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Summary

Recent changes in published guidelines for the management
of patients with severe head injury are based on data show-
ing that aggressive maintenance of cerebral perfusion
pressure (CPP) can worsen outcome due to extracranial
complications of therapy. However, it remains unclear
whether CPP augmentation could reduce cerebral ischae-
mia, a Pnding which might prompt the search for CPP
augmentation protocols that avoid these extracranial
complications. We studied 10 healthy volunteers and 20
patients within 6 days of closed head injury. All subjects
underwent imaging of cerebral blood 3ow (CBF), blood
volume (CBV), oxygen metabolism (CMRQ) and oxygen
extraction fraction (OEF) using °0 PET. In addition, for
patients, the EEG power ratio index (PRI), burst suppres-
sion ratio and somatosensory evoked potentials (SEP) were
obtained and CPP was increased from 6% 4 to 906
4 mmHg using an infusion of norepinephrine and measure-
ments were repeated. Following elevation of CPP, CBF and
CBV were increased and CMRG and OEF were reduced
(P<0.001 for all comparisons). Regions with a reduction in
CMRO, were associated with the greatest reduction in
OEF (r? = 0.3; P < 0.0001). Although CPP elevation
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produced a signibcant fall in the ischaemic brain volume
(IBV) (from 15 6 16to 56 4 ml; P <0.01) and improved
Bow metabolism coupling, the IBV was small and clinically
insignibpcantin the majority of these patients. However, the
reduction in IBV was directly related to the baseline IBV
(r>=0.97;P < 0.001) and patients with large baseline IBV
showed substantial and clinically signibcant reductions.
CPP augmentation increased the EEG PRI (5.6 1.5 ver-
sus 4.36 1.4,P < 0.01), implying an overall decrease in
neural activity, but these changes did not correlate with the
reduction in CMRO , and there was no change in SEP
cortical amplitude (N20BP27). These data provide support
for recent changes in recommended CPP levels for head
injury management across populations of patients with
signibcant head injury. However, they do not provide gui-
dance on whether the intervention may be more appropri-
ate at earlier stages after injury, or in patients selected
because of high baseline IBV. It also remains unclear
whether CPP values below 65 mmHg can be safely used
in this population. Claribcation of the signibcance of a
reduction in CMRO, and neuronal electrical function
will require further study.
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Introduction

Recent changes in the published guidelines for the manage003) recommend a lower cerebral perfusion pressure (CPP)
ment of traumatic brain injury (Brain Trauma Foundation, level (60 versus 70 mmHg), since aggressive maintenance of
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CPP levels above 70 mmHg has been associated withears and 20 patients within 6 days of head injury with a mean
increased cardiovascular and respiratory complications(range) age of 33 (16D68) years (Table 1). Patients had a median
While there appears a clear overall detrimental effect on out{range) post-resuscitation Glasgow Coma Score (Teasdale and
come, this appears to be related to extracranial effects ofennett, 1974) of 7 (3b9). In patients we obtained baseline PET
therapy. However, these data do not address the specipc qué&id- and following an increase in CPP, PET measurements were
tion of whether increases in CPP above 70 mmHg provide anrepeated. In nine of these patients we were able to obtain EEG and
b he iniured brai 9p Xomatosensory evoked potential (SEP) data during the same session
enept t.ot e injured brain. . (Table 1).

Experimental studies of closed head injury generally report

that the infusion of vasopressors results in benebcial changesjinical protocols

in regional cerebral blood Bow (CBF) (Cherianal, 1999’. Patients were managed with protocol-driven therapy aimed at
Kroppens_tedet e_‘l" 2002), but suggest that early neuro_IOg'Cal maintaining intracranial pressure (ICP) below 20 mmHg and
outcome is not improved (Talmat al, 1998). The variable  cpp greater than 70 mmHg, as previously described (Menon,
response of the cerebral circulation to the infusion of Catej_ggg) (P|ease see Appendix | which can be viewed as Supp|emen_
cholamines in such experimental studies may be related to th@ry data online). In order to achieve target CPP, patients received
choice of agent, disruption of the bloodbbrain barrier andn infusion of dopamine and/or norepinephrine as determined by
failure of autoregulation (Tuoet al., 1986). the clinical protocol (Please see Appendix Il which can be viewed

The clinical effects of an increase in CPP above 60FRS supplementary data online). Patients who received surgical inter-
70 mmHg using Ruid resuscitation and the administration‘{emion (CSF drain_age or d_ecompressive craniectomy) or secon_d-
of vasopressors within the human brain remain to be clearlyie" medical therapies [barbiturate coma or moderate hypothermia
established. Although previous clinical studies have showri33P35C)] prior to PET imaging are specibed in Table 1.
clear evidence of regional heterogeneity in terms of CBF anqN In _addmon, a Db_re-optu_c_nghtjugular bulb C.atheter (Baxter, USA)

. L . . . as inserted and its position conPrmed radiologically. Samples of

metabolism within the injured human brain (McLaughlin and

- i . arterial and jugular venous blood were drawn for simultaneous
Marion, 1996; Colest al,, 2002, 2004), few have examined  easurement of arterial blood gases and jugular venous satura-

the effect of induced hypertension. The available clinical datajon (Sjo,). Using protocol-driven therapy (Menon, 1999), $jO

suggest that increases in CPP following head injury and subwas continuously measured and attempts made to maintain levels

arachnoid haemorrhage produce improvements in tissye pQibove 50%.

