca2þ permeable channel. Although

NMDA receptors are preponderant on neurons and

glia, they are present on cerebral endothelial cells as

well [15, 16]. Ifenprodil inhibiting NMDA receptor

modulatory sites has been shown to attenuate brain

edema and injury size in rats after focal cerebral ische-

mia [1, 6]. We recently reported that ifenprodil pre-

treatment reduces brain edema following CA in rats

[34].

AQPs, a family of the membrane water-channel pro-

teins, regulate transcellular water permeability. Ten

AQPs have thus far been identified, each with a dis-

tinct distribution in the kidneys, lung, eye and brain.

AQP4 is the most abundant AQP in CNS including

astrocytes, ependymal cells, endothelial cells as well

as neurons, suggesting that AQP4 plays an important

role in the regulation of brain water exchange in the

CNS [25, 31]. Manley et al. reported that AQP4-

Fig. 1. A representative illustration of brain AQP4 expression deter-

mined by western blot. Group 1 – normal control animals; group 2 –

cardiac arrest treated with placebo; and group 3 – cardiac arrest

treated with ifenprodil

Fig. 2. Brain AQP4 expression following CA treated with ifenpro-

dil. Brain AQP4, expressed as the ratio of the optical density of

AQP4 to actin, were 0:88G 0:06 in control animals (group 1),

1:11G 0:08 in CA animals treated with placebo (group 2); and

0:78G 0:04 in CA animals treated with ifenprodil (group 3).

* – p < 0:05 vs. group 1; ** – p < 0:01 vs. group 2

Fig. 3. Phosphorylated AQP4 following CA treated with ifenprodil.

Total phosphorylated AQP4, expressed as absolute staining inten-

sity, were 1004G 149 in control animals (group 1), 3303G 794 in

CA animals treated with placebo (group 2); and 2201G 769 in CA

animals treated with ifenprodil (group 3)
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deficient mice have an improved neurological outcome

and decreased infarct size following focal cerebral is-

chemia [20]. Taniguchi et al. reported an up-regulation

of AQP4 mRNA in the peri-infarcted cortex seven

days after focal cerebral ischemia that correlated with

the generation and resolution of brain edema moni-

tored by MRI [29]. We recently found that CA-elicited

brain edema is associated with an up-regulation of

AQP4 protein expression in rat brain [36]. However,

the role of AQP4 in CA-elicited brain edema remains

unclear.

NMDA receptor mediates protein phosphorylation

in studies using the hippocampal slice cultures, cul-

tured neurons, and in vivo focal cerebral I/R [12, 13,

17, 19, 27]. The literatures support that AQP4 is regu-

lated through a mechanism involving protein phos-

phorylation [11, 22] and AQP4 contains both tyro-

sine and serine residues (I59283, Swiss Protein Data

Base). Due to the fact that AQP4 is widely distri-

buted in brain and responsible for transcellular wa-

ter transport [25, 31], we hypothesized that NMDA

receptor causes CA-elicited brain edema through ac-

tivating AQP4. In this study, we documented that ifen-

prodil pre-treatment inhibits asphyxial CA-induced

over-expression of brain AQP4. Our study also sug-

gests that ifenprodil pre-treatment inhibits CA-elicited

AQP4 phosphorylation.

We conclude that ifenprodil pretreatment inhibits

brain AQP4 over-expression elicited by asphyxial CA.

This study also suggests that ifenprodil may play a role

in regulating AQP4 phosphorylation. The results de-

rived from this study provide indirect evidence of an

interaction between the NMDA receptor and AQP4

following asphyxial CA. Further studies to define

the mechanism by which NMDA receptor-mediated

AQP4 expression modulates CA-induced brain edema

are indicated.
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Summary

Intracerebral hemorrhage (ICH) induces brain edema formation

via a variety of mechanisms including toxicity due to thrombin and

erythrocyte lysis. However, the roles of oxidative damage and excito-

toxicity have not been fully elucidated and they are examined in this

rat ICH study. Adult male Sprague-Dawley rats received an intra-

caudate injection of 100 ml autologous whole blood and 5 U of

thrombin. Rats were sacrificed at 1 hour, 1 and 3 days, and then

the brains processed using Western blotting to quantify N-methyl-

D-aspartate receptor (NR) subunit expression. At 3 days, animals

were also sacrificed for assessment of protein oxidation using West-

ern blot analysis for dinitrophenyl (DNP) and brain water content.

Compared to the contralateral side, ipsilateral basal ganglia NR1

and NR2A subunit expression transiently increased at 1 hour after

ICH and thrombin injection. From 24 hours there was a marked

down-regulation. At 3 days, marked edema and DNP up-regulation

were observed in ICH and thrombin injection groups. The present

NR expression up-regulation at 1 hour may reflect the acute cell

response after ICH. The down-regulation of NR subunits and up-

regulation of DNP may be associated with cell damage, towards

which thrombin may contribute.

Keywords: Cerebral hemorrhage; N-methyl-D-aspartate receptor;

thrombin; oxidative stress.

Introduction

N-methyl-D-aspartate receptor (NR) subunits play

an important role in the mechanism of excitotoxic in-

jury after ischemic and traumatic brain injury [7, 10].

However, the influence of hemorrhagic stroke on

NRs is unclear. Intracerebral hemorrhage (ICH)

induces perihematomal brain edema and causes neuro-

logical deficits. The mechanisms of brain injury after

ICH are not fully umderstood but are di¤erent from

ischemic stroke. One of several e¤ects of thrombin,

via activation of protease-activated receptor-1 (PAR-

1), is potentiation of NR [3]. However, roles of excito-

toxicity and oxidative damage have not been fully elu-

cidated and they are examined in this rat ICH study.

The current study examines whether ICH induces NR

alteration in the rats. This study also examines whether

thrombin may alter NR expression. Protein oxidation

was examined using an anti-dinitrophenyl (DNP) anti-

body following ICH and thrombin injection models.

Materials and methods

Animal protocols were approved by the University of Michigan

Committee on the Use and Care of Animals. Male Sprague-Dawley

rats (Charles River Laboratories, Portage, MI) were used for all ex-

periments. The animals were anesthetized with pentobarbital 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

ganglia (0.2 mm anterior, 5.5 mm ventral, and 3.5 mm lateral to

the bregma). Autologous whole blood (100 ml), rat thrombin (5 U/

50 ml saline) or saline (100 ml) was infused at a rate of 10 ml/min

with the use of a microinfusion pump.

Animals were anesthetized before undergoing intracardiac 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. Briefly, 50 mg proteins for each were separated by sodium do-

decyl sulfate polyacrymide gel electrophoresis and transferred to a

Hybond-C pure nitrocellulose membrane (Amersham, Piscataway,

NJ). The membranes were blocked in nonfat milk. Membranes

were probed using the primary antibody (mouse anti-NR1 antibody,

rabbit anti-NR2A antibody, mouse anti-b actin antibody or mouse

anti-DNP antibody) and the second antibody (BIO-RAD, Hercules,

CA). The antigen-antibody complexes were visualized with a chemi-

luminescence system and exposed to film. The relative densities of

bands were analyzed with the NIH Image.

Reverse transcription reaction was performed at 42 �C for 30 min

and terminated at 99 �C after 5 min. Polymerase chain reaction

was performed with reverse transcriptase reaction mixture. Oligo-

nucleotide primer for rat NR1 was synthesized by Sigma Genosis

(Woodlands, TX). The primer sequences for NR1 were 5 0-



TCAGCGACGACCACGAGGGAG-3 0 (sense primer) and 5 0-
TTGTAGATGCCCACTTGCACCA-3 0 (antisense primer), gener-

ating a 603 bp PCR product. Rat GAPDH primers were used to

amplify GAPDH mRNA, a housekeeping gene used as a control.

Samples were subjected to 31 cycles (94 �C for 30 sec; 60 �C for

30 sec; and 72 �C for 1 min). PCR was analyzed by electrophoresis

on 1% agarose gel. Gels were observed with ethidium bromide stain-

ing and ultraviolet transillumination. Photographs were taken with

black and white film (Polaroid, Cambridge, MA). The relative den-

sities of the bands were analyzed with the NIH Image.

Animals were reanesthetized and decapitated 3 days after ICH for

brain water content measurements. A coronal brain slice (approxi-

mately 3 mm thick) 4 mm from the frontal pole was cut with a blade.

The brain slice was dissected into the basal ganglia. The cerebellum

also served as a control. A total of three samples from each brain

were obtained, i.e. the bilateral basal ganglia and the cerebellum.

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. The formula for calcu-

lation was as follows: (Wet Weight – Dry Weight)/Wet Weight.

All data in this study is presented as meanG SD, and analyzed

using Student’s t-test or analysis of variance, followed by Sche¤e’s

post hoc test for multiple comparisons. Significance levels are mea-

sured at p < 0:05.

Results

NR1 protein levels in the ipsilateral basal ganglia

significantly increased at 1 hour after ICH (p < 0:01).

At 1 and 3 days after ICH, however, the NR1 protein

levels in the ipsilateral basal ganlgaia were significantly

decreased compared to the contralateral basal ganglia

(p < 0:05). Similarly, NR2 protein levels significantly

increased at 1 hour after ICH (p < 0:05) and decreased

at 1 and 3 days after ICH (p < 0:05, data not shown).

NR1 levels at 1 hour after thrombin-infusion were

significantly increased in the ipsilateral basal ganglia

(p < 0:05). At 1 and 3 days after infusion of thrombin,

there were significant decreases in NR1 protein levels

in the ipsilateral basal ganglia (p < 0:05, Fig. 1B).

NR1 mRNA levels were significantly increased in

the ipsilateral basal ganglia at 1 hour after ICH

(p < 0:05). At 1 day and 3 days after ICH, however,

the significant di¤erences of the NR1 mRNA levels

were not found in the ipsilateral basal ganglia com-

pared to the contralateral basal ganglia (Fig. 1C).

The brain water content was significantly increased

in the ipsilateral basal ganglia in the ICH group

(p < 0:01) and thrombin injection group at 3 days af-

ter injection, compared with the saline-injected control

(Fig. 2A). DNP upregulation was observed in the ipsi-

lateral basal ganglia at 3 days after ICH (p < 0:01)

and thrombin injection (p < 0:01) groups compared

to the saline injection group (Fig. 2B).

Discussion

In the present study, we showed that protein levels

of the NR1 and NR2A subunits were transiently

increased at 1 hour and there was a marked down-

regulation from 1 day after ICH. The mRNA level of

NR1 was also increased at 1 hour after ICH, but there

was no down-regulation at 1 and 3 days after ICH. In

addition, intracerebral injection of thrombin resulted

in similar results as ICH. DNP up-regulation and

marked edema were observed at 3 days after ICH and

thrombin injection.

NR expression up-regulation may reflect the acute

cell response after ICH, which is, in part, activated by

Fig. 1. (A) Bar graphs showing the brain water content 3 days after

saline, blood or thrombin injection (n ¼ 5 in each group). Cont-BG:

contralateral basal ganglia; Ipsi-BG: ipsilateral basal ganglia; Cere-

bell: cerebellum. (B) Western blot analysis of DNP protein levels in

the basal ganglia at 3 days after injection. Equal amounts of protein

(50 mg) were used. Values are meansG SD. * indicates p < 0:01

compared with that saline injection group (n ¼ 3 in each group)
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glutamate release. Several studies have shown increase

in NR mRNA expression following ischemic brain

injury [4, 9]. The present study suggests that increases

in NR subunit levels in acute phase were due to up-

regulation of gene expression, like previous studies in

ischemic model. Interestingly, NR began to decrease

from 24 hours after ICH. Our results suggest that

decreases in NR subunit levels were not due to down-

regulation of gene expression. Kumar et al. also

showed decreases in NR subunits were not induced by

down-regulation of gene expression [6]. One possibility

for decreased NR is enzyme degeneration. Transient

activation of calpain-like protease has been shown in

traumatic brain injury [5] and seizure models [1]. The

role of proteases, including thrombin, and their recep-

tors may be important in ICH. Evidence indicates that

brain injury following ICH is, at least in part, due to

the action of thrombin formed during clot formation.

The possibility that thrombin may enter brain tissue

after ICH raises the potential for activation of protease

receptors with detrimental consequences. Gingrich

et al. demonstrated the potentiation of NR function

by serine protease thrombin [3]. From this evidence,

thrombin-induced brain injury may be associated in

part with NR. The alterations of NR subunit expres-

sions following ICH may be associated with cell dam-

age, to which thrombin may contribute.

Some reports have shown the relation of excitotox-

icity and oxidative stress in other models [7, 10]. The

interactions of reactive oxgen species (ROS) and gluta-

mate receptors have also been shown [2]. These reports

suggest glutamate receptor activation as a source of

ROS and the role of ROS in accentuating excitotox-

icity. Oxidative glutamate toxicity toward neurons

lacking functional NRs could be a component of the

excitotoxicity-initiated cell death pathway [8]. In the

present study, the down-regulation of NR subunits

and up-regulation of DNP have been observed. These

regulations may be associated with edema and cell

damage, to which thrombin may contribute.
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Summary

Age is an important factor a¤ecting oxidative stress and plasticity

after brain injury. The present study investigated the e¤ects of aging

on brain injury after intracerebral hemorrhage (ICH). Aging (18-

month) and young (3-month) male Sprague-Dawley rats received

an intracerebral infusion of 100-ml autologous blood. Age-related

changes in brain edema and neurological deficits were examined

and heat shock protein 27 (HSP27) and heat shock protein 32

(HSP32) levels were determined by Western blotting. Perihemato-

mal brain swelling was more severe in aged rats compared to young

rats at three days after ICH (P < 0.05). The behavioral tests used

were forelimb placing test and forelimb use asymmetry test. There

were more severe neurological deficits and a slower recovery in aged

rats compared to those in young rats after ICH (P < 0.05). In addi-

tion, perihematomal HSP27 and HSP32 protein levels were higher

(p < 0.05) in aged rats. In conclusion, ICH causes more severe brain

swelling and neurological deficits in aged rats. Clarification of the

mechanisms of brain injury after ICH in the aging brain should

help develop new therapeutic strategies for hemorrhagic brain

injury.

Keywords: Cerebral hemorrhage; aging; brain edema; neurologi-

cal deficits.

Introduction

Intracerebral hemorrhage (ICH) is a common and

often fatal stroke subtype and results in severe neuro-

logical deficits in survivors. Brain edema is an impor-

tant component of brain injury after ICH, causing

both acute herniation-related deaths and long-term

neurological deficits [6]. ICH is primarily a disease of

the elderly, but most current experimental ICHmodels

have used young animals. Age is an important factor

a¤ecting brain injury after ischemic stroke in animals

and humans [1], which may also a¤ect brain injury af-

ter ICH. Recently, we have developed behavioral tests

for rodent models of ICH [2], allowing assessment of

the impact of age on ICH-induced brain damage. In

addition, heat shock proteins are brain injury markers,

some of which are induced after ICH [3]. In the present

study, we examined the e¤ects of aging on neurological

deficits, brain edema formation and the levels of heat

shock proteins after ICH.

Materials and methods

Animal preparation and intracerebral infusion

Animal use protocols were approved by the University of Michi-

gan Committee on the Use and Care of Animals. Thirty-four young

(3-month old) and thirty-four aged (18-month old) male Sprague-

Dawley rats (Charles River Laboratories) were used in this study.

The rats were anesthetized with pentobarbital (45 mg/kg i.p.). The

right femoral artery was catheterized for continuous blood pressure

monitoring and blood sampling. Blood was obtained from the cath-

eter for analysis of blood pH, PaO2, PaCO2, hematocrit and blood

glucose. Core temperature was maintained at 37 �C with use of a

feedback-controlled heating pad. All rats received an injection of

100-ml autologous whole blood into the right caudate nucleus at a

rate of 10-mL/min through a 26-gauge needle (coordinates: 0.2 mm

anterior, 5.5 mm ventral, and 3.5 mm lateral to bregma) with the

use of a microinfusion pump.

Experimental groups

These experiments were divided into three parts. All rats had an

intracerebral infusion of 100-mL autologous whole blood. In the first

part, 4 groups of aged and young rats (n ¼ 7) were killed 1 or 3 days

after blood injection for brain water content measurements. In the

second part, aged and young rats (n ¼ 8) underwent behavioral test-

ing the day before ICH and at days 1, 3, 5, 7, 14, and 28 after ICH. In

the third part, brains were sampled 1, 3, 7 and 28 days after ICH for

heat shock protein analysis using Western blotting (n ¼ 3 each time

point).

* This study was supported by grants NS-17760 (J.T.H), NS-

39866 and NS-47245 (G.X) from the National Institutes of Health

and by grant 0435354Z from the American Heart Association
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Brain swelling

Brain water content was determined by wet/dry weight method

[6]. Brain swelling after ICH is usually examined by measuring %

water content ((water content� 100)/wet weight). Contralateral

brain and cerebellar water content, however, was found to be less in

aged rats than in younger rats. Instead, therefore, we calculated tis-

sue swelling. For each sample the ratio of wet weight to dry weight

was determined and the % swelling was calculated as the % change in

this ratio between the ipsilateral and contralateral side.

Behavioral tests

Two types of test [2] were employed: (A) Forelimb Placing Test.

Forelimb placing was scored using a vibrissae-elicited forelimb-

placing test. (B) Forelimb Limb-Use Asymmetry Test.

Western blot analysis

Western blot analysis was performed at day 1, 3, 7, 28 after ICH

using as previously described methods [8]. In brief, protein con-

centration was determined by Bio-Rad protein assay kit. Samples

(50 mg protein) were run on a polyacrylamide gel and then

transferred to pure nitrocellulose membrane (Amersham). For

HSP27 and HSP32 measurements, membranes were probed with

1 :2500 dilution of rabbit anti-rat HSP27 or anti-rat HSP32

(StressGen), followed by a 1 :2500 dilution of the secondary anti-

body (peroxidase-conjugated goat anti-rabbit antibody, Bio-Rad).

The antigen–antibody complexes were visualized with a chemilumi-

nescence system (Amersham) and exposed to photosensitive film.

The relative densities were analyzed using the NIH image software

(NIH Image Version 1.61).

Statistical analysis

Mann-Whitney U tests and Students t test were used. Values are

meanGSD. Statistical significance was set at P < 0:05.

Results

Physiological parameters in all animal groups were

recorded during intracerebral infusions. There was a

significant di¤erence between young and aged rats in

body weight. However, the other physiological vari-

ables, including mean arterial blood pressure, blood

pH, blood gases, hematocrit, and blood glucose, were

not di¤erent between the groups.

Forelimb placing and forelimb use asymmetry were

used to assess neurological deficits. Rats were tested

from day 1 to day 28 after ICH. There were marked

neurological deficits by day 1 after ICH but there was

progressive recovery of function over four weeks. The

initial (day 1) behavioral deficit, as assessed by the

forelimb placing score (Fig. 1) and the forelimb use

asymmetry scores, was greater in aged compared to

young rats (P < 0.05). This di¤erence with age was

maintained for the 4 weeks after ICH (Fig. 1). ICH

has no e¤ect on the ipsilateral (non-impaired) forelimb

placing. The enhanced neurological deficits in aged

rats were associated with enhanced brain swelling.

Perihematomal swelling was more severe in the aged

rats compared to young rats at three days after ICH

(Fig. 2).

Further evidence for enhanced injury in aged ani-

mals came from analysis of HSP27 and 32, two brain

injury markers. After ICH, young rats had increased

HSP27 and HSP32 levels by day 1. These levels peaked

at days 3–7 and there was a decrease at day 28, partic-

ularly for HSP32. The time course for HSP32 in aged

rats was similar, but the peak induction at days 3 and 7

was greater than in young rats (p < 0.05). For HSP27

not only were the levels greater at days 3 and 7 in aged

rats (p < 0.05), but the upregulation was prolonged

with there still being a marked upregulation at day 28.

Discussion

In the present study, we found that intracerebral

hemorrhage caused greater neurological deficits, more

severe brain swelling and a greater induction of heat

shock proteins in aged rats compared to young rats.

These results suggest that age is a significant factor in

determining brain injury after ICH.

Accumulating evidence indicates that multiple

mechanisms are involved in brain edema after ICH

[7]. These include coagulation cascade activation with

thrombin production, red blood cell lysis with hemo-

globin-induced toxicity and complement cascade acti-

vation in the brain parenchyma. The age dependent

injury may reflect di¤erences in one or more of these

mechanisms.

Fig. 1. Forelimb placing test in young and aged rats after ICH.

Values are meanG SD, n ¼ 8. *p < 0.05, #p < 0.01 vs. 3-month

old rats
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Heat shock proteins are very sensitive markers

for brain injury [4]. HSP27 and HSP32 were chosen as

two brain injury markers for the current study. The up-

regulation of both perihematomal HSP27 and HSP32

levels was found to be higher in the aged rats. It should

also be noted that HSP32 (also called hemeoxygenase

1; HO-1) is a key enzyme for heme degradation. By in-

creasing the release of iron from hemoglobin, HSP32

may participate in brain injury. Indeed, hemeoxyge-

nase inhibitors reduce brain edema after ICH [5].

Greater upregulation of HSP32 in aged rats may not

only be a response to greater injury but it may partici-

pate in that injury.

Neurological deficits following ICH result from the

balance of injury and repair. Thus, the greater neuro-

logical deficits in aged rats could reflect alterations in

either the initial injury or the ability to recover func-

tions. Figure 1 and our previous study have shown

that there is time-dependent recovery after ICH may

result from plasticity [2]. Our present behavioral data

showed that the temporal profiles of recovery in aged

and young rats are identical. This result suggests that

di¤erences in acute injury, rather than less plasticity,

results in the greater brain swelling and neurological

deficits in aged rats.
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Summary

N-acethylcysteine (NAC) is known to have direct and indirect

antioxidant abilities. We investigated the potential protective e¤ect

of NAC on ICP, brain edema and contusion volume after Controlled

Cortical Impact (CCI) injury. A moderate CCI injury was induced

on the left hemisphere in 48 Sprague Dawley rats. The animals were

treated with intraperitoneal injection of NAC (163 mg/kg/KG) or

physiological saline. Measurements of intracranial pressure (ICP)

were performed and brains were removed at 24 hours. Gravimetric

analysis of post-traumatic edema and morphometric measurements

(TTC staining) of contusion volume were carried out in 24 animals,

respectively. ICP measurements increased significantly over time

with no significant di¤erences between both groups. The relative

di¤erence in water content in NAC treated animals (1.45G 0.1%)

did not di¤er significantly versus placebo (1.47G 0.2%). The

contusion volume was diminished by 19% in the NAC group

(53.52G 5.3 mm3) versus placebo (66.28G 4.7 mm3) without

showing statistical significance. The antioxidant properties of NAC

did not a¤ect intracranial pressure or posttraumatic brain edema for-

mation, although the moderate reduction of contusion volumemight

reveal beneficial e¤ects on focal contusion.

Keywords: N-acetylcysteine; traumatic brain injury; brain edema;

controlled cortical impact injury; free radicals.

Introduction

The significant role of free radicals on secondary

posttraumatic brain injury has been stressed by di¤er-

ent authors [5, 8, 10]. In particular, the generation of

oxygen free radicals such as hydroxyl or superoxide

radicals, has been described to occur following CNS

damage. Free radicals may cause secondary brain

damage due to peroxidation of membrane lipids result-

ing in breakdown of the blood-brain-barrier (BBB),

cell membranes or denaturation of proteins and nu-

cleic acids. N-acetylcysteine (NAC) is a precursor

molecule of glutathione, which is one of the antioxi-

dant molecules acting as a physiological defense mech-

anism against free radical mediated cell damage. NAC,

a well-known compound from clinical routine, may

eliminate free radical species and other oxidants by

direct scavenging abilities [1] as well as by promoting

glutathione synthesis [3]. Following focal cerebral is-

chemia, NAC has previously been shown to be neuro-

protective for neuronal survival, neurological outcome

score and infarct volume [4, 6, 12]. Following Con-

trolled Cortical Impact Injury, a restoration of GSH

levels and mitochondrial dysfunction following NAC

treatment has been reported [17]. In this study, we

investigate the e¤ect of NAC on ICP, brain edema

formation and contusion volume following Controlled

Cortical Impact injury in rats.

Material and methods

Approval by the local animal care and use committee of the Berlin

state department was obtained. 48 male Sprague Dawley rats (300–

350 g), anesthetized with isoflurane (1.9 vol% in N2O and O2; mix-

ture of 2 :1), were traumatized over the intact dura of the left hemi-

sphere using the Controlled Cortical Impact (CCI) injury model

(bolt diameter: 5 mm; velocity: 7 m/sec; penetration depth: 1 mm;

contact time: 300 msec). Rectal temperature was kept at 37 �C.
Intracranial pressure (ICP) was monitored by positioning a micro-

sensor (Codman, Johnson and Johnson) in the right frontal hemi-

sphere. Rats received either n-acetylcysteine (NAC, Hexal AG,

Holzkirchen, Germany; 163 mg/kg body weight i.p.) or physiologi-

cal saline solution immediately, 2 and 4 hours after CCI. ICP meas-

urements were performed before and after trauma, following the first

drug administration and before brain removal at 24 hours following

CCI.

To assess edema formation, brains [n ¼ 24] were dissected in

midline and weighed before and after drying at 100 �C for 24

hours to quantify wet weight (WW) and dry weight (DW). Water

content and delta water content were calculated (water contentL=R
[%] ¼ [(WWL=R �DWL=R)/WWL=R] � 100); (delta water content

[%] ¼ water contentL [%]� water contentR [%]). To determine con-

tusion volume brains [n ¼ 24] were cut in 1.3 mm slices. The brain



sections were incubated in 2% triphenyltetrazolium-chloride (TTC)

solution at 37 �C for 30 minutes and were recorded photographi-

cally. The contusion area was measured morphometrically and the

volume was calculated. All data is expressed as meansGSEM, with

di¤erences rated significant at p < 0:05 (Sigma Stat1 3.0; Jandel Sci-

entific, Germany).

Results

Arterial blood gases remained within physiological

limits at all time points. MABP and CPP were in

normal range without statistical di¤erences between

the groups. ICP significantly increased in both groups

over time. Di¤erences between the groups did not

reach statistical significance (Fig. 1). The water content

at 24 hours after CCI in the traumatized hemisphere

was significantly increased in all animals compared to

non-traumatized hemispheres (p < 0:01). In the NAC

group, delta water content (1.45G 0.1%) was similar

to the placebo group (1.47G 0.2%). Contusion volume

in NAC treated animals (53.5G 4.7 mm3) was re-

duced by 19% compared to placebo treated animals

(66.3G 5.3 mm3; p ¼ 0:09; Fig. 2).

Discussion

The present study could not show significant di¤er-

ences in elevated posttraumatic intracranial pressure

or brain edema formation following NAC administra-

tion versus placebo animals. However, a tendency to

reduction in contusion volume in NAC treated ani-

mals was observed.

Free radical formation is described as a factor re-

sponsible for secondary traumatic brain injury. Anti-

oxidants and free radical scavengers have been tested

as neuroprotective compounds following traumatic

brain injury in experimental and clinical settings [9,

11, 13, 14]. For n-acetylcysteine (NAC), antioxidant

properties are described due to its sulphydryl group,

which regenerates the radical scavenger glutathione.

Furthermore, direct reaction with hydroxyl radicals

are described [1, 3]. NAC has been tested as neuropro-

tective drug following ischemic brain damage and re-

perfusion injury [4, 6, 12]. Despite following a similar

protocol of drug administration, our study did not

show any e¤ect of NAC treatment on post-traumatic

edema nor on intracranial pressure. Brain edema for-

mation following CCI has been described as cytotoxic

and vasogenic origin [15, 16]. Vasogenic edema is

characterized by a biphasic opening of the blood brain

barrier at 6 and 24 hours following injury [2], while

vasogenic edema after CCI correlates with the release

of hydroxyl radicals [13]. We hypothesize, that the lack

of edema reduction by NAC may be explained by the

small period of vasogenic edema formation within the

treatment window and is less represented compared to

models of ischemia and reperfusion.

The beneficial e¤ect of NAC treatment has been ob-

served on infarct volume, hippocampal neuronal cell

loss and neurological outcome in various models of

ischemic brain damage [3, 6, 12]. Interestingly the e‰-

cacy of NAC inversely correlates in a model testing

di¤erent ischemia intensities [7]. After CCI, mitochon-

drial dysfunction is reportedly restored after NAC ad-

Fig. 1. ICP measurements showed increased values over time. At 24

hours pressure values were significantly increased versus baseline in

both groups. No statistical di¤erences could be determined between

the groups

Fig. 2. Contusion volume was reduced by 19% in NAC treated ani-

mals in comparison to the placebo group without reaching the level

of statistical significance (p ¼ 0:09)
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ministration [17]. Our data has not shown statistical

significance in the reduction of absolute contusion vol-

ume. Nevertheless, we quantified a 19% decrease in

contusion volume 24 hours after trauma. A similar

mechanism to ischemic injury may be responsible for

the increase in neuronal survival after NAC adminis-

tration. Direct and indirect free radical scavenging

activity of NAC and its metabolite glutathione as well

as indirect anti-inflammatory e¤ects may be responsi-

ble for protective properties in brain injury [6, 12].

Conclusion: The antioxidant abilities of NAC result

in promising e¤ects following experimental cerebral is-

chemia but are only restricted in the treatment of focal

traumatic brain lesions in rats. The tendency for reduc-

tion in contusion volume warrants further investiga-

tions on neuroprotection at a cellular level.
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Summary

Objectives. The perfusion of cerebrospinal fluid (CSF) spaces by

artificial CSF (aCSF) containing an indicator, is an indirect method

used to calculate CSF formation. To evaluate this method, we have

developed a ventriculo-aqueductal perfusion method, which enables

a direct measurement of CSF formation in the ventricles.

Methods. In chloralose anaesthetized cats, the aqueduct of Sylvius

was cannulated so that the outflow end of the plastic cannula was

positioned extracranially. Both lateral ventricles were also cannu-

lated, with one cannula for infusion of aCSF containing blue dex-

trane and the other for measurement of CSF pressure.

Results. During ventriculo-aqueductal perfusion (direct method)

under physiological CSF pressure, the outflow rate from aqueductal

cannula did not di¤er significantly from the inflow rate, i.e. no CSF

formation was observed. When the indirect method based on dilu-

tion of blue dextran in the outflowing perfusate was used, the forma-

tion of approximately 5 ml/min of CSF was obtained.

Conclusion. Results of the direct method indicate that net CSF

formation inside brain ventricles does not exist. The opposite results

obtained by the indirect method questions this method as a reliable

study of CSF formation.

Keywords: Cerebrospinal fluid (CSF); ventriculo-aqueductal per-

fusion; CSF formation; CSF pressure.

Introduction

The CSF formation rate (Vf ) in animals has been

extensively studied by the ventriculo-cisternal perfu-

sion technique, which is still regarded as the most pre-

cise method [1, 4–6]. This method and the equation for

the calculation of the CSF formation rate have been

established by Heisey et al. [5], who assumed that the

dilution of the indicator substance is a consequence of

newly formed CSF, i.e. that a higher CSF formation

rate will result in a higher degree of dilution of the in-

dicator substance in outflow perfusate. Therefore, this

method is indirect and any uncertainty in the interpre-

tation of the degree of dilution of the indicator sub-

stance in the perfusate caused by some other factors

will result in questionable and often contradictory con-

clusions regarding CSF formation rates [3, 7–9, 12].

For this reason we have developed a direct

ventriculo-aqueductal perfusion method for measure-

ment Vf at the physiological CSF pressure assuming

that the inflow rate should be smaller than the outflow

rate if the net CSF formation in ventricles exists [11].

The purpose of this study was to compare results ob-

tained by these two methods. Namely, if both methods

are reliable and precise, no di¤erences should exist be-

tween calculated Vf (indirect method) and measured

Vf (direct method).

Materials and methods

Adult cats of both sexes weighing 2.0–3.8 kg were anaesthetized

with chloralose (100 mg/kg, i.p.) and positioned in sphinx position

in stereotaxic frame (D. Kop¤, USA) with their heads elevated

12 cm above stereotaxic table. The aqueduct of Sylvius was ap-

proached via transcerebellar route and cannulated so that outflow

end of the plastic cannula was positioned extracranially, and there-

after the skull was hermetically closed [11]. Both lateral ventricles

were also cannulated, with one cannula used for 26.06 ml/min infu-

sion (by Palmer pump) of aCSF containing blue dextrane, (m.w. 2

millions; 1 mg/ml) and the other for measurement of CSF pressure

(Fig. 1). From the external end of the aqueductal cannula, 30-min

samples of the perfusate were collected in a plastic tube and the opti-

cal density of the dextran blue in perfusate was measured using a

spectrophotometer (Perkin-Elmer 55B) at wavelength of 635 nm.

All experiments were performed at physiological CSF pressure

(6.5–8.0 cm H2O), where the external auditory meatus was taken as

the zero pressure level.

The CSF formation rate (Vf ) was calculated by the indirect



method using the equation derived by Heisey et al. [4]: Vf ¼
Vi(Ci� Co)/Co, where Vi is the inflow perfusate rate, Ci is the con-

centration of the blue dextran in the inflow perfusate and Co is the

concentration of the blue dextran in the outflow perfusate.

The Vf was obtained by the direct method as the di¤erence

between measured outflow and inflow volumes of perfusate at physi-

ological CSF pressure. The volume of samples was determined by

weighing (Mettler, Toledo, Switzerland). The Vf was achieved by

both methods for each cat under the same experimental conditions.

Results are shown as mean valuesGS.E.M (n ¼ 5) and di¤erences

between data estimated by the Student’s t-test.

Results

The results of the outflow concentration of blue dex-

tran (Co/Ci� 100) and calculated CSF formation rate

(Vf ) in five cats at di¤erent time intervals (30 min) at

physiological CSF pressure are shown in Fig. 2. The

outflow concentration of blue dextran was stable dur-

ing the examined period of 120 min and the calculated

rate of Vf was about 5 ml/min.

Simultaneously, the outflow and inflow rates of per-

fusate measured by direct ventriculo-aqueductal perfu-

sion method in the same cats were 27.06G 2.66 ml/min

and 26.06G 0.22 ml/min, respectively, and these did

not di¤er significantly (p > 0.05). This suggests that

by the direct method, CSF formation in ventricles is

not observed.

Fig. 1. Scheme of experimental model showing position of cannulas in left lateral ventricle for infusion of aCSF, in right lateral ventricle for

CSF pressure recording, and in aqueduct of Sylvius for collection of outflow perfusate

Fig. 2. Outflow concentration of blue dextran in the percentage

of inflow concentration (Co/Ci� 100; open circles) and the rate of

calculated CSF formation (Vf; closed triangles) during ventriculo-

aqueductal perfusion (26.06 ml/min over 120 min) with aCSF con-

taining blue dextran at physiological cerebrospinal fluid pressure in

five cats. The vertical lines show the standard error of mean value
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Discussion

It is a generally accepted hypothesis that CSF is pro-

duced mainly by the secretory activity of the choroid

plexuses within the brain ventricles. At physiological

CSF pressure, CSF supposedly circulates slowly from

the ventricles towards the cortical subarachnoid space,

to be passively absorbed into the venous sinuses across

the arachnoid villi. If CSF is mainly formed inside the

ventricles and absorbed from the subarachnoid space,

it should circulate at a physiological CSF pressure,

through the aqueduct of Sylvius or, as in our cat model

[11], through the plastic cannula positioned in the

aqueduct (Fig. 1). Therefore, if Vf is measured directly

during ventriculo-aqueductal perfusion with aCSF,

outflow rate of perfusate is increased in comparison to

inflow rate. Furthermore, if during such perfusion, the

aCSF contains an indicator substance as dextran blue,

the dilution of dextran blue in the outflow perfusate, in

comparison to inflow perfusate, can be used for calcu-

lation of Vf according to the equation developed by

Heisey et al. (see Materials and Methods).