within structurally normal brain tissue (Kienirgf al., 1997;

Sahuquilloet al., 2000) and within focal lesions (Stocchetti PET

et al,, 1998). Unfortunately, the focal nature of such measurepPET studies were undertaken on a General Electric Advance scanner

ments does not allow an integrated assessment of short-ter(@E Medical Systems, Milwaukee, WI, USA). Emission data were

benebts of CPP augmentation across the injured brain.  acquired in 3D mode during a 20-min steady-state infusion of
This study aimed to determine whether an increase in CPB00 MBq of H,*°0 (2 3 5-min frames at the end of the adminis-

has benebcial effects in terms of reducing the incidence offation), following a 60-s inhalation of 300 MBg of ‘0 (single

cerebral ischaemia following head injury. This is an important> Min frame), and in 2D mode during a 20-min steady-state inhala-

. L : : tion of 7200 MBq of*®0, (2 3 5-min frames at the end of the
issue, since it is likely to inBuence our search for improved "~ ) 2 . .
y P .administration). Image reconstruction (Kinahan and Rogers, 1989)

management. If there. are physiological bengbts o the bralWmluded corrections for attenuation, scatter, randoms and dead time

from CPP augmentation a_bO\_/e 70 mmHg, it may be_Worth(Coles et al, 2004). Parametric maps of CBF, cerebral blood

Pnding safer means of ach|evmg sgch_augmentatlon, IN WaYgslume (CBV), cerebral oxygen metabolism (CMR@nd oxygen

that reduce the extracranial complications of therapy. Howextraction fraction (OEF) were calculated by inputting simultaneous

ever, if a careful analysis suggests that there are no physi@®ET and arterial tracer activity measurements into standard models

logical benebts to the injured brain from CPP elevation abovéFrackowiaket al, 1980; Lammertsmat al, 1987). We used a

70 mmHg, even in the short term, the search for safer methodgoodbbrain partition coefpcient for,HO (r) of 0.95 based on

of delivering such therapy would not be justibed. the previousin vitro data (Herscovitch and Raichle, 1985) and a
All volunteers included in these studies provided informedsmall to large haematocrit ratio)(of 0.85 (Phelpt al,, 1979).

consent in accordance with the Declaration of Helsinki, and o ]

assent was obtained from the next of kin for all patient studiesHyPertension intervention

All studies were approved by the Local Research Ethics ComAll patients were stabilized within the PET imaging suite as dePned

mittee at Addenbrooke®s Hospital, Cambridge, UK and bgPove, and changes in CPP were produced using an infusion of

the Administration of Radioactive Substances Advisorynorepinephrine. All other medications were maintained unchanged
Committee of the UK during the imaging session. Following a 10-min period of stabiliza-

tion, baseline images were obtained at a CPP @0 mmHg. On
completion of imaging, the norepinephrine infusion was increased to
achieve a CPP df 90mmHg. Once target CPP was achieved, PET
MethOdS imaging was repeated as described above after a further 10-min
Subjects period of stabilization. Mean (range) infusion rates for norepinephr-
%0 PET studies were undertaken on 10 healthy volunteersne at baseline and during the CPP intervention were 0.07 (0D0.25)
(eight male, two female) with a mean (range) age of 30 (18D60and 0.14 (0.05D0.33)y/kg/min respectively.
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Image analysis A
Images were analysed using custom-designed automated software
[Petan (Smielewsket al., 2002)] incorporating elements of Statis-
tical Parametric Mapping [SPM99 (SPM99, 1999), Matlab 5.2
(MathWorks, Natick, MD), Analyze 4.0 (AnalyzeDirect, Lenexa,
KA, USA)] and co-registration by multiresolution optimization of
mutual information [Department of Radiological Sciences, Guys
Hospital, London, UK (Studholmet al., 1996, 1997)]. Individual
anatomical images were edited to extract a template that identiPed
brain tissue voxels and excluded extracranial tissue, cerebrospinal
Buid and extra-axial haematomas. This brain template was applied to
the spatially coregistered, parametric PET images, and used to gen-
erate corrected parametric maps.

Region of interest-based analysis

A region of interest (ROI) map specifying 15 ROIs (based on vas- Ischaemic threshold
cular territories and anatomical structure) was drawn within normal- :

ized (Talairach) space (Talairach and Tournoux, 1998) on an MR
image (Fig. 1A). This was corrected for individual anatomy and the
presence of the major cerebral vessels (based on normalized CT or
MR brain templates), and applied to the normalized parametric
images. Physiological parameters were expressed as an average
for all brain tissue within each ROI. Both CT and PET images
obtained in patients provided poor greyPwhite matter discrimination,
making it impossible to segment these anatomical areas in mixed
ROIs. Consequently, unweighted mean data values were obtained .
from mixed grey and white matter ROIs in patients and controls,
while recognizing that the effect of tissue heterogeneity & PET
models would result in falsely low CBF and CMRQvalues
(Herscovitch and Raichle, 1983; Corresaal., 1985; Baroret al.,
1989). These data allowed comparison of patients and controls.