Our approach gives the opportunity of measuring

the CSF formation rate (Vf ) on the same experimental

animal in two ways, i.e. directly, by measuring outflow

volume of perfusate, and indirectly, by calculations

based on the dilution of indicator substance in outflow

samples.

Our study has shown that by using the direct

method, no significant di¤erences are observed be-

tween outflow and inflow rate during two hours of

ventriculo-aqueductal perfusion (26.06 ml/min) at

physiological CSF pressure. This means that the same

volume of perfusate as has been infused by the pump in

lateral ventricle, has been collected at the end of the

aqueductal cannula, i.e. nett CSF formation inside the

brain ventricles is not observed. This data largely cor-

responds to our previous observations when perfusion

has been performed using a rate of 12.96 ml/min [11],

or when CSF is freely collected from the aqueductal

cannula over one [11] or two hours [10]. Furthermore,

these results are in line with a new hypothesis [2, 11]

which suggests that CSF is not formed at one site

(brain ventricles) and absorbed at the other one (villi

arachnoidales). According to this hypothesis the

osmotic and hydrostatic forces in plasma operating

across the capillary walls are regulators of cerebral in-

terstitial fluid and CSF volume.

However, when the dilution of blue dextran in the

outflow perfusate is used to calculate CSF formation

rate according to Heisey et al. [5], a nett CSF forma-

tion of nearly 5 ml/min is obtained (Fig. 2). This dis-

crepancy between results obtained by two mentioned

methods again questions the possibility of using the di-

lution of indicator substance as a parameter for calcu-

lation of Vf. The variable mixing of CSF across the

whole CSF system and the indicator in perfusate, the

di¤erent spread of perfusate through the CSF system

and possible di¤erent absorption of the indicator or

water from the perfusate into surrounding tissue, could

lead to contradictory experimental results obtained by

that method [3, 7–9, 12]. For previously mentioned

reasons, our results indicate that the perfusion method

with dilution of indicator in the perfusate is not reliable

for calculation of the rate of the CSF formation

and that data attained by this method should be re-

evaluated.
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8. Orešković D, Bulat M (1993) Hydrostatic force in regulation

of CSF volume. In: Avezaat CJJ, Ejindhoven JHM, Maas

AIR, Tans JTJ (eds) Intracranial pressure VIII. Berlin, Springer,

pp 731–734
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Of the advances in monitoring the injured brain,

techniques which enable derangements in neuro-

chemistry to be characterised are evolving at a rapid

rate. Methods are now available to interrogate brain

chemistry are several levels including nucleic acids,

amino acids, peptides, proteins and fundamental sub-

strates and products of metabolism such as glucose,

lactate and pyruvate. These methods can be divided

into multi-modality techniques such as microdialysis

and brain tissue oxygen sensors which involve invasive

monitoring, and imaging techniques such as positron

emission tomography and magnetic resonance spec-

troscopy. Both approaches have advantages and dis-

advantages. Multi-modality monitoring techniques

enable continuous monitoring of the brain over pro-

longed periods of time but in focal areas of the brain.

Imaging, on the other hand, is able is provide a global

map of the whole brain but only as a snapshot for

the duration of the scan. Combining monitoring and

imaging techniques is therefore an attractive proposal.

This neurochemical satellite symposium to the

ICP2004 meeting in Hong Kong addressed the current

state of the art of monitoring and imaging brain chem-

istry, covering the current role of microdialysis in brain

injury (methodology and pathophysiology) includ-

ing the biochemical signature of the Lund protocol,

brain tissue oxygenation, near infrared spectroscopy

and imaging. In addition, new and exciting techniques

– circulating nucleic acid and proteomic technology

were reviewed. The theme of this symposium was to

describe the contribution that each of these techniques

has made and has the future potential to make in terms

of increasing our understanding of the pathophysiol-

ogy of brain injury. In addition, each technique was

appraised in terms of its ability to translate from

purely a research technique to one that can be used as

a clinical monitor for the management of patients on

an intention to treat analysis.
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Summary

The application of clinical microdialysis to monitor changes in ce-

rebral extracellular chemistry is now well established in several neu-

rosurgical units worldwide. In neuro-intensive care the technique has

been predominantly applied to patients with traumatic brain injury

and subarachnoid haemorrhage. There is no doubt that microdialy-

sis has increased and continues to increase our understanding of the

pathophysiology of these conditions. Current studies are addressing

the potential role of microdialysis as a clinical monitoring technique

assisting in the management of patients on an intention to treat basis.

This involves establishing the relationship between microdialysis and

outcome, and the e¤ect of therapeutic manoeuvres on the chemistry.

This manuscript describes the place of microdialysis in traumatic

brain injury in terms of the fundamental principles, methodology,

pathophysiology and clinical application.

Keywords: Traumatic brain injury; head injury; microdialysis;

cerebral metabolism; hypoxia; ischemia.

Introduction

Following trauma to the head, one of the fundamen-

tal processes that results in progression of injury is

cerebral ischemia. Both the primary insult (ictus) and

secondary insults such as hypoxia, hypotension and

seizures contribute to this process. Ischemia results in

reduced oxygen delivery, energy failure, and cerebral

edema. One of the goals of traumatic brain injury

management is to detect and treat these secondary in-

sults in order to reduce injury progression and improve

outcome.

In neuro-intensive care, measurement of intra-

cranial pressure (ICP) is the cornerstone of multimo-

dality monitoring and is recommended by US and Eu-

ropean guidelines [5, 16]. Monitoring of cerebral blood

flow (CBF; by extrapolation of flow velocity from

trans-cranial Doppler or by functional imaging) and

brain oxygenation (by jugular venous oxygen cathe-

ters and brain tissue oxygen sensors) is also widely

practised both for research and clinical purposes [15].

Measurement of the e¤ect of fundamental derange-

ments of pathophysiology such as increased ICP, re-

duced CBF and reduced cerebral oxygenation in terms

of the impact on cerebral metabolism is now feasible

with the application of cerebral microdialysis. This has

enabled monitoring of brain injury in terms of changes

in the extracellular concentration of fundamental sub-

strates and metabolites.

The microdialysis technique was first described

by Ungerstedt and Pycock in 1974 [29], applied to the

human brain initially to monitor neurotransmitters

in Parkinson’s disease [20] and subsequently used to

monitor patients with traumatic brain injury (TBI)

and subarachnoid haemorrhage in neuro-intensive

care.

Principle of microdialysis

The principle of cerebral microdialysis is the perfu-

sion of a fine catheter lined with semi-permeable renal

dialysis membrane [28], introduced into the cerebral

cortex either directly or via a cranial access device.

The catheter comprises an inlet tube, a shaft, a mem-

brane and an outlet tube. The inlet tube is perfused

with a physiological solution such as normal saline or

Ringer’s solution at very low flow rates (typically 0.1–

2.0 ml/min i.e. approximately 0.15–3.0 ml/day) using

a precision pump. The solution passes down the con-

centric shaft to the membrane where molecules di¤use

from the extracellular space into the perfusion fluid.

The solution then passes up the shaft via the outlet

tube into collecting vials. Standard membranes have a

20 kDa cut-o¤ and are applied to measure the concen-



tration of glucose as an indicator of glucose supply and

uptake, the lactate/pyruvate ratio as an indicator of

anaerobic metabolism, glutamate as a marker of exci-

totoxicity and the release of glycerol from damaged

cell membranes (Fig. 1). Molecular cut-o¤ membranes

of 100 kDa can also be applied which enable the detec-

tion of larger proteins. The collecting vials are changed

at set intervals of 10–60 minutes and analysed for glu-

cose, pyruvate, lactate and glutamate at the bedside us-

ing automated enzyme analysers and then stored for

delayed o¤-line analysis using, for example HPLC, to

detect other amino acids.

Methodology of microdialysis

There are a number of important considerations

to be taken into account in terms of the clinical appli-

cation of microdialysis to the human brain. These in-

clude the concepts of recovery, the choice of perfusion

fluid, and critical appraisal of the technique.

Recovery

The microdialysis catheter lies within the extracellu-

lar space mimicking a blood vessel allowing communi-

cation with the extracellular fluid along a logarithmic

concentration gradient towards and away from the

catheter. It is important to recognise, therefore that

the level of substance detected in the dialysis fluid does

not necessarily equate to the true extracellular concen-

tration. The term ‘‘recovery’’ is applied to the propor-

tion of substance in the extracellular fluid that is de-

tected in the dialysate. ‘‘Relative recovery’’ depends

on the length of the dialysis membrane, the rate of

flow of the perfusion fluid, the speed of di¤usion of

the substance and the properties of the membrane.

Relative recovery is defined as concentration of a par-

ticular substance in the fluid as it leaves the dialysis

membrane expressed as a percentage of the concentra-

tion in the extracellular fluid surrounding the mem-

brane. It approaches 100% when the flow rate ap-

proaches zero. Absolute recovery is the total amount

of substance recovered during a defined time period,

usually the sampling period. It approaches a maxi-

mum value at higher flow rates because the concentra-

tion gradients between the environment of perfusate/

dialysate are then maximal. In practice, long mem-

branes (10–30 mm) and slow flow rates (0.3–2 ml/

min) are used to increase recovery rates. Longer

30 mm membranes enable significantly higher re-

covery rates than shorter 10 mm membranes but are

more di‰cult to implant and may monitor heteroge-

neous volumes of brain. Slow flow rates while increas-

ing recovery, reduce the volume of dialysate available

for analysis in a given unit time.

The concept of recovery can be applied to determine

the true extracellular concentration of a particular sub-

stance by varying the flow rate, while measuring the

changes in concentration of substance coming out of

the catheter, and extrapolating to zero flow. Using this

technique the relative recovery for the 10 mm 20 kDa

cut-o¤ CMA70 catheter has been shown to be approx-

imately 70% at 0.3 ml/min and 30% at 1.0 ml/min for

glucose, pyruvate, lactate and glutamate [12].

Perfusion fluid

Ideally, the composition of the perfusion fluid should

be as close to the normal physiological values of the

extracellular fluid. Early clinical microdialysis studies

utilised normal saline. However, concerns raised from

animal studies that depletion of calcium will impair

neurotransmitter release have lead to introduction of

other solutions such as CMA perfusion fluid. Despite

these concerns the absence of calcium from the perfu-

sate does not appear to a¤ect the recovery of glucose,

lactate, pyruvate and glutamate [12]. For the larger

cut-o¤ molecular membranes it is recommended that

dextran is added to the perfusion fluid to maintain di-

alysate volume.

Fig. 1. Fundamental substrates and metabolites monitored by

microdialysis. Glucose is metabolised to pyruvate (glycolysis) which

enters the citric acid cycle. However, under conditions of hypoxia,

pyruvate is preferentially metabolised to lactate. The lactate/

pyruvate ratio is therefore a marker of anaerobic metabolism. Gluta-

mate and glycerol are also markers of evolving injury
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Critical appraisal

There are a number of points which require critical

evaluation in terms of the application of clinical cere-

bral microdialysis.

(i) Microdialysis-induced tissue trauma. Animal

studies have raised concerns regarding tissue trau-

ma induced by catheter insertion. There is evi-

dence of uncoupling of regional cerebral blood

flow from local brain glucose metabolism for the

first 24 hours after probe insertion which is [2, 4]

probably a consequence of relative size of the mi-

crodialysis catheter. Other animal studies have

shown reticular fibre deposition and gliosis after

several days which is likely to be a consequence

of lack of sterility of the catheter [3]. These factors

must be considered in the design of studies and in-

terpretation of the results. However, the recovery

rates of substances stabilise after 30 minutes, his-

tological studies show only occasional microhae-

morrhages [3] and the blood brain barrier remains

intact [18]. Post-mortem studies in sheep and hu-

man brains have revealed minimal or no distur-

bance to the cerebral parenchyma as a result of

microdialysis catheter implantation [13, 31].

(ii) The e¤ect of vasogenic oedema on recovery also

needs to be considered. The expansion of the ex-

tracellular space in vasogenic oedema will poten-

tially lead to a greater volume of distribution of

substances in this environment, resulting in a

change in substance concentration. The expan-

sion of the extracellular space in vasogenic oe-

dema will potentially lead to a lower tortuosity

factor (i.e. ease of passage of molecules through

the extracellular fluid) and hence a higher di¤u-

sion coe‰cient than in normal brain.

(iii) The origin of neurotransmitters needs to be estab-

lished. It is important to determine whether neu-

rotransmitters detected in the dialysate reflect true

synaptic release or non-specific overflow from

synaptic and non-synaptic sources [27]. Currently

the smallest catheters available are about 200 mm

external diameter. The synaptic cleft is approxi-

mately 0.02 mm across. Consequently, it is not

possible to monitor neurotransmitter release in

this region. However, evidence suggests that

many systems function via overflow mechanisms

as well as classic vesicular release from the pre-

synaptic membrane, di¤usion across the synaptic

cleft and binding to post-synaptic membrane

receptors.

Pathophysiology of traumatic brain injury

There is now increasing experience of microdialysis

in patients with severe traumatic brain injury. This has

enabled biochemical signatures of adverse events to be

defined, characterised by a reduction in cerebral glu-

cose, increase in lactate, increase in lactate/pyruvate

ratio, increase in glutamate and increase in glycerol

(Fig. 2).

One of the initial studies performed in Sweden dem-

Fig. 2. Characteristic metabolic signature of physiological insult in a TBI patient showing reduction in glucose, increase in lactate and amino

acid release in association with intracranial hypertension
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onstrated the feasibility of the technique and identified

the lactate/pyruvate ratio as a marker of energy distur-

bance within the brain [22]. Subsequent studies have

examined the impact of adverse events including ische-

mia and hypoxia [8, 9, 23] with a brain tissue oxygen

threshold of approximately 10 mmHg resulting in sig-

nificant derangements in microdialysis parameters.

Cross-validation with Positron Emission Tomography

(PET) has shown a good correlation between oxygen

metabolism and microdialysis markers of the brain re-

dox state (PET oxygen extraction fraction versus mi-

crodialysis lactate/pyruvate ratio) [11]. Seizures have

been shown to be associated with increased extracellu-

lar glutamate [30]. Metabolic derangements in relation

to focal injury have been addressed in patients with

acute subdural haematoma and contusions [6, 10, 24].

Other studies have sought to determine the impact

of therapeutic interventions on cerebral chemistry.

These interventions include hyperventilation, barbitu-

rate coma, hyperoxia and manipulation of cerebral

perfusion pressure (CPP). In terms of hyperventilation,

even brief periods have been shown to cause an in-

crease in the lactate/pyruvate ratio and release of glu-

tamate in penumbral areas [19]. Barbiturate coma has

been shown to associated with a reduction in extracel-

lular glutamate and lactate [7]. There is conflicting data

on the e¤ect of hyperoxia on cerebral metabolism with

one study demonstrating improvement in biochemical

markers [26] and another showing slight reduction in

lactate but with no change in the redox status [17].

The e¤ect of manipulation of CPP is also unclear with

augmentation from 70 mmHg to 90 mmHg increasing

the level of brain tissue oxygen and reducing oxygen

extraction fraction but not producing any significant

changes in microdialysis variables [14]. Reduction in

CPP from 73 mmHg to 62 mmHg, however, appeared

to be associated with normalisation of cerebral metab-

olism [25]. What is clear, however, is that considerable

biochemical heterogeneity exists between patients [21].

Clinical application

In terms of the continuing clinical evaluation of mi-

crodialysis in TBI, there are two fundamental require-

ments. Firstly, that the changes in the biochemistry re-

late to both tissue outcome (detected by late imaging)

and patient outcome. Secondly, that therapeutic ma-

noeuvres can be applied to ‘‘manipulate’’ the chemis-

try in a favourable direction. In order to address the

application of microdialysis to patients with TBI on

an intention to treat basis, a consensus statement has

been produced to assist with the implementation of

the technique [1]. This statement addresses: (a) cathe-

ter placement recommending that for di¤use injury

one catheter may be placed in the right frontal region

and for focal lesions catheter placement in the peri-

contusional tissue (Fig. 3) with option for a second

catheter in ‘‘normal’’ tissue (b) insertion artefact with

the first hour of monitoring regarded as unreliable

(c) the lactate/pyruvate ratio as a sensitive marker of

the brain redox state and secondary ischaemic injury

(with glucose, glycerol and glutamate as additional

markers of evolving ischemia) and (d) in terms of clin-

ical use in traumatic brain injury, microdialysis in as-

sociation with other brain monitoring techniques may

assist in delivery of targeted therapy for prevention of

secondary ischaemic injury.

Conclusion

There is increasing experience of the application of

microdialysis to patients with TBI. There is no doubt

that this technique has increased our understanding

of the pathophysiology of this condition. In terms of

the clinical application, microdialysis is now employed

routinely in several centres. Current research is being

directed to determine the role of microdialysis as a

monitor of secondary injury on an individual intention

to treat basis.
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Summary

Cerebral ischemia is one of the most important causes of second-

ary insults following acute brain injury. While intracranial pressure

monitoring in the intensive care unit constitutes the cornerstone of

neurocritical care monitoring, it does not reflect the state of oxygen-

ation of the injured brain. The holy grail of neuromonitoring is a mo-

dality that would reflect accurately real time the status of oxygena-

tion in the tissue of interest, is robust, artefact free and that which

provides information that can be used for therapeutic interventions

and to improve outcome. Such a device could conceivably be used

to augment the sensitivity of current multi-modality monitoring sys-

tems in the neurocritical management of brain injured patients. This

article examines the availability of data in the literature to support

clinical use of local tissue oxygen probes in intensive care.

Keywords: Brain tissue oxygen; acute brain injury; clinical appli-

cation; prognostic value; outcome.

Introduction

Cerebral hypoxia, as a result of injury, is recognised

as one of the most important causes of secondary in-

sults in patients with acute brain injury. While intra-

cranial pressure monitoring and cerebral perfusion

maintenance form the cornerstone of neuromonitoring

in the neurocritical care setting, they do not reflect the

state of oxygenation in the internal milieu of the brain.

As such, the holy grail of neuromonitoring has been

the reliable identification of inadequate cerebral oxy-

genation to prevent secondary brain injury and un-

favourable outcome in patients with acute cerebral le-

sions. In the past two decades, techniques of real time

monitoring cerebral oxygenation via implanted brain

tissue sensors has allowed the real-time tracking of tis-

sue oxygenation in the region of interest. While large

amounts of investigative work on local brain tissue ox-

ygenation (PtiO2) have been published in the litera-

ture, the role of monitoring local tissue oxygenation

in the clinical setting has been undefined. In this arti-

cle, we examine the current evidence available to make

the case for using this technology routinely in the neu-

rocritical care management of acute brain injury.

Brain tissue oxygenation (PtiO2) monitoring

The measurement of PtiO2 can be performed

with two commercially available disposable and sterile

probes: the polarographic Clarke-type probe (Licox,

Integra Neuroscience, Plainsboro, NJ) which mea-

sures PtiO2 and brain temperature; the Neurotrend

(Diametrics Medical, St Paul, Mn) which is a multi-

parameter sensor that measures brain pH, carbon di-

oxide, oxygen and temperature based on a colorimet-

ric method using optical fluorescence. Both systems

may be introduced through a dedicated two or three-

way bolt that allows the introduction of catheters for

monitoring of intracranial pressure, PtiO2, or brain

temperature, or for microdialysis. Alternatively, the

probes may be tunnelled and positioned locally in the

penumbra of a lesion after intracranial surgery. The

di¤erences in the two commercially available systems

are summarised in Table 1.

For any real time monitoring device to be applied to

neurocritical care, it must fulfil the following criteria:

– Catheter insertion must be safe;

– Data should be accurate, real-time and artifact free;

– Data can be used to predict prognosis;

– Detect adverse events reliably;

– Data can be used to fine tune treatment;

– Impact on outcome.



Accuracy and safety of tissue oxygen probes

Various studies [4, 26, 31–32] have demonstrated

good accuracy of the probes in in-vitro and in-vivo

conditions with local tissue oxygen probes. The data

quality is excellent with few artifacts and the catheters

demonstrated very little drift, although the Neuro-

trend system tends to over-estimate PtiO2 at very low

levels.

In a review of nine studies conducted between 1996

and 2000 on the safety parameters in 250 patients, Litt-

lejohns et al. [16] found few complications with the

insertion of local oxygen probes. There were 2 small

hematomas, and no infections reported. Nevertheless,

the determination of bleeding caused by the probe may

be di‰cult as suggested by Dings et al. [5] as three

catheters (Intracranial Pressure, temperature, and ox-

ygen probes) are inserted through a single bolt. Zauner

et al. [32] and Van den Brink et al. [28] demonstrated

additionally with microscopic studies that local dam-

age with the use of the brain tissue oxygen sensors is

minimal. Our findings are similar to previous studies

and suggest that brain tissue catheter probe insertion

should not carry any risk higher than the standard

ICP insertion (Table 2). Nevertheless, the inadvertent

placement of the catheter near or within areas of hem-

orrhage may lead to the sensor displaying artifactually

low readings of oxygen tension. It is therefore recom-

mended that the position of the catheter needs verifica-

tion with CT scanning [27]. Increasing the fraction of

inspired oxygen (FiO2) momentarily to verify that the

sensor is functioning can test the response of the cathe-

ter properly before use [10].

Several studies have made a comparison between

PtiO2 measurement and SjvO2 monitoring [8, 15, 29].

Kiening et al. [15] compared the use of PtiO2 and jug-

ular venous oximetry (SjvO2) and found that the PtiO2

monitoring technique seemed to be superior as it pro-

vided 95% artifact-free ‘‘good-quality’’ data as com-

pared to 43% in the SjvO2. It could also provide twice

the duration of monitoring as SjvO2. In contrast to

the frequent re-calibration required by jugular bulb

oximetry, monitoring PtiO2 only requires one calibra-

tion prior to catheter insertion without subsequent re-

calibration. Additionally, monitoring PtiO2 provides

nearly zero artefacts, which would suggest PtiO2 mon-

itoring might be more suitable for continuous and rou-

tine use.

Technical complications, including catheter or bolt

displacements/breakage and defective catheters are

13.6% [4]. The rate of displacement was noted to be

higher with the surface sensors than with the inserted

probes [18]. Our complication rates for insertion of

the catheters are shown in Table 2.

Ischemic threshold and its prognostic value

PtiO2 levels in uninjured brain tissue range from

20–35 mm Hg in animal experiments and severely

brain injured patients without intracranial hyperten-

sion or reduced CPP [17]. However, the depth and du-

ration of tissue hypoxia were related to outcome and

proved to be an independent predictor of unfavorable

outcome and death. The likelihood of death increased

with increasing duration of monitoring where PtiO2 is

less than 15 mm Hg or any occurrence of a PtiO2 less

than 6 [26]; Similar results have also been reported by

Table 1. Comparison of Licox and Neurotrend system

Comparison of Licox and Neurotrend system

Licox Neurotrend

Parameters

measured

PtiO2, brain

temperature

PtiO2, PtiCo2, pH,

brain temperature

Method Polaragraphic Colorimetric

Bolt 3-way bolt

* A new 2-way bolt is

currently available

2-way bolt

Ischemic

Threshold

10 mm Hg 19 mm Hg

Calibration Smart card Gas

Table 2. Our experiences in the use of Licox & Neurotrend system

from Jan 2001 to Nov 2004

Our Experiences in the use of Licox &

Neurotrend System from Jan 2001 to Nov 2004

Licox

(From 2002 Jan)

Neurotrend

(From 2001 Jan)

Number of patients

monitored

42 35

Total catheters used 49 50

No. of patient with

artifact free data

collected

37 14

Technical complications:

– Catheter/bolt

breakage

0 10

– Catheter/sensor

malfunction

1 4

Adverse events
� Infection 0 0
� Hematomas 0 2
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other authors [1, 29]. Of great clinical significance was

that early tissue hypoxia was observed in 50% of pa-

tients and persisted despite aggressive treatment for in-

tracranial pressure and cerebral perfusion pressure

[27]. Low PtiO2 is reported in >50% of patients in the

first 24 hours after injury, and most critical in the first 8

to 12 hours with subsequent recovery, consistent with

the results of cerebral blood flow studies reported by

Bouma et al. [2].

Clinical studies performed using the Licox system

suggested that the critical threshold for ischemia was

between 5 and 10 mmHg [4, 8, 15, 26, 29]. The critical

threshold appears to be higher for Neurotrend cathe-

ters, 19–23 mm Hg [6–7, 32]. While the di¤erences be-

tween the ischemic thresholds are not clear, it is likely

to be due to di¤erences in technology and/or the fact

that Neurotrend catheters tend to over-estimate PtiO2

under ischemic situations [26].

Reliable detection of adverse events

Validation of PtiO2 with PET has been performed.

While there was no correlation between PtiO2 and re-

gional end-capillary venous oxygen tension, there was

a significant association between change of PtiO2 and

change in end-capillary oxygen tension; PtiO2 was also

noted to be consistently lower than PvO2, suggesting

that it reflects tissue oxygenation downstream of capil-

laries, i.e. it reflects the demand-supply relationship

within the extracellular space of interest and is closely

correlated to cerebral blood flow [9]. Comparison of

PtiO2 and jugular venous oximetry showed that when

inserted in the penumbra of a mass lesion, PtiO2 re-

flected the oxygenation in the tissue of interest and

did not correlate with SjO2, which reflected a more

global state of oxygenation. However, if the PtiO2

probe was inserted in a relatively ‘‘normal area’’ of

brain, then PtiO2 was closely correlated with SjvO2.

Certainly, when PtiO2 is intended to reflect global ox-

ygenation states, the catheter should be inserted in

non-lesioned brain tissue [23].

Data can be used to fine tune treatment

Conventional approaches to the management of

severe brain injury patients have concentrated on a

reduction in ICP and maintenance of adequate CPP

to prevent secondary ischaemic insults. Nevertheless,

conventional monitoring will miss 40% of adverse

events in the neurocritical care unit [21]. In a prospec-

tive interventional study of 353 patients with severe

TBI, Cruz [3] found that outcome at 6 months after

injury was significantly better in the 178 patients who

had monitoring and management of cerebral extrac-

tion of oxygen along with CPP as compared with 175

patients undergoing monitoring and management of

CPP alone. However, monitoring of SjvO2 is prone

to many technical problems and vigilance is required

to obtain reliable data [15]. Despite frequent re-

calibration and special attention, problems such as

poor light intensity, head movements and spontaneous

waves contribute to the issues of poor data quality [25].

Hyperventilation showed detrimental e¤ects on

cerebral oxygenation, although ICP and CPP values

were normalized. Schneider et al. [24] found that

PtiO2 decreased to as low as 10 mm Hg during hyper-

ventilation even though it may e¤ectively decrease ICP

and increased CPP. In Van den Brink’s [28] study of 23

patients, 17 of them had PtiO2 decrease during the first

24 hours after injury due to decreases in PaCO2 associ-

ated with hyperventilation. Imberti et al. [12] found

that PtiO2 detected with greater frequency cerebral is-

chemia brought about by hyperventilation. The above

findings would suggest that optimized hyperventila-

tion may be more e¤ectively monitored with PtiO2

monitoring. However, SjvO2 reflects the global state

of oxygenation while PtiO2 would reflect more on

local states, as such, both two systems should be used

together to provide complimentary information, as

neither alone identifies all episodes of ischemia [8, 11–

12, 15].

The use of inotropic support to augment CPP has

also been investigated. Kiening et al. [14] discovered

that when CPP < 60 mm Hg, PtiO2 decreased. How-

ever, when CPP was >60 mm Hg, the e¤ect on PtiO2

was minimal. Johnston et al. [13] found that while

there were no significant di¤erences between norepi-

nephrine and dopamine on cerebral oxygenation or

metabolism either at baseline or following a CPP inter-

vention, however, the response to a CPP intervention

with dopamine seemed to be more variable than the re-

sponse achieved with norepinephrine. As such, norepi-

neprhine may be a more suitable inotrope in terms of

perfusion and oxygenation augmentation.

Several studies have demonstrated an increasing

brain tissue oxygen in response to increasing arterial

oxygen tensions [29–30]. Additionally, Menzel et al.

[20] and Reinert et al. [21] further showed that increas-

ing FiO2 significantly increases PtiO2 with a concur-

rent decrease in brain microdialysate lactate suggest-
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ing that aerobic metabolism is improved.While the au-

thors did not examine the outcome of these patients, it

is conceivable that the administration of 100% oxygen

to patients with acute brain injury can indeed improve

cerebral oxygen delivery and metabolism during the

critical early period.

Improvement of outcome

More recently, PtiO2 guided treatment to supple-

ment ICP/CPP therapy has been suggested by several

authors. Meixensberger et al. [18] studied 93 patients

with severe traumatic brain injury and found that cere-

bral hypoxic events can be reduced significantly by in-

creasing CPP. However, no statistical di¤erences can

be observed in outcome although there was a trend to-

wards lower mortality in the group with PtiO2 guided

therapy.

Despite the preceding discussion on PtiO2 and sup-

portive evidence for its prognostic value and its poten-

tial use in the intensive care to fine tune therapy, the

presence of a consistently high PtiO2 does not by itself

guarantee a good outcome. Since PtiO2 reflects the

oxygen-demand relationship only, it is conceivable

that irreversible damage may have occurred at the

time of injury and that the possibility of impaired cere-

bral oxygen utilization despite adequate oxygen deliv-

ery may exist. The use of a prospective randomized

trial to evaluate the usefulness of PtiO2 monitoring is

logical but we must be mindful of the fact that we are

evaluating a monitoring modality and not a therapeu-

tic modality. Optimal algorithms for oxygen targeted

therapy utilizing the information a¤orded by the use

of local tissue oxygen probes is still lacking and would

need to be studied first before we embark on a multi-

centre trial to assess the overall e‰cacy of targeted

therapy in improving outcome. As such, a reasonable

strategy may be to ascertain if PtiO2 monitoring can

lead to an increased detection of reversible secondary

deficits as compared to conventional modalities. Cur-

rent cohort studies have provided compelling evidence

for use of PtiO2 in intensive care but given the known

limitations of monitoring, it may be prudent to com-

bine PtiO2 and SjO2 as part of multi-modality neuro-

monitoring to detect cerebral hypoxia.

Conclusion

With a mounting body of experimental and clinical

data, the routine clinical use of PtiO2 may be justified

by the fact that it is safe, accurate, robust and has

an excellent prognostic value. Additionally, the infor-

mation obtained may be used to fine-tune treatment.

However, evidence for e‰cacy in improvement in out-

come is lacking. Nevertheless, we are evaluating a

monitoring modality and its e‰cacy can only be reli-

ably assessed in concert with targeted therapy. As

such, optimal algorithms for oxygen targeted therapy

will have to be elucidated before a multi-centre trial

to test its e‰cacy can be undertaken.
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Summary

The technique of near infrared spectroscopy (NIRS) is based

on the principle of light attenuation by the chromophores oxy-

haemoglobin (HbO2), deoxyhaemoglobin (Hb) and cytochrome

oxidase. Changes in the detected light levels can therefore represent

changes in concentrations of these chromophores.

Clinical use of NIRS in the brain has been well established in neo-

nates where transillumination is possible. While it has become a use-

ful research tool for monitoring the adult brain, clinical application

has been hampered by the fact that it must be applied in reflectance

mode. This has resulted in a number of concerns, most significantly

the issue of signal contamination by the extracranial tissue layers. Al-

gorithms have been applied to try to overcome this problem, and

techniques such as time resolved, phase resolved and spatially re-

solved spectroscopy have been developed.

There has been renewed interest in NIRS as an easy to use, non-

invasive technique for measuring tissue oxygenation in the adult

brain. Recent technical advances have led to the development of

compact, portable instruments that detect changes in optical attenu-

ation of several wavelengths of light.

Near infrared spectroscopy is an evolving technology that holds

significant potential for technical advancement. In particular, NIRS

shows future promise as a clinical tool for bedside cerebral blood

flow measurements and as a cerebral imaging modality for mapping

structure and function.

Keywords: Near infrared spectroscopy; cerebral oxygenation;

brain injury; cerebral oximetry.

Introduction

The use of in-vivo tissue near infrared spectroscopy

in humans was first described more than 25 years ago

by FF Jöbsis [28]. The technique is based on the con-

cept that light of wavelengths 680–1000 nm is able to

penetrate human tissue and is absorbed by the chro-

mophores oxy-haemoglobin (HbO2), deoxyhaemo-

globin (Hb) and cytochrome oxidase. Changes in the

detected light levels can therefore represent changes

in concentrations of these chromophores. The non-

invasive nature of the technique led to its first clinical

application for monitoring the cerebral oxygenation

status of premature infants [7]. Since then it has be-

come an established research tool with numerous ap-

plications [3, 8, 15, 17, 36, 42, 53, 56–58].

While its clinical use for monitoring the brain has

been well established in neonates, where transillumina-

tion is possible due to the thin skull and small dimen-

sions, clinical application of NIRS for monitoring the

adult brain has been hampered by the fact that it must

be applied in reflectance mode [62]. This has resulted in

concerns about quantification, the volume and type of

tissue being illuminated, and most significantly the is-

sue of signal contamination by the extracranial tissue

layers [19, 20, 22, 30, 35, 38, 49]. A number of algo-

rithms have been applied to try to overcome these is-

sues, and techniques such as time resolved, phase re-

solved and spatially resolved spectroscopy have been

developed [1, 11, 41, 44]. Initially, NIRS was not quan-

tified and only provided a trend of increased or de-

creased oxygenation.

Over the last 2–3 years, there has been renewed

interest in NIRS as an easy to use, non-invasive tech-

nique for measuring tissue oxygenation in the adult

brain. Recent technical advances have led to the devel-

opment of instruments that detect changes in optical

attenuation of several wavelengths of light, with the

potential to derive a tissue oxygen saturation from

spontaneous Hb and HbO2 signal changes [1, 16, 23].

Principles

The theory behind NIRS has been described in de-

tail previously [9]. The basic principle is that near in-

frared light (delivered via optodes placed on the skin)

penetrates the scalp and brain tissue and is subjected

to scatter and absorption within the various tissues.

While some of these media can be considered to have



a fixed concentration (e.g. bone, melanin, bilirubin,

lipids, water), and hence fixed scattering and absorp-

tion, the concentration of Hb and HbO2 may vary

with time or with oxygenation status. Cytochrome ox-

idase, the terminal enzyme of the respiratory chain,

also contributes to the near infrared spectrum of corti-

cal tissue [59].