—_
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o

Estimation of ischaemic burden Fig. 1 Methodology. A) T1-weighted image of reference brain,
We used OEF to assess the burden of ischaemia in order to avoid thgyrmalized to Talairach space, indicating the 15 regions of interest
confounding effects of drug- and injury-induced metabolic suppres{ROIs) dePned in the cerebral hemispheres on the basis of

sion on CBF and CMR® Although it is difpcult to Pnd data that anatomical divisions and vascular territories: right and left medial
identify critical increases in OEF levels that still allow survival in the frontal, lateral frontal, temporal, parietal, occipital, deep grey
setting of ischaemia, we have previously validated a technique fofnatter, cerebellum and the brainster) OEF histogram from a
patients with brain injury (Colest al., 2004, b). We estimated an single patient, showing the distribution of the number of voxels in
individualized critical OEF threshold [OER; this equated to a each OEF bin. Critical OEF thresholds are derived by calculation

cerebral venous oxygen content of 3.5 ml/100 ml] for each subjec f the OEF value above which cerebral venous oxygen content
Y9 ’ ! ould be less than 3.5 ml/100 ml. The summed volume of voxels

as follows: with OEF values above this threshold is the IBV.
ad® % 3:5&

OEFRit # Cao,

where
Perfusionbutilization matching
OEF values from the 15 ROI template described above should be
CaG, is cerebral venous arterial oxygen content, ga®arterial  closely clustered in normal subjects, suggesting efbcient matching of
oxygen content, Hb is the haemoglobin concentration in g/100 mICBF to CMRQ, with a resulting narrow spread of OEF values
SaQ is the fractional arterial oxygen saturation, and Ra®the (Lebrun-Grandieet al., 1983). We assessed the matching of oxygen
partial pressure of oxygen (kPa). supply to demand in patients using the SD of OEF values across the
Application of these thresholds to frequency histograms of OEFL5 ROIs and by calculation of the SD of the OEF histograms (SD
images allowed us to calculate the volume of voxels with gvO OEF). These parameters were compared between volunteers and
values below this threshold, and hence allowed estimation of theatient groups. Since focal lesions could provide a simple structural
ischaemic brain volume (IBV) (Fig. 1B). We compared the IBV with cause for abnormal OEF distributions, we also repeated this
data derived from jugular oximetry, using traditional threshold comparison after excluding ROIs that showed abnormalities on struc-
values for SjQ (50%) (Gibbset al., 1942; Kety and Schmidt, tural CT images.
1948; Robertson and Cormio, 1995; Brain Trauma Foundation, In addition, we examined the relationships between CMRad
2000). OEF in order to understand the pathophysiological derangements

Cag # 1:34HbSa@' 0:225PaQ@
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induced by trauma. The calculations used to derive CMR@ OEF Itis important to consider how the summary variables that we use
from %0 PET make use of common emission data. Consequentlyto debPne ischaemic burden (such as IBV) are affected by small
mathematical coupling could confound any exploration of the rela-changes in individual physiological parameters. Lack of space pre-
tionship between these variables. In order to generate data sets thatides a full analysis of the subject within the present paper, and we
were independent of such effects, we took advantage of the fact thaefer interested readers to our previous publications on this topic
our H,*°0 and*®0, emission data were collected in two separate (Coleset al., 2004, b).

frames, and used independentPD and*®0, emission and arterial There was considerable variation in the magnitude and direction
data to calculate mathematically independent CMRadd OEF  of changes in PET-derived metabolic parameters with induced
parametric maps. hypertension. These data are therefore displayed as box and whisker
plots, and changes were assessed using non-parametric statistics
Electrophysiology (Wilcoxon signed rank test). Linear regression was used to compare

Within the PET session, the integrity of neuronal electrical functionChanges In PET physiological parameters, and the relationship

. . etween neuronal electrical function and CMRGChanges in
was assessed using the EEG and measurement of SEP in a subse 'S parameters with induced hvpertension were assessed usin
patients. The EEG (band pass 0.1D70 Hz) and SEP (band pass. P yp . ) 9

) - pairedt tests. AllP values are quoted after Bonferroni corrections

3D3000 Hz) were recorded using two surface electrodes placed bilat- . .

. . where appropriate), and correctBd/alues < 0.05 were considered
erally over the parietal cortex (5 cm posterior to the vertex and 7 CMenibeant
laterally). To record the local EEG and the SEP primary cortical g '
response (N20BP27), an average reference and an ipsilateral earlobe
reference were used, respectively. Electrode impedances were mailgé It
tained below 500 . SEP recordings were acquired following med- esults .
ian nerve stimulation at the wrist. Ten stimulation intensities wereGlobal physmlogy

used (100100 mA in 10 mA increments) to produce a stimulusBrhe data for 10 control subjects and 20 patients at baseline and
response curve separately over the left and right hemispheres. After an increase in CPP are shown in Table 2. When com-
short interval between stimulus intensities was employed and inten{)ared with controls, patients showed a signibPcantly lower
sities were repeated if contaminated by noise. Stimuli were presente lobal CMRG, and O’EF and higher CBV. CPP augmentation

in a pseudorandom order. A stimulus rate of 4 Hz and duration o . - . . L
0.2 ms were employed and responses peaking before 200 ms Werrgsulted in a signibcant increase in CBF and reduction in OEF.