Assuming constant scattering properties and apply-

ing knowledge of the absorption spectra for oxy- and

deoxyhaemoglobin, measurements of light attenuation

are converted into concentrations of these chromo-

phores using a modified Beer-Lambert law, which in-

cludes a di¤erential pathlength factor to account for

scattering within the tissue, and can be defined as:

DA ¼ L � Dma
where,

A ¼ light attenuation

L ¼ di¤erential pathlength, and

ma ¼ absorption scattering coe‰cient

This concept works very well in the infant head where

the skull is thin enough to allow transillumination of

light from one side to the other. In the adult, the rela-

tive thickness of scalp, skull and brain prevents trans-

mission spectroscopy and NIRS must be used in reflec-

tance mode, with the optodes situated on the same side

of the head. This results in the introduction of un-

known, nonlinear variables for light absorption and

scattering coe‰cients [45]. Various algorithms have

been applied to attempt quantification, but claims as

to their accuracy remain controversial [33, 49].

Instrumentation

NIRS instrumentation has continued to evolve.

Early machines were large and cumbersome, showed

considerable drift and were prone to both movement

and light artefact. They were really only useful as trend

monitors. Evaluation of the technology culminated in

the mid-nineties with numerous publications assessing

several devices in di¤erent clinical scenarios. Current

commercial machines detect changes in optical attenu-

ation of a number of wavelengths of light, and are

compact and portable, enabling non-invasive measure-

ments of cerebral oxygenation at the bedside [1, 12, 40,

61]. However, it should be recognised that values ob-

tained from di¤erent instruments are likely to give dif-

ferent cerebral tissue oxygen saturations because the

data is being derived from di¤erent volumes of tissue

[11]. Of the current techniques on o¤er, spatially re-

solved spectroscopy appears to be the most promising.

Spatially resolved spectroscopy

Spatially resolved spectroscopy has been described

in previous publications [1, 39]. Spatial resolution re-

lies upon the measurement of the attenuation gradient

as a function of source-detector separation. Using a

modified di¤usion equation, a product of the absorp-

tion and scattering coe‰cients is calculated [52]. Treat-

ing the tissue as homogeneous, the scattering coe‰-

cient can be assumed to be a constant (k) in the near

infrared wavelength. In order to increase the accuracy

of the calculation however, a wavelength dependency

for the scattering coe‰cient is derived in the form of:

kð1� hlÞ
where, l ¼ wavelength and h is the normalised slope

of the scattering coe‰cient along l [39]. From here,

the relative absorption coe‰cients and thus the rela-

tive concentrations of HbO2 and Hb can be obtained.

Clinical application

Early experience with NIRS has shown that in pa-

tients with head injury, changes in oxy-haemoglobin

correlate well with changes in jugular bulb oximetry

(SjO2), transcranial Doppler (TCD) and laser Doppler

[32]. Additionally, NIRS can potentially provide a

more sensitive indicator of desaturation events than

SjO2 [32]. However, studies have demonstrated that

despite using large optode distances there was still a

major contribution from the extracranial tissues to

the NIRS signal [19]. In a study using the NIRO 500

(Hamamatsu Photonics, KK), it was demonstrated

that once the extracranial component was subtracted,

a threshold for severe critical ischaemia could be de-

fined in patients undergoing carotid endarterectomy

[31].

More recently, it has been shown that spatially re-

solved spectroscopy (as used in the NIRO 300, Hama-

matsu Photonics, KK) reflects cerebral oxygenation in

the adult brain to a high degree of sensitivity and spe-

cificity, and a threshold for cerebral ischaemia has

been defined [1, 2].

Using spatially resolved reflectance spectroscopy,

the NIRO 300 (Hamamatsu Photonics KK), gives si-

multaneous measurement of Tissue Oxygen Index

(TOI) and haemoglobin concentration changes [1,
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52]. TOI is the ratio of oxygenated to total tissue hae-

moglobin and can be expressed as:

HbO2

HbO2 þHb
� 100

However, the accuracy of the calculated TOI as a

quantitative measure of brain tissue saturation still

needs to be assessed in vivo and compared with known

cerebral tissue saturation and haemoglobin concentra-

tions. Normal ranges of TOI need to be defined and

further validation studies to investigate NIRO 300 re-

liability in di¤erent clinical scenarios are required. In

particular, the local changes that frequently occur in

the extracranial tissues of head injured patients, e.g.

the development of oedema, will cause increased ex-

tracerebral attenuation of the near infrared light and

hence lead to potential inaccuracies.

Cerebral blood volume and cerebral blood flow

Since NIRS can measure Hb and HbO2 it can also

measure total haemoglobin (THb). This makes it pos-

sible to estimate cerebral blood volume (CBV). As-

suming the whole blood Hb concentration & the large

to small cerebral vessel haematocrit ratio remains con-

stant for the duration of the measurement, changes in

THb may be assumed to imply a change in CBV:

DCBV ¼ D½THb� � ð0:89=HbÞ
Calculation of absolute cerebral blood volume (CBV)

and cerebral blood flow (CBF) are based on the gener-

alised application of Fick’s Principle, with an assump-

tion made that there is no venous outflow of the chro-

mophore during the time interval of the measurement

and using HbO2 and Hb as endogenous intravas-

cular tracer molecules [13, 14]. Quantified CBV and

CBF can therefore be obtained by, for example, using

graded arterial hypoxaemia, thus varying the HbO2

[13, 50, 60]. Since measurements of quantification are

made over a longer period of time and are based on

changes from a stable baseline, signal averaging and

rapid response of the NIRS equipment is not essen-

tial.

This technique has been further modified by using

indocyanine green (ICG) as the intravascular tracer

[6, 27, 46, 47, 51, 54]. Indocyanine green is a strong

near-infrared absorber. Bolus injection of ICG dye is

given via a central vein and the arterial concentration

measured either by repeated blood sampling or with a

peripheral dye densitometer. The rate of arrival of

ICG in the brain is detected by NIRS. Using a modi-

fied Fick principle as previously described, the amount

of ICG dye delivered to the brain can be calculated

from the area under the curve of the arterial ICG con-

centration change. CBF, CBV and mean transit time

can then be calculated [21, 29]. Published results to

date suggest that CBF is underestimated by this

method. Further validation of this technique as a bed-

side measurement of CBF in adults is needed.

More recently the technique of tissue dye densitom-

etry, based on tissue blood measurements of ICG

rather than arterial blood, has been employed in order

to estimate the absolute cerebral blood volume and to-

tal circulating blood volume in neonates, following a

single injection of ICG [37].

Near infrared optical imaging

The first imaging spectrometer capable of providing

a two-dimensional image of the neonatal brain was de-

scribed by Van Houten et al. [55]. Since then, continu-

ous real-time optical imaging of the brain has been

shown to be both feasible and achievable [24, 43]. The

major requirement for bedside optical imaging is an

NIRS device that can accurately measure photon

pathlength from multiple detectors and process this

data into tomographic images. This has necessitated

development of highly sophisticated image reconstruc-

tion algorithms. The detailed principles of these tech-

niques are beyond the scope of this article, and can

be found elsewhere [4, 24].

With the focus primarily on the pursuit of three-

dimensional optical tomography, instruments are

being developed and evaluated for use in the clinical

environment [25]. There are clear clinical benefits of a

device that can image both oxygenation and function

non-invasively at the bedside, and several groups are

working towards development of a functional or bio-

chemical optical image of the brain [5, 10, 18, 25, 26,

34, 48].

Conclusion

In conclusion, to date NIRS is still not used rou-

tinely and remains primarily a research tool. However

NIRS is an evolving technology that holds significant

potential for technical advancement. Improvements

in the methodology, quantitative accuracy and re-

gional specificity will increase its clinical applicability.

In particular, NIRS shows future promise as a low cost
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non-invasive clinical tool for bedside cerebral blood

flowmeasurements and as a cerebral imaging modality

for mapping structure and function. Within the next

few years it is likely that more multichannel imaging

near infrared spectrometers will be developed enabling

detailed spatial information on cerebral oxygenation

and perfusion to be obtained at the bedside. However,

considerable research e¤orts and future clinical valida-

tion studies are still required.
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28. Jöbsis FF (1977) Non-invasive infrared monitoring of cerebral

and myocardial oxygen su‰ciency and circulatory parameters.

Science 198: 1264–1267

29. Keller E, Nadler A, Alkhadi H, Kollias S, Yonekawa Y (2002)

Noninvasive measurement of regional cerebral blood flow and

regional cerebral blood volume by near infrared spectroscopy

and indocyanine green dye dilution. Unknown

30. Kirkpatrick PJ, Smielewski P, Al-Rawi P, Czosnyka M (1998)

Resolving extra- and intracranial signal changes during adult

near infrared spectroscopy. Neurol Res 20: S19–S22

31. Kirkpatrick PJ, Lam JMK, Al-Rawi PG, Smielewski P, Czos-

nyka M (1998) Defining thresholds for critical ischaemia by us-

ing near-infrared spectroscopy in the adult brain. J Neurosurg

89: 389–394

456 P. G. Al-Rawi



32. Kirkpatrick PJ, Smielewski P, Czosnyka M, Menon DK, Pick-

ard JD (1995) Near infrared spectroscopy use in patients with

head injury. J Neurosurg 83: 963–970

33. Komiyama T, Quaresima V, Shigematsu H, Ferrari M (2001)

Comparison of two spatially resolved near-infrared photometers

in the detection of tissue oxygen saturation: poor reliability at

very low oxygen saturation. Clin Sci 101: 715–718

34. Kusaka T, Kawada K, OkuboK, NaganoK, NambaM, Okada

H, Imai T, Isobe K, Itoh S (2004) Noninvasive optical imaging

in the visual cortex in young infants. Human Brain Mapping 22:

122–132

35. Kytta J, Ohman J, Tanskanen P, Randell T (1999) Extracranial

contribution to cerebral oximetry in brain dead patients: a report

of six cases. J Neurosug Anaesthesiol 11: 252–254

36. Lam JMK, Kirkpatrick PJ, Al-Rawi P, Smielewski P, Pickard

JD (1996) Internal and external carotid contribution to near

infrared spectroscopy (NIRS) during carotid endarterectomy

(CE). Journal of Neurology, Neurosurgery and Psychiatry

61(5): 553

Ref Type: Abstract

37. Leung TS, Aladangady N, Elwell CE, Delpy DT, Costeloe K

(2004) A newmethod for the measurement of cerebral blood vol-

ume and total circulating blood volume using near infrared spa-

tially resolved spectroscopy and indocyanine green: application

and validation in neonates. Pediatr Res 55: 134–141

38. Litscher G, Schwarz G (1997) Transcranial cerebral oximetry –

is it clinically useless at this moment to interpret absolute values

obtained by the INVOS 3100 cerebral oximeter? Biomed Tech

(Berl) 42: 74–77

39. Matcher SJ, Kirkpatrick PJ, Nahid K, Cope M, Delpy DT

(1993) Absolute quantification methods in tissue near infrared

spectroscopy. Proc SPIE 2389: 486–495

40. McKeating EG, Monjardino JR, Signorini DF, Souter MJ, An-

drews PJD (1997) A comparison of the INVOS 3100 and the

Critikon 2020 near-infrared spectrophotometer as monitors of

cerebral oxygenation. Anaesthesia 52: 136–140

Ref Type: Journal (Full)

41. Miwa M, Ueda Y, Chance B (1995) Development of time re-

solved spectroscopy system for quantitative non-invasive tissue

measurement. Proc SPIE 2389: 142–149

42. Nollert G, Jonas RA, Reichart B (2000) Optimising cerebral ox-

ygenation during cardiac surgery: a review of experimental and

clinical investigations with near infrared spectrophotometry.

Thorac Cardiovasc Surg 48: 247–253

43. Obrig H, Villringer A (2003) Beyond the visible; Imaging the hu-

man brain with light. J Cereb Blood Flow Metab 23: 1–18

44. Oda M, Yamashita Y, Nishimura G, Tamura M (1996) A sim-

ple and novel algorithm for time resolved multiwavelength oxi-

metry. Physics Med Biol 40: 2093–2108

45. Okada E, FirbankM, Schweiger M, et al (1997) Theoretical and

experimental investigation of near-infrared light propagation in

a model of the adult head. Appl Opt 36: 21–31

46. Patel J, Marks K, Roberts I, Azzopardi D, Edwards AD (1998)

Measurement of cerebral blood flow in newborn infants using

near infrared spectroscopy with indocyanine green. Pediatr Res

43: 34–39

47. Roberts I, Fallon P, Kirkham FJ, Lloyd-Thomas A, Cooper C,

Maynard R, Elliot M, Edwards AD (1993) Estimation of cere-

bral blood flow with near infrared spectroscopy and indocyanine

green. Lancet 342: 1425

48. Schroeter ML, Bucheler MM, Muller K, Uludag K, Obrig H,

Lohmann G, Tittgemeyer M, Villringer A, Yves von Cramon

D (2004) Towards a standard analysis for functional near-

infrared imaging. NeuroImage 21: 283–290

49. Schwarz G, Litscher G, Kleinert R, Jobstmann R (1996) Cere-

bral oximetry in dead subjects. J Neurosurg Anesthesiol 8(3):

189–193

Ref Type: Journal (Full)

50. Skov L, Pryds O, Griesen G (1991) Estimating cerebral blood

flow in newborn infants: comparison of near infrared spectros-

copy and 133Xe clearence. Pediatr Res 30: 570–573

51. Springett R, Sakata Y, Delpy DT (2001) Precise measurement of

cerebral blood flow in newborn piglets from the bolus passage of

indocyanine green. Phys Med Biol 46: 2209–2225

52. Suzuki S, Takasaki S, Ozaki T, Kobayashi Y (1999) A tissue ox-

ygenation monitor using NIR spatially resolved spectroscopy.

Proc SPIE 3597: 582–592

53. Tamura M, Hoshi Y, Okada F (1997) Localised near-infrared

spectroscopy and functional optical imaging of brain activity.

Phil Trans R Soc Lond B 352: 737–742

54. Terborg C, Bramer S, Harscher S, Simon M, Witte OW (2004)

Bedside assessment of cerebral perfusion reductions in pa-

tients with acute ischaemic stroke by near-infrared spectroscopy

and indocyanine green. J Neurol Neurosurg Psychiatry 75: 38–

42

55. van Houten JP, Benaron DA, Spilman S, et al (1996) Imaging

brain injury using time-resolved near infrared light scanning. Pe-

diat Res 39: 470–476

56. Vernieri F, Tibuzzi F, Pasqualetti P, Rosato N, Passarelli F,

Rossini PM, Silvestrini M (2004) Transcranial Doppler and

near-infrared spectroscopy can evaluate the haemodynamic ef-

fect of carotid artery occlusion. Stroke 35: 64–70

57. Villringer A, Planck J, Stodieck S, Boetzel K, Schleinkofer L,

Dirnagl U (1994) Non invasive assessment of cerebral haemody-

namics and tissue oxygenation during activation of brain func-

tion in human adults using near infrared spectroscopy. Adv

Exp Med Biol 345: 559–565

58. Watanabe E, Nagahori Y, Mayanagi Y (2002) Focus diagnosis

of epilepsy using near-infrared spectroscopy. Epilepsia 43: 50–

55

59. Wray S, Cope M, Delpy DT, Wyatt JS, Reynolds EOR (1988)

Characterisation of the near infrared absorption spectra of cyto-

chrome aa3 and haemoglobin for the non-invasive monitor-

ing of cerebral oxygenation. Biochim Biophys Acta 933: 184–

192

60. Wyatt JS, Cope M, Delpy DT, Richardson CE, Edwards AD,

Wray S, Reynolds EOR (1990) Quantification of cerebral blood

volume in newborn infants by near infrared spectroscopy. J

Appl Physiol 68: 1086–1091

61. Yoshitani K, Kawaguchi M, Tatsumi K, Kitaguchi K, Furuya

H (2002) A comparison of the INVOS 4100 and the NIRO 300

near-infrared spectrometers. Anesth Analg 94: 586–590

62. Young AER, Germon TJ, Barnett NJ, Manara AR, Nelson RJ

(2000) Behaviour of near-infrared light in the adult human

head: implications for clinical near-infrared spectroscopy. Br J

Anaesth 84: 38–42

Correspondence: P. G. Al-Rawi, Academic Neurosurgery Unit,

Box 167, Level 4, A-Block, Addenbrooke’s Hospital, Hills Road,

Cambridge CB2 2QQ, UK. e-mail: pga20@medschl.cam.ac.uk

Near infrared spectroscopy in brain injury: today’s perspective 457



Acta Neurochir (2005) [Suppl] 95: 459–464

6 Springer-Verlag 2005

Printed in Austria

Imaging of cerebral blood flow and metabolism in brain injury in the ICU

J. D. Pickard1,2, P. J. Hutchinson1,2, J. P. Coles1,3, L. A. Steiner1,2, A. J. Johnston1,3, T. D. Fryer1,

M. R. Coleman1,2, P. Smielewski1,2, D. A. Chatfield1,3, F. Aigbirhio1, G. B. Williams1, K. Rice4, J. C. Clark1,

C. H. Salmond1,4, B. J. Sahakian4, P. G. Bradley1,3, T. A. Carpenter1, R. Salvador1, A. Pena1,2,

J. H. Gillard1,5, A. S. Cunningham1,3, S. Piechnik1,2, M. Czosnyka2, and D. K. Menon1,3

1Wolfson Brain Imaging Centre, University of Cambridge, Addenbrookes Hospital, Cambridge, UK

2Academic Neurosurgical Unit, University of Cambridge, Addenbrookes Hospital, Cambridge,UK

3Academic Anaesthesia Unit, University of Cambridge, Addenbrookes Hospital, Cambridge, UK

4MRC Biostatistics Unit, University of Cambridge, Addenbrookes Hospital, Cambridge, UK

5Academic Radiology Unit, University of Cambridge, Addenbrookes Hospital, Cambridge, UK

Summary

The heterogeneity of the initial insult and subsequent patho-

physiology has made both the study of human head injury and de-

sign of randomised controlled trials exceptionally di‰cult. The com-

bination of multimodality bedside monitoring and functional brain

imaging positron emission tomography (PET) and magnetic reso-

nance (MR), incorporated within a Neurosciences Critical Care

Unit, provides the resource required to study critically ill patients

after brain injury from initial ictus through recovery from coma

and rehabilitation to final outcome. Methods to define cerebral is-

chemia in the context of altered cerebral oxidative metabolism have

been developed, traditional therapies for intracranial hypertension

re-evaluated and bedside monitors cross-validated. New modelling

and analytical approaches have been developed.