recorded. At least 450 sweeps were averaged for each SEP recordid&. all patients SjQ@ remained above 50%.
Patients with upper limb fractures, which may have inBuenced SEP
measurements, were not recruited.
Regional physiology
EEG analysis
The EEG was assessed using the power ratio index (PRI) methoROlI analysis

(Nagataet al., 1989), which rel3ects the ratio of slow to fast wave gaseline patient data showed similar CBF, but signibcantly

activity. In patients with an apparent burst suppression patter, ver CMR®, and OEF and higher CBV when compared with
(high-amplitude theta/delta activity interrupted by periods of relative

quiescence), we calculated a burst suppression ratio by dividing
the average duration of quiescence by the average duration of

high-amplitude theta/delta activity. Table 2 Global physiology Mean6 SD for CPP, ICP,
arterial partial pressure of carbon dioxide (PaGp SjO,,
SEP analysis global CBF, CBV, CMR@and OEF in 10 healthy controls
SEP waveforms were labelled according to the nomenclature ofiNd 20 patients with head injury
Mauguiere (Mauguiere, 1999). The maximal peak-to-trough ampli-g|opal data Control Baseline CPP
tude of the N20BP27 complex obtained during the sequence of in patients  intervention
stimulus strengths was recorded. in patients
‘g - CPP (mmH 686 4 906 4%
Statistical analysis cp (r(angQ)’) 176 5 196 5*
Statistical analysis was undertaken using Stat¥ie(Wersion 5,  pPacQ (kPa) 556 04 4.46 03 456 0.3+*
1998; SAS Institute, Cary, NC, USA). All data are expressed andsjO, (%) 726 7 776 7%
displayed as meaé SD, unless otherwise stated. Global, ROl and CBF (ml/200 ml/min) 376 5 366 7 . 396 8*
voxel-based PET data from patient groups and control subjects wer@BV (ml/100 ml) 3.76 0.8 4.56 0.3 476 05
compared using two-tailed paired and unpaitéests, and factorial CMRO; 1236 16 716 13 686 11

analysis of variance as appropriate. Following statistical advice,E)mnOVo100 ml/min) 36 3 366 6 326 &
individual ROIs were treated independently after Bonferroni correc- EF (%) 4
tion, since they represented a clinically relevant method of segmentep 0.001; *P < 0.01:P < 0.05; unpairedtest with Bonferroni

ing the brain to look for regional ischaemia, with specibc location corection for comparison between baseline patients and controls.
being irrelevant to this analysis. However, we did not undertake t0*p < 0.001,*P < 0.01, " *P < 0.05; paired test with Bonferroni

detect whether ischaemia tended to occur with increased frequenayorrection for comparison between baseline and CPP
in specibc anatomical areas. intervention.
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controls (Fig. 2;P < 0.001 using unpaired tests with ROIs from the same patients showed changes that were in
Bonferroni correction). keeping with those seen in the majority of patients. The effects
Elevation of CPP led to a signibPcant and consistent increasef CPP elevation upon those regions containing a structural
in CBF and reduction in OEF in all subjects (FigB< 0.001; lesion were not signibcantly different from those that appeared
Wilcoxon signed rank test with Bonferroni correction). structurally normal. The images from a typical patient at
Changes in CBV and CMR{were less consistent but showed baseline and following induced hypertension are shown
clear reductions in CMR&and increases in CBV from base- in Fig. 4.
line values (Fig. 3P < 0.001; Wilcoxon signed rank test with
Bonferroni correction). ] ] ) )
The effects of CPP elevation did not differ between theEStimation of ischaemic burden
various anatomical regions of the brain. Although most regionsCompared with baseline, the OEF distributions were shifted to
showed asmallincrease in CBF andfallin CMRMeregions the left towards lower OEF values following increased CPP
that showed an increase in CMR@enerally came from two (Fig. 5A). The calculated IBV in controls was signibcantly
patients (patients 9 and 12; Table 1). Examination of the extenibwer than in patients at baseline §23 versus 1% 16 ml;
of injury and baseline physiology in these subjects did notP < 0.05, unpairedt test), and in patients was reduced
provide a rational explanation for this pnding, and otherfollowing CPP elevation (from 1% 16 to 56 4 ml;
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Fig. 2 Baseline regional physiology. Mean + SD CBF, CBV, CMR&nd OEF in ROIs derived from 10 control subjects (white) and from

20 head-injured patients (black)P*< 0.001; unpaired tests with Bonferroni correction.
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Fig. 3 Effect of hypertension on regional physiology. Box and whisker plots of changes in CBF, CBV, GBIRIDOEF produced by an

increase in CPP in 15 ROIs in 20 subjects (300 ROIs in total). The central lines in each box denote median values, the lower and
upper boundaries the 25th and 75th centiles, the error bars the 10th and 90th centiles, and the closed circles outlying data points. All
P < 0.001; Wilcoxon signed rank test with Bonferroni correction, comparing baseline and post-hypertension values.
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Fig. 4 PET images following induced hypertension. X-ray CT, PET CBF, CBV, CMR@d OEF images at baseline (top row) and
following an increase in CPP (bottom row) obtained 3 days after injury. Note the right temporoparietal haemorrhagic contusion and left
occipital extradural haematoma. Baseline ICP was 11 mmHg, CPP 68 mmHg apd B Following intervention, ICP remained
unchanged and CPP and $ji@creased to 88 mmHg and 76%, respectively. The PET images demonstrate an increase in CBF, reductions in
CMRGO; and OEF and a small increase in CBV with elevation of CPP. The small areas of high signal within the,GM&KROEF images

in the area corresponding to the right temporoparietal haematoma are noise-related artefact.
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Fig. 5 Effect of induced hypertension on voxel-based measuremeXxitsndividual patient OEF histograms (showing proportion of voxels

in each OEF bin) at baseline (grey; mean CPP 68 mmHg) and after an increase in CPP (black; mean CPP 90 mmHg). Note the leftward shift
of the curves with an increase in the number of voxels with lower OEF valBgsiéan + SD ischaemic brain volumes in controls (white),
patients at baseline (grey) and after an increase in CPP (blRck)0.01; paired test for comparison between baseline and post-

intervention values.

P < 0.01, paired test) (Fig. 5B). Though the mean change in and this was reduced to 18 ml (1% of brain volume) following
IBV was small across the group, there were variationsan increase in CPP from 76 to 92 mmHg.

between subjects. The maximum volume of potentially The reduction in IBV with CPP augmentation was signib-
ischaemic brain at baseline was 60 ml (5% of brain volume)cantly related to baseline IBW{ = 0.97;P < 0.001, linear
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Fig. 6 Linear regression plot of the relationship between the extent

of IBV reduction PIBV) and baseline IBV I = 0.97,P < 0.001). . . . . .
Fig. 7 Linear regression plot of the relationship betwdg@EF

and DCMRO, with induced hypertension in 300 ROIs from 20
patients for each individual subject [median (range} 0.37
(0D0.9) and® = 0.02 (<0.0001D0.99)].

regression) (Fig. 6). IBV reduction was not related to time

after injury, and the effect of baseline IBV on IBV reduction

was maintained in a model that included the change in arteriahat showed the greatest decrease in OEF (with no dependence

partial pressure of carbon dioxide and CPP between baseliren initial OEF values), it may have been a spurious relation-

and intervention ® < 0.001; analysis of variance). ship due to mathematical coupling between the variables used
for calculation of CMRQ and OEF (Frackowiakt al., 1980).

) o ) Following recalculation using independetD, and H,°O
Perfusion utilization matching emission frames to calculate CMR@nd OEF, there was still
OEF values across the 15 regions in individual subjects signibcant relationship overalf’(= 0.06P < 0.0001), and
showed a signibcantly wider SD in baseline patients thamwithin individual subjects the relationship had median (range)
in controls (4.9 1.4 versus 3.6 0.6%:P < 0.001; unpaired r? = 0.04 (P0.09 to 0.34) arfd = 0.42 (0.02D0.95).

t test), suggesting less uniform and efpcient matching of oxy-
gen delivery to demand in the patients. These differences were )
retained when regions that contained structural lesions werEl€ctrophysiology
excluded P < 0.001). Following induced hypertension, the We were able to obtain bilateral measurements in nine
SD decreased (46 1.1 versus 4.8 1.4%;P<0.01; paired  patients. In two patients the EEG measurements were con-
test), implying a small improvement in Rowbmetabolism cou-sistent with burst suppression, and therefore we were unable
pling. In addition, the SD of the OEF histograms was wider into calculate the PRI. There was no clear relationship between
baseline patients compared with controls (18.91.2 versus the EEG PRI or maximal SEP amplitude and baseline CMRO
10.56 1.5%;P < 0.01 unpaired test), and decreased follow- within an ROI that included the primary somatosensory cor-
ing induced hypertension (134 3.0 versus 14.% 4.2%; tex. Following the CPP intervention, there was a signibcant
P < 0.05 paired test). increase in the PRI (4.8 1.4 versus 5.6 1.5,P < 0.01;
Correlation of the change in OEMPQEF) and CMRGQ  pairedt test), but the maximal cortical SEP amplitude was
(DCMRO,) showed a signibcant linear relationshif €  similar (2.46 2.0 versus 2.4 1.4mV). In both subjects with
0.3P < 0.0001). The relationship was variable but generallya burst suppression EEG pattern, induced hypertension was
stronger within individual subjects, with a median (range ~ associated with an increase in the burst suppression ratio (1.38
0.37 (0D0.9) and = 0.02 (<0.0001D0.99) (Fig. 7). Although versus 1.44 and 3.84 versus 4.72). There was no relationship
this suggests that CMRQeductions were observed in ROIs between theDPRI andDCMRO..
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Discussion small doses required in this study should be compared with
We combined triple oxygen PET and measurement othe higher doses used in the experimental literature (up to
neuronal electrical function (EEG and SEP) to examine thel5 ng/kg/min) (Tuoret al., 1986; Kroppenstedit al., 2002).
effects of an acute increase in CPP using norepinephrin8ome patients received dopamine for control of baseline CPP
within the brst week after clinical head injury. Although an [mean (range) 2.9 (0B8jp/kg/min]. The use of dopamine
increase in CPP reduced the volume of potentially ischaemi¢ef3ects the policy of our institution, where a combination
brain and produced some improvement in Row metabolisn®of dopamine and (where necessary) norepinephrine is used
coupling, the absolute IBV was small in this group of patients.to control CPP guided by monitoring of haemodynamic vari-
However, the data suggest that in subjects with a large volumables. It was deemed clinically and ethically inappropriate to
of brain at risk of ischaemia and neuronal death, acute elevawithdraw such medication prior to inclusion in this study.
tion of the CPP may be effective in optimizing cerebral perfu-lImportantly, the dose of dopamine that patients received
sion and reducing oxygen extraction. Alongside the reductiorwas small (maximum &mg/kg/min) compared with previous