Keywords: Head injury; positron emission tomography; magnetic

resonance; intensive care; cerebral blood flow; cerebral ischemia;

multimodality bedside monitoring; cognitive outcome.

Introduction

Heterogeneity is the key feature of brain injury that

has made randomised controlled trials so di‰cult [29,

30]. The initial insult varies widely as do the immediate

sequelae, both intracranial and extracranial. Service

frameworks have been created in many countries using

evidence based guidelines, so far as the evidence exists

[2, 31, 36]. During the preadmission phase, intermit-

tent assessments of Glasgow Coma Scale, pulse oxime-

try and non-invasive blood pressure give an incom-

plete picture but biological markers that integrate the

extent of preadmission brain ischemia, hypoxia and

hypotension are in their infancy. There is now increas-

ing evidence for the value of admission to an Intensive

Care Unit in general and Neurosciences Critical Care

Unit [33] in particular but it is not clear what the vital

components of such care are.

Monitoring and timely intervention are key to the

prevention of secondary insults but the former has

many limitations in terms of temporal and spatial res-

olution. Monitors of global brain function (e.g. intra-

cranial pressure (ICP), jugular venous oxygen satura-

tion) cannot detect regional abnormalities whereas

local monitors (e.g., microdialysis, brain tissue oxygen

(PtO2) electrode) can only sample a small region of the

brain and are highly dependent on accurate placement.

However, such monitors give continuous information

and hence both invaluable temporal resolution and

prognostic information [11, 12, 20, 46]. Imaging gives

excellent spatial resolution but only in snapshots aided

by the regional responses to physiological challenges

such as changes in cerebral perfusion pressure and ar-

terial blood gases. The study of acute middle cerebral

artery stroke with PET has revealed that only about

one-third of patients are suitable for studies of throm-

bolysis: the other patients have already recanalised or

the brain a¤ected is irreversibly damaged [29]. The

design of large scale Phase III randomised controlled

trials (RCT’s) needs to be informed by studies using

surrogate markers that provide early indications of ef-

ficacy and side-e¤ects in homogeneous subgroups of

patients, pharmacokinetics and dynamics and creation

of cocktails.



Wolfson Brain Imaging Centre (WBIC)

The WBIC was created some ten years ago and

incorporates both PET and high field (3T) MR within

the envelope of the 21-bedded neurosciences critical

care unit. Full cyclotron and radiochemistry facilities

were built close by [52]. This structure allows for the

safe functional brain imaging of critically ill patients

from initial ictus through recovery from coma and re-

habilitation to final outcome. Full multimodality mon-

itoring based around the ICMþ software [52] is avail-

able both in the NCCU and in the WBIC.

Definition and extent of cerebral ischemia following

head injury

Cerebral oxidative metabolism varies after head in-

jury as the result, for example, of depressed conscious

level, sedative drugs, fits and hypermetabolism associ-

ated with excitotoxicity. Hence, cerebral ischemia

cannot be defined simply by local cerebral blood flow

values alone derived from thresholds for neuronal sur-

vival based upon studies of experimental and clinical

stroke. Furthermore, the fate of injured brain depends

upon the state of coupling between local cerebral

blood flow (CBF) and local glucose metabolism [4].

There has been considerable controversy over the in-

terpretation of PET studies after head injury [13] but,

using triple 15O-PET to measure oxygen extraction ra-

tio voxel-by-voxel, Coles et al. [6–10] have estimated

the volume of ischaemic brain (IBV) within 24 hours

of head injury and found it to be significantly higher

than the artefactual ‘ischaemic’ volume created in con-

trols by the partial volume e¤ect (67G 69 vs 2G 3 ml;

P < 0.01). Furthermore, they found that relative ische-

mia and hyperaemia coexisted in some patients imply-

ing mismatch between perfusion and oxygen use.

Increase in IBV correlated with a poor Glasgow Out-

come Score 6 months after injury. However, it is not

possible to use any single early physiological threshold

– CBF, oxygen extraction fraction (OEF) or cerebral

metabolic rate of oxygen consumption (CMRO2) –

to predict the outcome for a specific area around a

contusion.

The same group [26] compared cerebral tissue PtO2

and cerebral venous PvO2 from images of PET-

derived OEF. Tissue regions with hypoxic levels of

PtO2 (<10 mmHg) had similar levels of PvO2 com-

pared with non-hypoxic areas and hence displayed

larger PvO2-PtO2 gradients. Despite similar CBF

reductions with hyperventilation, hypoxic regions

achieved significantly smaller OEF increases com-

pared with normoxic regions. It has been known for

some years that pericontusional tissue shows varying

degrees of endothelial swelling, microvascular collapse

and perivascular oedema. Hence, increased di¤usion

barriers may reduce cellular oxygen delivery following

head injury and attenuate the ability of the brain to in-

crease oxygen extraction in response to hypoperfusion.

Global or regional OEF will underestimate tissue hy-

poxia due to such mechanisms.

MR is now being used to define the outcome of

tissue threatened by periods of ischemia and to deter-

mine whether post-traumatic brain swelling reflects

vasogenic or cytotoxic oedema. Larger studies are re-

quired given the heterogeneity of the patient cohorts

[1, 23, 24].

Validation of bedside monitors: jugular venous oxygen

saturation (JvO2), transcranial Doppler (TCD) and

intracerebral microdialysis

It is unlikely in the foreseeable future that MR or

PET scanners will be installed in the majority of inten-

sive care units which will continue to rely on multimo-

dality bedside monitoring. It is essential therefore to

define the limitations of such monitoring by compari-

son with gold standard measurements provided by

PET.

Jugular venous oximetry is widely used taking SjO2

values above 50% as the threshold for defining cerebral

ischemia [2]. However, in Coles’ study, such a JvO2

value was only achieved at an IBV of 170G 63 ml

which equates to 13G 5% of the brain [7, 8]. Hence,

jugular bulb oximetry fails to detect regional ischemia

that is clinically important and potentially related to

outcome. A threshold JvO2 of at least 60% is more ap-

propriate after head injury.

TCD is commonly used to assess the degree of cere-

bral vasospasm after subarachnoid haemorrhage based

on comparison with angiography. However, the rela-

tionship of TCD velocity to the development of de-

layed cerebral ischemia and outcome is notoriously

capricious. Minhas et al. [27] have demonstrated

that TCD middle cerebral artery velocity alone, even

when compared with the internal carotid artery veloc-

ity (Lindegaard ratio), does not necessarily indicate

whether ischemia is present on PET scanning. A mark-

edly heterogeneous pattern of CBF distribution was

observed, with hyperaemia, normal CBF values and
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reduced flow being observed among patients with de-

layed neurological deficits. The use of TCD to assess

autoregulation using manipulations such as the tran-

sient hyperaemic response test is more predictive of

development of delayed ischaemic neuronal deficit

(DIND) and outcome [21].

Finally, the comparison of PET derived estimates of

ischemia have been used to validate the findings from

intracerebral microdialysis. Significant ischemia is re-

quired before metabolite changes occur and there is a

correlation between lactate/pyruvate ratio and OEF

[18]. Work is ongoing in a number of centres dissecting

out the significance of ‘hot-spots’ as defined by 18F-

fluorodeoxyglucose PET [17, 50].

E‰cacy of traditional treatments

RCT’s of established treatments such as hyperventi-

lation and induced hypertension are di‰cult to mount

in an ICU setting, not least because of the di‰culty of

dissecting out the e¤ect of one component of a package

of care. PET andMR scanning provide an opportunity

to use a surrogate end-point to define whether brain

tissue viability is being put at risk by such therapies,

at least in the short term.

Although hyperventilation has long been used for

the control of ICP after head injury, concern is emerg-

ing about the risk of ischemia that it may precipitate in

the first 24 hours [13]. Coles et al. [6] used PET to dem-

onstrate that hyperventilation increases the volume of

severely hypoperfused brain tissue within the injured

brain, despite improvements in cerebral perfusion

pressure and intracranial pressure. Hyperventilation-

induced increases in hypoperfused brain volume were

apparently non-linear with a threshold value of be-

tween 34 and 38 mmHg. A complimentary study of

the relative time course of change in ICP and middle

cerebral artery TCD velocity indicated that head-

injured patients may adapt di¤erently to hyperventila-

tion than healthy volunteers. Mean flow velocity con-

tinued to decrease in head injured patients despite ICP

returning to baseline. Hence, potentially harmful re-

ductions in CBF may persist beyond the duration of

useful ICP reduction [48]. Finally, early studies with

di¤usion-weighted imaging (DWI) MR indicate that

hyperventilation has a variable e¤ect on apparent dif-

fusion coe‰cient (ADC) values around contusions

that is suggestive of precipitating ischemia in some pa-

tients [1].

Induced hypertension has been used to reduce ICP

in head injured patients who are still autoregulating

and increase CBF in those not autoregulating. How-

ever, aggressive maintenance of cerebral perfusion

pressure may worsen outcome due to the extracranial

complications of the therapy as recognised by the re-

cent change in the Brain Trauma Foundation guide-

lines [2]. Furthermore, it is unclear whether it is the is-

chaemic areas that selectively benefit from the rise in

CPP, rather than the normal appearing regions. PtO2

may certainly rise in structurally normal brain tissue as

well as in focal lesions. An ROI based analysis of static

autoregulation using PET showed that CBF remains

in the ischaemic range around contusions following

a rise in CPP and that the greatest increase was in

the more normal areas [47]. A voxel-based analysis re-

vealed that IBV was reduced by induced hypertension

but that the e¤ect was small and clinically insignificant

in the majority of patients [9]. However, patients with

the largest baseline IBV showed substantial and clini-

cally significant reductions. The problem is how to

identify this minority of patients and thereby avoid the

complications of displaying induced hypertension to

the whole group. One complication is that the e¤ects

depend on the inotrope used: noradrenaline is more

consistent than dopamine [19, 49].

Late structural and functional sequelae of head injury

Di¤use head injury, particularly when accompanied

by prolonged intracranial hypertension, may be fol-

lowed by di¤use loss of brain substance as confirmed

by both VBM and magnetic resonance spectroscopic

measurements of N-acetyl aspartate (NAA) [14–16,

44, 51]. Perhaps surprisingly, it has proven di‰cult to

correlate late cognitive sequelae with late structural

imaging after brain injury. Recent developments in

voxel based morphometry (VBM), statistical tech-

niques and more system specific neuropsychological

paradigms have shown that it now possible to demon-

strate some correspondence between anatomy and

cognitive function. For example, Salmond et al. [39,

40] have shown that head-injured survivors may dis-

play deficits in sustained attention, paired associate

learning and reaction time but comparative preser-

vation of spatial working memory. VBM revealed re-

duced grey matter density in the basal forebrain, hip-

pocampal formation and regions of the neocortex.

These cognitive and structural changes are consistent

with cholinergic dysfunction for which there is also

neuropathological and experimental evidence.
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It is not clear from structural imaging why patients

enter the vegetative state. The neuropathology of VS

indicates thalamocortical damage of widely di¤ering

degrees and distribution depending on the primary in-

sult. Functional brain imaging (PET and fMR) has re-

vealed that the coupling between neuronal electrical

activity and regional glucose metabolism is preserved

even in the minimally conscious, but absent in the veg-

etative state [5]. Furthermore, although it is possible to

demonstrate islands of preserved cortical function to

various degrees of stimulus complexity in the vegeta-

tive patient using PET or functional MR (fMR), there

is a lack of connectivity between areas of the cortex un-

like that seen in minimally conscious states (MCS) [22,

25, 32]. It remains to be shown in longitudinal studies

whether changes in functional imaging may be predic-

tive of emergence from coma and the vegetative state.

One problem is that functional imaging under these

circumstances is prone to artefact and is not su‰-

ciently robust as yet for routine clinical use.

Modelling

In order to make sense of the large volumes of data

generated by imaging studies, it has been necessary for

a number of groups to develop new models and ways

of analysis to cope with the issues surrounding hetero-

geneity and connectivity (e.g. 3, 28, 37, 38, 41–43, 45).

For example, ROI-based analysis may not always be

appropriate for di¤use processes, hence the concept of

voxel-based ischaemic brain volume. Spatial hetero-

geneity has required transforming traditional global

lumped models so that asymmetry of responses can be

understood. Finite element modelling has proven to be

a powerful tool and has created new and testable hy-

potheses to explain ventricular dilatation in normal

pressure hydrocephalus and diaschisis [34, 35].

Conclusions

Although advanced imaging techniques such as

PET andMR are not new, patients with acute brain in-

jury have been denied access to them because of vari-

ous logistical problems which have now been resolved.

New insights have been achieved into longstanding

questions about the extent and mechanisms of cerebral

ischemia, the e‰cacy and risks of traditional treat-

ments, cross-validation of conventional multimodality

bedside monitoring techniques and the pathophysiol-

ogy of recovery from coma and cognitive outcome.
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Summary

Proteomics and peptidomics1 are di¤erent and supplemental

to genomics, since – in contrast to the basically constant genome –

the proteome and peptidome are dynamic, constantly changing,

and complex networks. Proteomics is traditionally linked to 2D-gel

electrophoresis techniques. Concerning peptidomics, three di¤erent

approaches are currently available, all using mass spectrometry as

a key element. The use of proteomics or peptidomics in trau-

matic brain injury (TBI) research is demanding. From the technical

point of view there are high-level requirements concerning the pre-

analytical phase, specific machinery, sophisticated software and

skilled manpower/intellectual input. There are currently no bedside

techniques and most methods are suitable for experimental TBI re-

search in specialized laboratories. In screening experiments of CSF

following controlled cortical impact in rats we identified several pep-

tides, which, although previously known, were so far not reported in

the TBI context or in CSF. Peptidomics and proteomics, as highly

complex screening technologies, thus seem to carry a large potential

to lead TBI science. Newly ‘‘discovered’’ peptide targets have to be

validated with di¤erent methodology to establish a real diagnostic

or therapeutic value.

Keywords: Biomarkers; cerebrospinal fluid; experimental; pepti-

des; peptidomics; proteomics; screening techniques; traumatic brain

injury.

Introduction

Proteomics, defined as the large-scale study of pro-

teins, particularly their occurrence and structure but

also their function, can be viewed as ‘‘just the next

step after genomics’’ or functional genomics. How-

ever, it is much more than genomics. While the ge-

nome is a rather constant entity, the proteome is

a complex and dynamic network that permanently

changes. A mutation qualitatively changes the geno-

type and thus may determine a predisposition for a dis-

ease, whereas proteins define the phenotype and may

reflect or even cause a pathogenic process. So proteo-

mics is suited for (I) defining the transition from health

to disease, (II) describing the current disease status

and (III) its progression with time. The concentration

of each single protein is influenced by synthesis, modi-

fication and proteolytic processing, as well as by degra-

dation and fluid balance, depicting a wide variety of

metabolic and catabolic processes. One organism has

radically di¤erent protein expression and processing

in di¤erent parts of its body, at di¤erent stages of

its life cycle and in response to external factors like a

pathologic challenge. Evolution, using the same pro-

teins in multiple pathways and functions has reduced

complexity in living systems: The Human Genome

Project found that a genome of less than 30.000 genes

codes for more than 300.000 proteins.

The large group of peptides, small protein molecules

with molecular masses below 15 kDa, further in-

creases the complexity in this field. Peptides are not

only mere protein degradation products, but also spe-

cific breakdown products from larger proteins, gener-

ated by posttranslational processing to become biolog-

ical active substances. Some protein precursors carry

several distinct biological activities that are silent until

activated by di¤erent proteolytic processes. Other pep-

tides are directly generated as active compounds to act

as signaling molecules. Thus, the processing of pro-

teins, changing with compartment, during aging and

in disease states, is an important principle that allows

metabolic variation in living systems. It has become

clear that the hard work is still to come before we

reasonably understand the interaction between the ge-

nome and a specific proteome/peptidome. Advancing

the terms proteomics and its pendant for peptides,

peptidomics [16], may thus be defined as ‘‘the quali-



tative and quantitative comparison of proteomes/

peptidomes under di¤erent conditions to unravel the

mechanisms of biological processes’’.

With regard to the application of proteomics or

peptidomics in traumatic brain injury (TBI) research,

the question arises which compartment should be ad-

dressed first. Blood plasma contains too large amounts

of proteins and peptides of extracerebral origin to be

an ideal target. Brain tissue will be available in the ex-

perimental set-up, but in humans only as an exception.

Therefore, CSF has moved into our focus, since it is

available in experimental models of TBI as well as

from humans. As an ultrafiltrate of plasma from the

choroid plexus, it is an indicator of the condition of

the blood-CSF barrier. Moreover, the choroid plexus

actively synthesizes and secrets proteins and peptides

into CSF. The brain extracellular fluid – generated

from the large surface of the blood brain barrier and

enriched by the extracellular components of the me-

tabolism of all brain cells – drains as ‘‘brain lymph’’

into the CSF spaces. Thus, CSF reflects both blood

brain barrier function and brain cell metabolism. Fi-

nally, the barriers keep proteins and peptides of the

blood plasma outside the CSF or control their passage

by active mechanisms [1, 2, 7, 9, 12, 14].