in OEF across the brain, we identiped a small but signibcargxperimental studies (up to 30@/kg/min) (Tuoret al., 1986;
increase in regional CBF and CBV, and a reduction inKroppenstedet al., 2000, 2002), and was not altered through-
CMRO.,. The relationship betwedDOEF andDCMRO, sug- ~ out the study. Consequently, we investigated the effect of
gests that the reduction in CMRB®ccurred in those brain norepinephrine on cerebral physiology, albeit in the presence
regions with the greatest reduction in OEF. The ratio of slowof a small dose of dopamine in some patients. There was no
to fast wave EEG activity (PRI) (Nagaet al, 1989) was sSystematic difference in response to an increase in CPP
signibPcantly increased with induced hypertension. While thisoetween those patients who received dopamine and those
implied reduced neuronal activity with the CPP intervention,who did not. It is important to emphasize that it was our
changes in PRI did not correlate with the degree of CMRO intention to conduct a clinical study of the effect of a step
reduction. The SEP data were not signibcantly changed by thigcrease in CPP on physiology within the injured human
increase in CPP. This study provides useful data on the physrain, and not to test the effects of different catecholamines
siological impact of an acute increase in CPP above 70 mmH@n cerebral physiology.

using norepinephrine in clinical head injury, and provides a

useful context for planning CPP interventions in this setting. ) . . .
Hypertension induced metabolic suppression

Itis clear that autoregulation was impaired in our patients since

] ] ] ] there was a small but consistent increase in CBF and CBV
Comparison with previous experimental data across the brain. However, it is difbcult to draw a clear con-
The experimental literature suggests that the effects of cateslusion from the effects on CMROFollowing CPP elevation,
cholamines on cerebral metabolism and CBF are dependetttere was a small but signibcant reduction in CMRross
on the choice of agent and dose administered, the state dfie brain, and only a few brain regions showed evidence of an
cerebral autoregulation, and the integrity of the bloodPbrainncrease in CMR@ Regions with a reduction in CMRO
barrier (MacKenzieet al., 1976; Tuoret al., 1986). Although  were associated with the greatest reduction in OEF. This rela-
norepinephrine would appear to have minimal effects on thdionship remained signibcant following exclusion of shared
cerebral circulation when cerebral autoregulation is intactyvariables within the calculated PET parameters (Frackowiak
following disruption of the bloodbbrain barrier, it results in etal., 1980), despite the lower signal-to-noise characteristics of
an increase in CBF, which cannot be separated from th¢he independentemissionframes used. These resultsimply that
associated increases in oxygen and glucose metabolisthe observed reduction in OEF was due to both an increase in
(MacKenzieet al., 1976). These results are consistent withoxygen delivery (consequenttoanincreased CBF)and areduc-
a study that showed that-adrenergic agonists resulted in tion in oxygen demand (evidenced by the reduced CMRO
stimulation of metabolism in a primary astrocyte culture The formerisanexpected consequence of ourintervention, but
(Subbarao and Hertz, 1991), and imply a direct effect orthe latter effect was unexpected, and not easy to explain.
cerebral metabolism. In contrast, the administration of Experimental studies suggestthatthe opening of the bloodb
dopamine can result in an increase in CBF and decrease iorain barrier is biphasic following brain trauma (Baskaya
glucose use within the brain, despite only a moderate increaset al., 1997), with disruption occurring early (<6 h) and
in mean arterial pressure within the limits of cerebrallate (' 3 days). Although we did not directly measure
autoregulation (Tuoet al., 1986). bloodbbrain barrier opening, the lack of an increase in

These experimental studies highlight how responses t&€MRGO, within the majority of brain regions implies that the

vasoactive agents can be highly variable, and provide a framédarrier was intact or the dose of norepinephrine administered
work by which to interpret the results presented in this clinicalwas insufbcient to have an effect. The patients included were
paper. The clinical protocol for our study required a 20%imaged up to 6 days following injury, with two patients imaged
increase in CPP from a baseline of 70 mmHg. This was easilyvithin 24 h and 16 within 3 days. Consequently, many had the
achieved with Buid management and relatively small doses gbotential to demonstrate disruption of the bloodPbrain barrier.
norepinephrine (maximum 0.38gy/kg/min). The relatively We considered the possibility that we may have missed
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evidence of regional CMRQincreases within injured brain et al, 1996; Berridge and Abercrombie, 1999; Sebban
regions. In fact, ROIs that contained evidence of structurakt al., 1999; Kroppenstedét al., 2002). Changes in CBF
injury, based on X-ray CT imaging, were not signibcantlyand CMRQ were also inconsistent in these studies, but
different from the rest of the brain in terms of their responsesome of these data may have been confounded by changing
to hypertension. Although it is possible that we may still havelevels of sedative agents. We did not alter sedative infusions
missed evidence of focal CMRfncrease within small perile- during the CPP intervention, and any changes that we
sional regions of oedematous brain, the volume of such tissue @bserved with CPP augmentation are likely to have been
likely to be small. In order to address such issues adequateindependent of anaesthetic effects. Although we showed a
further studies will be required. decrease in CMR@and increase in slow-wave EEG activity,

It is interesting to note that MacKenzie and colleaguesthere was no signibcant correlation between the two within an
(MacKenzieet al., 1976) demonstrated a decrease in globalROI that included the somatosensory cortex. This suggests
CMRO; following the infusion of intracarotid norepinephrine that the normal relationship between neuronal electrical func-
in baboons anaesthetized with phencyclidine. Unfortunatelyion and cerebral metabolism was absent or impaired in these
the authors did not comment on the signibPcance of this resuljead-injured patients. Although the PET and EEG data we
which we have replicated in humans. Kuschinsky and colleapresent are consistent with depression of metabolism and
gues (Kuschinskyet al., 1983) reported decreased glucoseneuronal electrical activity, we have no explanation for the
metabolism and unchanged blood Row following infusioncause or signibcance of these changes.
of norepinephrine to produce a moderate increase in mean
arterial pressure in unsedated rats. This result is in contrast to ] o ] ]
another experimental study by Tuor and colleagues (TuoR€duction in ischaemic brain volume
et al, 1986) which showed that the relationship betweenAlthough we identibed a signibcant reduction in the volume
blood Bow and glucose use within the brain was unaltereaf brain at risk of ischaemic injury, it was generally small in
during infusion of norepinephrine to produce moderate hyperthis group of patients [mean (range) 15 (1D60) ml]. The small
tension (mean arterial pressuwredl 50 mmHg). Itis difpcultto  improvement in perfusion utilization matching, demonstrated
draw any summary conclusions from these experimental stuby the reduction in OEF spread, was small and of limited
dies, other than that the effects of systemically administratedalinical signibPcance. These results were associated with a
norepinephrine are dependent on many factors. signibcant increase in S)and a small but signibcant

The majority of patients in our study were anaesthetizedncrease in ICP. Despite the small changes demonstrated in
using a combination of propofol and fentanyl, and paralysedhis study, the signibcant linear relationship found between
with atracurium. It is doubtful that the decrease in CMRO the degree of reduction in IBV|BV) and baseline IBV (% =
that we describe was related to the effect of increased CPB.97;P < 0.001; linear regression) suggests that the greatest
upon anaesthetic delivery to the brain. In the study bybenebtof CPP elevationisinthose patients found to be at high
Kuschinsky and colleagues the animals were unsedatedsk of ischaemia. Any assessment of this relationship is con-
(Kuschinsky et al,, 1983), and recent experimental datafounded by the fact that baseline IBV abiBV are mathe-
would suggest that an infusion of norepinephrine increasematically related; however, we found no such relationship
cardiac output and the clearance of propofol (Mybuegll.,  between other physiological variables, such as baseline
2001). This increased clearance of propofol during norepi-CBF andDCBF. Only two patients were imaged within 24
nephrine infusion does not explain our bnding of decreaset of injury, and none within 12 h. Itis during this early OacuteO
CMRO, in patients with head injury. The only explanation for period that CBF is lowest and patients are at the highest risk of
the reduction in CMR@ presented by Kuschinsky and col- ischaemia (Boumat al., 1991; Colest al., 2004). Further
leagues was of an indirect depression of neuronal electricatudy is required to identify whether an increase in CPP is

function related to the baroreceptor re3ex (Bonvadletl.,  benepcial in this acute period following head injury or in other
1954; Kuschinskyet al., 1983). While this is possible, it subgroups of patients at high risk of ischaemic injury. In
clearly requires further investigation. addition, we have no data on whether CPP can be safely