Neurotrauma research has a wide range of di¤er-

ent and di‰cult tasks. The additional application of

proteomics and peptidomics can be envisioned to be

helpful for the development of e¤ective multi-target

neuroprotective strategies, for deeper insights into

restoration and regeneration, or for the development

of neurochemical monitoring beyond the classical

microdialysis parameters. As screening techniques,

proteomics/peptidomics are used for the identification

of biological markers, that e.g. could indicate signifi-

cant events or conditions – like the extent of damage

to neurons or glial cells – for a diagnostic or prognostic

statement. Biological markers could furthermore lead

to pathophysiological mechanisms and thus a deeper

understanding of TBI, or could indicate a TBI related

key event, that might be a target for a therapeutic

intervention.

The limitations for basic research in human TBI

are related to the complexity and heterogeneity of

its clinical presentation. The multitude of influencing

variables like distribution and severity of biomechani-

cal trauma, pre-resuscitation secondary injury, pre-

existing and confounding co-morbidity, secondary is-

chemic events during the ICU stay, and side e¤ects of

treatment, make a systematic assessment of the multi-

tude of biochemical cascades by means of proteomics

and peptidomics in humans an undesirable starting

point. Therefore, experimental models with much bet-

ter controlled boundary conditions and trauma defini-

tion are more suitable to explore the possibilities and

the power of proteomics and peptidomics.

Available methods

Proteomics

The comprehensive analysis of proteins is based on

the two-dimensional (2-D) gel electrophoresis tech-

nique developed in 1975 by O’Farrell [11] and Klose

[8]. Proteins from complex biological samples are sep-

arated in an acrylamide gel according to the protein’s

isoelectric point (first dimension) and to the molecular

mass (second dimension). Several thousand di¤erent

compounds can be depicted. The automation of the ex-

perimental procedure as well as resolution and sensi-

tivity of the technique make it a powerful tool, al-

though the reproducibility is impaired by a variety of

experimental parameters like sample preparation, the

composition and size of gels, and staining conditions.

Sophisticated methods and software tools allow the

comparison of patterns from di¤erent gels. Spots of in-

terest are then identified by excision, tryptic digestion

and analysis by mass spectrometry. The acquired mass

spectra are matched with database entries in order to

identify the parent protein molecule initially detected

in the 2D gel.

A systematic analysis of the proteome of human

CSF has already been undertaken, e.g. by the combi-

nation of 2D gels and mass-spectrometric identifica-

tion of proteins [17]. The authors identified 480 spots

from gels by mass spectrometry that corresponded to

a far lower number of precursors. The use of proteo-

mics has been sparse in TBI research so far. To our

knowledge, there is no report about a systematic study

with proteomics in patients following TBI. In experi-

mental research one paper was recently published

using large format 2D Gel electrophoresis in focal

injury in immature rats [6]. The authors used con-

ventional and functional proteomics to characterize

protein changes in the dorsal hippocampus 24 h after

trauma. Of 1500 protein spots in silver stains, 50 could

be identified and six were found to be statistically sig-

nificantly altered.
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Peptidomics

Native peptides are not addressed by the proteomics

approach since 2D gels show an insu‰cient retention

of compounds with masses below 10 kDa and sen-

sitivity for dyeing decreases with the molecular mass.

Therefore specific techniques had to be developed.

Three currently available methods use mass spectrom-

etry as the key technology to screen and analyze sam-

ples for their peptide content.

A) The Ciphergen SELDI Chip1 System (SELDI

¼ Surface Enhanced Laser Desorption Ionisation)

addresses proteins as well as peptides. It selects a cer-

tain subset of peptides/proteins out of a sample ac-

cording to the surface a‰nity characteristics of the em-

ployed mass-spectrometric chip. They can be varied by

changing e.g. characteristics of ion-exchange, hydro-

phobicity or antigen/antibody binding. Unbound con-

tents of the sample are washed out and mass spectro-

metric detection of the bound peptides is performed

and data converted into a sample specific signal pat-

tern. Statistical analysis identifies marker candidates

by indicating di¤erences between di¤erent sample sets.

B) The Bruker Daltonics1 System uses a similar

approach of pre-selection and is likewise designed for

high throughput analysis. The specific capture of a

group of peptides is accomplished according to the sur-

face a‰nity characteristics of magnetic beads instead

of a chip. Via magnetic force the beads are separated

from the rest of the sample and after elution and target

preparation a mass spectrometric analysis of the pepti-

des is performed. The final step again consists of statis-

tical work-up, and pattern display. Peptide identifica-

tion is currently not possible.

C) BioVisioN’s Peptidomics1 Technologies (see Fig.

1). Peptides are extracted from biological samples and

separated in an automated process by liquid chroma-

tography into 96 individual fractions. Each fraction

is analysed by mass spectrometry generating 96 mass

spectra from one sample. These mass spectra are

combined for each individual sample to one multi-

dimensional diagram (peptide display) depicting

molecular mass, chromatographic fraction and mass-

spectrometric signal intensity. For visualisation pur-

poses, the intensity of each mass-spectrometric signal

is translated into colour intensity. Each peptide’s posi-

tion in such a display is unambiguously characterised

by its molecular mass and chromatographic behav-

iour, i.e. retention time. A peptide display of CSF con-

sists of more than 6,000 di¤erent signals, representing

about 2,000 di¤erent peptide molecules with a molecu-

lar mass below 15 kDa. The individual peptide dis-

plays of each group of samples/patients are averaged

to a joint peptide mass map that represents the pep-

tidome of each group. These combined datasets

are used for the Di¤erential Peptide Display1 (DPD)

analysis: Comparison of the di¤erent peptidomes

reveals di¤erences occurring in conjunction with the

specific conditions used for definition of the groups of

samples/patients. Appropriate software is used for

identification of signals correlating with clinical pa-

rameters. Furthermore, networks are calculated repre-

senting groups of signals correlating with each other,

allowing the identification of interactions or inter-

dependencies. Peptides of interest are then identified

by tandem mass spectrometry (MS/MS) and, if neces-

sary, by Edman degradation [13, 16].

The Ciphergen and Bruker systems are designed for

high throughput use (hundreds of samples per day),

not only in research but also in clinical routine. The

screening results are substantially influenced by the

peptide pre-selection due to surface characteristics of

the employed chip or bead determining the analyzed

protein/peptide spectrum. In combination with anti-

body binding this allows also for a target specific cap-

ture in addition to a screening approach. The larger the

amount of peptides analysed per mass spectrometry

cycle, the lower the resolution of the resulting mass

spectrum will be. Therefore high abundance proteins/

peptides are dominating the obtained patterns and low

abundance ones can disappear in the ‘‘noise’’. The

techniques cannot discriminate between isobaric but

di¤erent peptides, which happen to have the same mo-

lecular weight and aim rather at pattern recognition

than at identification of the peptides by sequence anal-

ysis. The latter is important, even if the techniques are

used in clinical research. Furthermore, the reproduci-

bility of those screening results between di¤erent labs

seems to be limited, which casts light on the great influ-

ence of the way the pre-analytic sample processing is

done [3]. BioVisioN’s Peptidomics1 technologies allow

for a more comprehensive analysis and avoid pre-

selection e¤ects to a much greater extend. Due to the

separation in 96 fractions it has a much higher resolu-

tion and discriminates isobaric peptides. After the de-

tection of significant disease-specific signals and di¤er-

ences, the method is linked to an identification process

for the desired marker candidates. This detailed and

precise screening method requires more time and spe-

cific equipment and sta¤. Therefore it is confined to a
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highly specialised lab and is essentially performed by

one company.

Concerning CSF, the Ciphergen SELDI

ProteinChip1 has meanwhile been used in humans

and rats for the analysis of proteins [4, 10]. The BioVi-

sioN Peptidomics1 technologies have been adapted

to human and rat CSF as well. In a first attempt to

systematically screen all CSF peptides in relation to a

clinical condition, we analysed CSF from two patients

su¤ering from a primary CNS lymphoma in compari-

son to CSF from three subjects without a CNS disease

undergoing routine myelography. More than 6,000

signals were detected with a mass accuracy better

than 500 ppm. Several di¤erences in peptide composi-

tion were found [5]. In a second study we used the pep-

tide screening technology for TBI research. In terms of

our current knowledge of the literature, this is the first

time that TBI pathophysiology has been addressed at

the peptide level [15]. Using the CCI model of focal

traumatic brain injury in the rat, we screened for con-

sistent, statistically significant post-traumatic changes

in CSF over a period of 1 h to 7 d. Out of more than

3000 peptide signals in CSF we identified 8 distinct

peptides fulfilling these criteria. Neither these peptides

nor their protein precursors have been described in the

literature specifically in the context of TBI or as ap-

pearing in CSF post trauma (manuscript in prepara-

tion).

Discussion

Proteomics and peptidomics techniques used as

a screening approach provide the opportunity to see

‘‘much at a glance’’. The described approaches focus

Fig. 1. Workflow of Peptidomics2 from sample to peptide identification. For details see text
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not on single proteins or peptides but screen either se-

lected sample portions (SELDI Chip1 System and

Daltonics1) or the majority of proteins or peptides

(classical 2D gel electrophoresis and Peptidmonics1

technologies, respectively). Therefore, those tech-

niques open in experimental TBI a new window with

a di¤erent angle of view, since all other currently

available methods (with the exception of genomics)

address specific pre-selected targets. Our own work

shows, that peptidomics is able to detect di¤erences in

CSF that correlate with the disease status and o¤ers

therefore the possibility to find new biomarkers or

even peptides with therapeutic value. This opens new

lines of thought, since none of the peptides we found

as candidates in CSF after traumatic brain injury

have been described in this specific context before. To

evaluate detected peptide patterns we regard it as man-

datory to identify the amino acid sequence of the can-

didate peptides. This allows the development of

immuno- or mass spectrometry-based assays that ex-

tend the screening approach towards a specific tar-

geted investigation to elucidate the biological sig-

nificance of marker changes. For experimental TBI

research therefore the detailed approach using BioVi-

sioN’s Peptidomics1 technologies seem most suitable,

since it covers a large range of peptide signals and pos-

sible marker candidates. In the future, analysis of the

peptide composition of brain tissue itself might be pos-

sible, as soon as a reliable extractions of peptides from

the tissue is established. The Ciphergen SELDI Chip1,

Bruker Daltonics1 or a comparable high throughput

approach seems appropriate for any situation where

the heterogeneity of the patient population a¤ords the

analysis of large numbers of samples, like in human

TBI. However, this will be at the cost of resolution

and important changes in peptide composition may

be missed.

The new technologies provide a wide-angle view on

the highly complex molecular mechanisms following

TBI, expressed as changes in protein and peptide com-

position of the sample. This could help to overcome

the past series of bench-to-bedside failures of mono-

drug approaches to a multi-layer disease. It could fur-

ther help to identify groups of targets instead of one. It

enables us to follow a multitude of signals and their re-

lated or unrelated changes over time. In the case of

therapy, it might help to observe all the e¤ects of the

therapeutic approach, the expected but also the sur-

prising ones. Such screening in traumatic brain injury

and control of therapeutic attempts might help to de-

velop multi-drug-cocktails which influence several

pathways in an integrated fashion at the same time.

Thus we conclude, that proteomics and peptidomics

are relevant tools in brain injury research.
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Summary

Much research interest has been shown in recent years for the

development of molecular diagnostic strategies based on the analysis

of DNA/RNA molecules that are present in the plasma/serum of

human subjects. Reported applications include the diagnosis, prog-

nostication or monitoring of malignancies and pregnancy-associated

complications. While researchers have speculated that cell death is

a potential mechanism that leads to the release of DNA/RNA into

the circulation, studies have demonstrated that indeed increased

amounts of plasma DNA and RNA could be detected in patients

sustaining acute traumatic injuries. The degree of plasma DNA ele-

vation correlated with the severity of injury. Similarly, plasma DNA

concentrations have been shown to correlate with indices of prognos-

tic significance in patients with acute stroke. It is expected that new

diagnostic markers based on plasma RNA detection could be devel-

oped for the evaluation of acute pathologies.

Keywords: Circulating nucleic acids; plasma DNA; plasma RNA;

acute medicine; stroke; cerebrovascular accident; nasopharyngeal

cancer; molecular diagnostics.

Introduction

In recent years, there has been increasing interest in

the development of molecular diagnostics based on the

detection of extracellular DNA and RNA molecules

that are found to circulate in the plasma/serum of

human subjects [2, 6]. Numerous applications have

been developed based on the realization that disease-

associated nucleic acid signatures are found in the

plasma of subjects su¤ering from certain pathologies.

For example, tumor-associated microsatellite instabil-

ity, point mutations and methylation changes have

been detectable in plasma of subjects harboring tu-

mors with such molecular changes [1, 4, 22, 23]. On

the other hand, fetal-derived nucleic acid molecules

have been shown to be released into maternal circu-

lation during pregnancy and this phenomenon has

formed the basis for the development of noninvasive

prenatal diagnostic strategies [5, 17, 18]. Donor-

derived DNA has also been shown to be detectable in

the plasma of transplant recipients and thus o¤ers the

possibility of molecular monitoring of transplant rejec-

tion [21]. Hence, much potential has been shown for

the development of blood-based tests for the diagnosis,

monitoring and prognostication of diseases based on

circulating nucleic acid analysis.

The potential clinical utility of circulating nucleic

acids analysis is exemplified by the application of

plasma Epstein-Barr virus (EBV) DNA detection in

subjects with nasopharyngeal carcinoma (NPC) [16].

Plasma EBV DNA has been reported to be detectable

in 96% of NPC patients but only 7% of healthy volun-

teers [16]. Though detectable in some normal individu-

als, the median plasma EBV DNA concentration in

NPC patients is several orders of magnitude higher

than that of controls [16] and correlates with tumor

staging [14]. More importantly, plasma EBV DNA

estimation after radiotherapy has been shown to be

predictive of risk of tumor recurrence [15]. EBV DNA

becomes undetectable in plasma of patients with com-

plete tumor regression but remains detectable in pa-

tients who have clinical evidence of tumor recurrence

[15]. Recently, a study has further demonstrated the

potential value of serial monitoring of plasma EBV

DNA concentration during neoadjuvant chemother-

apy with radiotherapy for the treatment of NPC [3].

Thus, plasma EBV DNA measurement is a valuable

tool for the diagnosis, prognostication and treatment

monitoring of NPC [13]. It further serves as a prime

example which demonstrates the clinical potential of

molecular diagnostics based on circulating nucleic

acid analysis.



When studying the rate of change of plasma EBV

DNA levels in NPC patients undergoing radiotherapy,

it is interesting to note the presence of an initial rise

prior to the expected decline in EBV DNA concentra-

tions [19]. It has been postulated that the observation

is a result of EBV DNA liberation due to therapy-

induced cancer cell death. In fact, other investigators

have also suggested that cell death is a possible cause

of circulating nucleic acid release [7–9]. Consequently,

we hypothesize that conditions with significant cellular

damage, such as blunt traumatic injuries, could also be

associated with elevated levels of circulating nucleic

acids.

Circulating DNA as a marker of cell death

We have pursued the investigation by recruiting pa-

tients who have sustained acute traumatic blunt inju-

ries [20]. Blood specimens were collected on admission

and the plasma DNA concentration as reflected by the

plasma b-globin DNA concentration was compared

between patients and control subjects. Plasma DNA

concentration was indeed found to be significantly

elevated in patients compared to controls [20]. Fur-

thermore, the degree of elevation was seen to correlate

positively with the injury severity score [20]. More

specifically, significant correlation was observed be-

tween DNA concentrations in the plasma of trauma

patients and the abbreviated injury score of the head

and neck region, thorax and abdomen [20]. Remark-

ably, plasma DNA concentrations have also been

found to be significantly higher among trauma patients

who subsequently developed acute lung injury, acute

respiratory distress syndrome or died than those who

did not su¤er those complications. Serial monitoring

of trauma patients has revealed that plasma DNA

was increased within 20 minutes of sustaining injury

[11]. Plasma DNA has been found to be persistently

elevated in patients who developed multiple organ dys-

function syndrome or required intensive care admis-

sion [11]. Consequent to these observations, we have

further evaluated if an algorithm based on the admis-

sion plasma DNA concentration could be developed

for the early prediction of post-traumatic organ fail-

ure and multiple organ dysfunction syndrome [28].

We have demonstrated that plasma DNA cut-o¤

values allowing the sensitive and specific prediction of

these two complications can be determined e¤ectively

[28].

Circulating DNA as a marker for acute stroke

Having demonstrated a potential relationship be-

tween tissue injury and elevated plasma DNA concen-

trations, we further investigated if similar relationships

could be demonstrated for tissue damage of the central

nervous system, namely acute stroke [29]. We hypothe-

sized that disruption of the blood-brain barrier as a re-

sult of hemorrhagic or ischemic stroke would facilitate

the release of nucleic acids into the peripheral circula-

tion. Plasma DNA concentrations in blood taken at a

median of 3 hours after symptom onset have been

found to be five-fold higher in patients who subse-

quently died than those who survived at 6 months

[29]. Furthermore, correlations are observed between

plasma DNA concentrations and the Glasgow Coma

Score, cerebral hemorrhage volume, post-stroke modi-

fied Rankin Score, or quality of life loss [29]. Hence,

plasma DNA measurement is a potentially useful

prognostic tool for the assessment of patients su¤ering

acute stroke.

Future developments

Besides circulating DNA, elevated plasma RNA

levels have also been documented in patients sustain-

ing acute trauma [27]. In view of the inherent instabil-

ity of RNA, the discovery of the presence of circulating

RNA molecules in the plasma/serum of human sub-

jects is rather surprising. Tsui et al. [31] has previously

demonstrated that endogenous plasma RNA is sur-

prisingly stable and contrasted markedly with free

RNA molecules which have been shown to degrade

immediately upon being spiked into plasma. The sta-

bility of endogenous circulating RNA could poten-

tially be conferred by its association with subcellular

particles. Ng et al. [26] demonstrated that a significant

proportion of circulating RNA species in plasma is fil-

terable. These data support the suggestion that plasma

RNA exists in a particle-associated form in the circula-

tion. Interestingly, by measuring plasma mRNA con-

centrations of a house-keeping gene, glyceraldehyde-

3-phosphate dehydrogenase (GAPDH), significantly

higher levels were reported in the filtered plasma por-

tions obtained from trauma patients as opposed to

those from controls [27]. The e¤ect was not observed

in the unfiltered plasma portions, suggesting that trau-

matic injuries may lead to the predominant increase in

the non-particle-associated, possibly free, fraction of

plasma RNA. Furthermore, plasma RNA levels are
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found to be higher in patients sustaining severe injuries

and those dying from their injuries [27].

In addition to GAPDH, investigators have reported

the successful detection of tumor- and fetal-specific

RNA species in the plasma of cancer patients [10, 12]

and pregnant women [24], respectively. For example,

placenta expressed genes are found to be readily de-

tectable in the plasma of pregnant women [26, 30].

Furthermore, plasma RNA markers with relative

disease-specificity have been developed by taking ad-

vantage of the aberrant RNA expression profiles of

pathological tissues. One such example is the finding

of elevated corticotropin releasing hormone mRNA

concentrations in plasma of women whose pregnancy

was complicated by preeclampsia [25]. Consequently,

one could envisage that a similar approach could be

adopted for the development of diagnostic tests that

are not only sensitive to acute injuries but specific to

particular organ systems based on the detection of

tissue-specific RNA species.

Conclusions

Much potential has been shown for molecular diag-

nostics based on circulating nucleic acids analysis.

Promising applications have been reported for the as-

sessment of cancers and pregnancies. More recently,

evidence has suggested that circulating nucleic acid

measurement may be useful in the diagnosis or

prognostication of acute pathologies, including blunt

trauma and stroke. It is expected that disease-specific

tests could potentially be developed by targeting

RNA transcripts that are expressed specifically by cer-

tain tissues or pathological states. Therefore, one can

be hopeful that new applications of circulating nucleic

acids analysis, particularly in relation to acute pathol-

ogies, will be forthcoming.
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Summary

The optimal therapy of sustained increase in intracranial pressure

(ICP) is still controversial. The ‘‘Lund concept’’ is based on the phys-

iological volume regulation of the intracranial compartments. In

addition to its other functions the blood-brain barrier (BBB) is the

most important regulator of brain volume. Water exchange across

the intact BBB is counteracted by the low permeability to crystal-

loids (mainly Naþ and Cl�) combined with the high osmotic pressure

(5,700 mmHg) on both sides of the BBB. If the BBB is disrupted

transcapillary water transport will be determined by the di¤erences

in hydrostatic and colloid osmotic pressure between the intra- and

extracapillary compartments. Under pathological conditions pres-

sure autoregulation of cerebral blood flow is often impaired and

intracapillary hydrostatic pressure will depend on variations in sys-

temic blood pressure.

The ‘‘Lund concept’’ can be summarized in four paragraphs: I.

Reduction of stress response and cerebral energy metabolism; II. Re-

duction of capillary hydrostatic pressure; III. Maintenance of colloid

osmotic pressure and control of fluid balance; IV. Reduction of cere-

bral blood volume. The e‰cacy of the treatment protocol has been

evaluated in experimental and clinical studies regarding the physio-

logical and biochemical (utilizing intracerebral microdialysis) e¤ects.

The clinical experiences have been favourable.

Keywords: Brain oedema; blood-brain barrier; microdialysis.

Introduction

Except for decompressive craniectomy all treat-

ments for increased intracranial pressure (ICP) are di-

rected towards decreasing the volume of one or more

of the intracranial components:

Vintracran ¼ Vblood þ Vbrain þ VCSF þ Vmass lesion

(Eq. 1)

Surgical treatments include evacuation of mass le-

sions (Vmass lesion) and, in some cases, drainage of CSF

(VCSF). The importance of early and adequate surgical

evacuation of focal mass lesions is well documented

and will not be discussed further in this presentation.

The regulation of the remaining two volumes (Vblood

and Vbrain) is the focus for (non-surgical) intensive

care. However, the surgical and non-surgical treat-

ments are closely connected since all surgical therapies

have one consequence in common: they all reduce tis-

sue interstitial pressure. As discussed below, in a situa-

tion with increased permeability of the blood-brain

barrier (BBB), a decrease in tissue pressure will lead

to increased transcapillary water filtration. The conse-

quences are well known to all neurosurgeons: the grad-

ual increase in ICP almost always observed after evac-

uation of focal lesions; the collapse of the ventricles

often induced by ventricular drainage; the bulging of

cerebral tissue through the bone defect after craniec-

tomy. The rapid change in volume obtained by surgi-

cal treatment should accordingly always be combined

with a non-surgical therapy aiming primarily at a slow

and lasting reduction in brain water content.

Blood-brain barrier permeability

Like other organs the volume regulation of the brain

is primarily determined by mechanisms controlling the

water exchange across the capillaries. Regarding these

mechanisms the brain di¤ers from other organs in its

highly sophisticated capillary membrane function –

the BBB. In addition to its other physiological func-

tions the BBB is the most important regulator of cere-

bral volume [8].

The flux of water across a membrane or microvascu-

lar bed (Jv) is described by the equation

Jv ¼ Lp �A� ½DP� Sss � DPs� (Eq. 2)

where Lp is hydraulic conductivity, A is the surface

area available for fluid exchange, DP is the transcapil-

lary hydrostatic pressure di¤erence, DPs the transca-

pillary osmotic pressure di¤erence and ss the reflection



coe‰cient of each solute (s) of the system. The transca-

pillary water transport is accordingly defined by the

di¤erence in hydrostatic pressure (DP), the osmotic

pressure gradient (DPs), the endothelial component

which will determine which solutes are reflected and

will contribute to the osmotic pressure gradient (ss),

and the hydraulic conductance of the capillary wall

(Lp �A). The two major solutes of biological fluids

(Naþ and Cl�) have a blood-brain barrier reflection

coe‰cient of 1.0. Water passing the BBB in any direc-

tion will thus be virtually devoid of crystalloids and an

opposing osmotic gradient, which counteracts further

fluid transport, will immediately be created.

According to eq. 2 the magnitude of the hydraulic

conductance (Lp �A) describes the rate by which the

fluid is transferred across the capillary membrane

whenever there is a driving force (DP� Ss� DP).

Accordingly, the only way of inducing transcapillary

filtration or absorption is to disturb the balance be-

tween the hydrostatic and osmotic forces across the

capillary membrane. For two reasons the magnitude

of the cerebral perfusion pressure (CPP) is of less im-

portance for brain volume under normal conditions.

Firstly, intracapillary pressure and cerebral blood

flow are physiologically tightly autoregulated and

variations in systemic blood pressure are generally not

transmitted to cerebral capillaries. Secondly, trans-

capillary fluid exchange is e¤ectively counteracted by

the low permeability to crystalloids combined with

the high osmotic pressure of 5,700 mmHg on both

sides of the BBB [8]. This contrasts to most other

capillary regions where the osmotic pressure force is

mainly derived from the di¤erence between plasma

and interstitial colloid osmotic pressure approximately

balancing the transcapillary hydrostatic pressure (20–

25 mmHg). Under pathophysiological conditions the

regulation of brain volume may be completely altered.

In these conditions pressure autoregulation is often im-

paired and the BBB may have an increased permeabil-

ity for crystalloids or even for large molecules. The

regulation of brain volume will then depend on the bal-

ance between the transcapillary hydrostatic pressure

and the transcapillary colloidal osmotic pressure.

Cerebral blood flow and cerebral blood volume

The tight regulation of cerebral blood flow (CBF)

primarily secures a continuous and su‰cient supply

of glucose and oxygen to cover the high cerebral me-

tabolism. Two secondary e¤ects of CBF regulation

have important consequences for the regulation of

ICP: the intracapillary hydrostatic pressure and the in-

tracerebral blood volume (mainly within the venous

compartment). Several important principles within in-

tracranial dynamics can be described in relation to the

conventional physiological regulatory mechanisms

of the cerebral blood flow: pressure autoregulation,

CO2-regulation, and metabolic regulation.

Pressure autoregulation implies that blood flow

remains relatively constant despite variations in CPP

within defined limits. The phenomenon is present in

many organs and appears to be most prominent in the

brain and in the kidneys. In physiological literature

autoregulation is usually described as a mechanism,

which serves the purpose of keeping intracapillary hy-

drostatic pressure constant (c.f. above).

A rapid reduction of intracranial blood volume is

conventionally obtained by controlled hyperventila-

tion via the CO2-regulation of CBF. The e¤ect is at-

tained by a pH dependent constriction of precapillary

resistance vessels. Prolonged hyperventilation is prob-

ably of limited value or may even be harmful since

pronounced hyperventilation carries the risk of induc-

ing focal ischemia. Further, the reduction of CBF and

CBV during hyperventilation is transient in spite of

preserved hypocapnia. Finally, due to impaired cere-

brovascular CO2-reactivity hyperventilation is often

not e¤ective in reducing CBV in the most severely

brain injured patients [10, 21].

A lasting vasoconstriction and reduction of CBV

can be achieved through reduction of cerebral energy

metabolism e.g. by barbiturates [15]. This mechanism

appears to be e¤ective only in patients with preserved

cerebrovascular CO2-reactivity [15]. In addition, pro-

longed high-dose barbiturate treatment is associated

with pulmonary, cardiovascular and other serious

complications [22].

Since in the brain, like in other organs, about 70% of

blood volume is located within the venous compart-

ment it might be possible to induce a lasting reduction

of CBV with a minimal e¤ect on CBF by inducing a

pharmacological constriction of the capacitance ves-

sels. Dihydroergotamine (DHE) is known to primarily

constrict venous capacitance vessels within the periph-

eral circulation and has also been shown to decrease

ICP in patients with severe head injuries [9]. This e¤ect

is obtained although CBF remains una¤ected or in-

creases [4, 13]. DHE has also been shown to decrease

ICP in patients with impaired CO2-reactivity [4] and

in vitro studies have shown that DHE has a more pro-
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nounced constrictor e¤ect on isolated human cortical

veins than arteries [14].

Pathophysiological aspects of disturbed brain volume

regulation

No techniques are available for quantitative mea-

surements of cerebral intracapillary hydrostatic pres-

sure or the e¤ects of increased hydrostatic pressure on

water transport across the BBB. Some aspects may

however be studied in a model system utilizing a dener-

vated cat skeletal muscle enclosed in a plethysmograph

[1, 9]. This model simulates the pathophysiological sit-

uation in a damaged brain since muscle capillaries are

permeable for water and most solutes but much less

permeable for proteins (sA0.8–0.9). Further, pres-

sure autoregulation of blood flow is impaired in this

experimental model.

The clinical implications of the data obtained from

these experiments may be summarized as follows. If

the injured brain has an impaired pressure autoregula-

tion and a BBB with an increased permeability to

crystalloids then transcapillary fluid exchange will be

highly dependent on variations in systemic arterial

blood pressure. Under conditions with increased BBB

permeability to crystalloids a decrease in tissue pres-

sure will cause a net transport of fluid from the capil-

laries into the interstitial space and, as discussed

above, all surgical treatments of increased ICP are

associated with a decrease in tissue pressure.

The Lund concept

The ‘‘Lund concept’’ is based on the physiological

considerations above and can be summarized in four

paragraphs.

Reduction of stress response and cerebral energy

metabolism

Stress response is reduced by liberal use of sedatives

(benzodiazepines) and analgesics (opioids). A further

reduction of the stress response and catecholamine

release is obtained by a continuous infusion of low-

dose thiopental (0.5–3 mg�kg�1�h�1) and fentanyl (2–

5 mg�kg�1�h�1) but also by treatment with the b1-

antagonist metoprolol and the a2-agonist clonidine

(see below). The dose of thiopental is kept low to

avoid cardiac inhibition, pulmonary complications

and other side e¤ects [22].

Reduction of capillary hydrostatic pressure

Mean arterial blood pressure is reduced to the phys-

iological level for the age of the individual patient with

a combination of the b1-antagonist metoprolol (0.2–

0.3 mg�kg�1�24 h�1 i.v.) and the a2-agonist clonidine

(0.4–0.8 mg�kg�1 � 4–6 i.v.) [2, 3, 9]. The antihyper-

tensive treatment is initiated after evacuation of focal

mass lesions when the patients are clearly normovole-

mic as obtained by red cell and albumin/plasma trans-

fusions to normal albumin and haemoglobin values

and to a normal central venous pressure. A CPP of

60–70 mmHg is considered optimal but, if neces-

sary to control ICP, a transient decrease in CPP to

50 mmHg for adults and 40 mmHg for children is

accepted. Thiopental also has a precapillary vasocon-

strictor e¤ect, which will contribute to lowering the in-

tracapillary hydrostatic pressure.

Maintenance of colloid osmotic pressure and control of

fluid balance

Red cell transfusions and albumin are given

to achieve normal values (Hb/s 125–140 g/l, alb/

sA40 g/l) to ensure normovolemia and to optimise

oxygen supply. The albumin/plasma/blood transfu-

sions also serve the purpose of obtaining a normal col-

loid osmotic pressure favouring transcapillary absorp-

tion. A balanced or moderately negative fluid balance

is a part of the treatment protocol and is achieved by

diuretics (furosemide) and albumin infusion. All pa-

tients are given a low calorie enteral nutrition (max en-

ergy supply 15–20 kcal�kg�1�24 h�1).

Reduction of cerebral blood volume

Intracranial blood volume may be reduced both on

the arterial side with thiopental [15] and on the venous

side with DHE [4, 9, 13, 14]. DHE is only given when

other treatments are insu‰cient and always at the

lowest dose necessary to reduce intracranial pressure.

Since the therapy above (paragraph I–III) is usually

successful DHE is rarely used. When given it should

not be administered for more than five days in order

to minimize the risks of compromising peripheral

circulation, in particular in patients with fractures of

the extremities or renal insu‰ciency. The maximum

doses of DHE used are: 0.8 mg�kg�1�h�1 day one,

0.6 mg�kg�1�h�1 day two, 0.4 mg�kg�1�h�1 day three,

0.2 mg�kg�1�h�1 day four, and 0.1 mg�kg�1�h�1 day

five.
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Cerebral energy metabolism – relation to cerebral

perfusion pressure

A reduction of CPP might jeopardize cerebral

energy metabolism in patients with increased ICP es-

pecially in vulnerable regions such as the penumbra

zones surrounding focal mass lesions [7]. The intra-

cerebral microdialysis technique permits bedside anal-

yses of compounds reflecting energy metabolism (glu-

cose, pyruvate, lactate) and indicators of excessive

concentration of excitatory transmitters (glutamate)

as well as cell degradation (glycerol) (Fig. 1). The

levels obtained during neuro intensive care can be

compared to reference levels obtained in the normal

human brain [18] and in patients with manifest cere-

bral ischemia [24]. By inserting multiple intracerebral

catheters during open surgery it is possible to choose

areas of interest i.e. the zones surrounding an evac-

uated focal lesion [7].

Figure 2 summarizes resent data, which support the

view that in patients treated according to the ‘‘Lund

concept’’ the lactate/pyruvate ratio (cytoplasmatic

redox state) is usually not a¤ected in the vulnerable

penumbra zone until CPP below 50 mmHg [16]. Since

cerebral biochemistry is monitored and displayed bed-

side therapeutic interventions are instituted if in an in-

dividual patient CPP is considered to be too low.

Clinical results

Ideally all clinical therapies should be based on

randomised controlled studies. However, there are vir-

tually no such studies to support any specific treatment

for increased ICP [23]. The only randomised clinical

trial that has compared the consequences of targeting

di¤erent levels of CPP failed to show a long-term ben-

efit of increasing CPP above 70 mmHg [19]. In a recent

Fig. 1. Simplified diagram of intermediary metabolism of the glycolytic chain and its relation to the formation of glycerol and glycerophospho-

lipids and to the citric acid cycle. Abbreviations: Fructose-1,6-diposphate (F-1,6-DP); Dihydroxyacetone-phosphate (DHAP); Glyceralde-

hyde-3-phosphate (GA-3P); Glycerol-3-phosphate (G-3-P); Free fatty acids (FFA); a-ketoglutarate (a-KG). Underlined metabolites are mea-

sured bedside with enzymatic techniques. References levels of the various metabolites for normal human brain obtained from [18]
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review on the management of cerebral perfusion pres-

sure after head trauma it was concluded that it seemed

likely that a CPP of 60 mmHg provided adequate per-

fusion for most patients with severe traumatic brain

injuries [20]. Further, pharmacologically induced hy-

pertension was recently shown to cause a further in-

crease in ICP [17].

Clinical outcome of volume-targeted therapy ac-

cording to the ‘‘Lund-concept’’ has been reported

from four Swedish neurosurgical centres [5, 6, 11, 12].

All four studies have shown a remarkably low mortal-

ity. In the original study, which included a selected

group of patients with very severe traumatic brain le-

sion and ICP above 25 mmHg in spite of conventional

treatment, the decrease in mortality was from 47% to

8% [5]. The significant decrease in mortality was asso-

ciated with significant increases in the groups of ‘‘good

recovery’’ and ‘‘moderate disability’’ but did not in-

crease the number of patients in the groups of ‘‘severe

disability’’ or ‘‘vegetative state’’.
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