maintained below 65b70 mmHg, and what constitutes the

] ] optimal CPP. It also is important to highlight the limited
Neuronal electrical function number of patients that we studied, and recognize that further
We showed an increase in slow-wave activity in sevenstudies will be required to replicate our results and conbrm
patients and an increase in the burst suppression ratio iour Pndings.
two others. There was no clear change in the maximum ampli-
tude of the cortical SEP. The experimental literature provides ]
little help in interpreting our data, since the data from previousConclusions
studies are contradictory. Thus studies have shown both Recent studies suggest that the risk of extracranial complica-
decrease and an increase in measures of cortical electricibns dominates outcome effects when conventional techni-
activity following the administration of catecholamines or ques of CPP augmentation are used following head injury
augmentation of CPP (Dahlgreat al, 1980; Berridge (Robertsonet al., 1999). These effects have been clearly
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recognized in recent modibcations to the published recom- and hemodynamics in cerebrovascular disease. J Cereb Blood Flow Metab
mendations for CPP management (Brain Trauma Foundation 13?(’;3;9&;22%%/' Dagan A, Donaldson D, Dempsey RJ. The biphasic
2003). Futher, our data Sque.St that, in mos‘_t patllents,.CP opening of the bloodbbrain barrier in the cortex and hippocampus after
augmentation beyond our baseline levels provides little direct yraumatic brain injury in rats. Neurosci Lett 1997; 226: 33D6.

benept to the injured brain to offset the risks of such treatmenBerridge CW, Abercrombie ED. Relationship between locus coeruleus dis-

Importantly, unlike previous experimental studies, we have charge rates and rates of norepinephrine release within neocortex as
shown no evidence of direct vasoconstriction or metabolic assessed bin vivo microdialysis. Neuroscience 1999; 93: 1263D70.

L L . . .. Berridge CW, Bolen SJ, Manley MS, Foote SL. Modulation of forebrain
qct|vat|on W'_thm th_e human brain following the administra- electroencephalographic activity in halothane-anesthetized rat via actions
tion of norepinephrine. In fact, we have demonstrated a reduc- of noradrenergic beta-receptors within the medial septal region. J Neurosci
tion in CMRO,, which is associated with decreased neuronal 1996; 16: 7010920.
electrical function. It remains unclear whether these reducBonvallet M, Dell P, Hiebel G. Tonus sympathique et activite electrique

tions in CMRG, representa desirable alteration in the balance corticale. Electroencephalogr Clin Neurophysiol Suppl 1954; 6: 119D44.
Bouma GJ, Muizelaar JP, Choi SC, Newlon PG, Young HF. Cerebral circula-

be_twe_en oxygen s_upply an(_j dem"_ind’ ora reducuon_m cellular tion and metabolism after severe traumatic brain injury: the elusive role of
oxidative metabolism that is detrimental to the brain. ischemia. J Neurosurg 1991 75; 685D93.

However, even allowing for the uncertainties discussed irBrain Trauma Foundation. The American Association of Neurological
the previous paragraph, it is possible that CPP augmentationSurgeons. The Joint Section on Neurotrauma and Critical Care.

may signiPcantly benebt a small subset of patients in whom J Neurotrauma 2000; 17:457062. o ,
Brain Trauma Foundation. The American Association of Neurological

PET measurements su_ggeS'F Slgmpc_am |mpa|rm_ents In OxygenSurgeons. The Joint Section on Neurotrauma and Critical Care. Guidelines
supplybdemand relationships. It is clearly important t0 for cerebral perfusion pressure, 2003. http:/www2.braintrauma.org/
debne the pathophysiological phenotype that identibes theseguidelines/downloads/btf_guidelines_cpp_ul.pdf
patients, so as to employ CPP augmentation in those Subje(ﬁ\@erian L, Chacko G, Goodman JC, Robertson CS. Cerebral hemodynamic
who potentially have the most to gain. Further studies in effects of phenylephrine andarginine after cortical impact injury. Crit
. _ L . . Care Med 1999; 27: 2512D7.
SUbJe(_:tS within 24 h of _head mll‘!ry or in a specibc SUbseEolesJP,Minhas PS, Fryer TD, Smielewski P, Aigbirihio F, Donovan T, et al.
of patients who show high baseline IBV values may allow  Eggfect of hyperventilation on cerebral blood Bow in traumatic head injury:
us to target a patient group in whom the risk/benebpt ratio for clinical relevance and monitoring correlates. Crit Care Med 2002; 30:
this intervention is most favourable, and in whom future out- 195089.
come studies may be most rewarding. Such studies are a|§6)les JP, Fryer TD, Smielewski P, ChatbPeld DA, Steiner LA, Johnston AJ,
. . . . . . et al. Incidence and mechanisms of cerebral ischemia in early clinical head
required to conclusively prove or disprove our implicit

. . . injury. J Cereb Blood Flow Metab 2004a; 24: 202D11.
assumption that the reductions in OEF that we demonstratgoles Jp, Fryer TD, Smielewski P, Rice K, Clark JC, Pickard JD, et al.

are benepcial in terms of outcome. Debning ischemic burden after traumatic brain injury using 150 PET
imaging of cerebral physiology. J Cereb Blood Flow Metab 2004b; 24:
191B201.

Acknowledgements Correia JA, Alpert NM, Buxton RB, Ackerman RH. Analysis of some errors

We wish to thank Dr J. C. Matthews and the members of the in the measurement of oxygen extraction and oxygen consumption by

) : : \ - " the equilibrium inhalati thod. J Cereb Blood Flow Metab 1985;
Wolfson Brain Imaging Centre for all their help in conducting ¢ o cP™ hetation memo ereb Blood Fow Meta ’

these studies. These studies were supported by the Medicghnigren N, Rosen I, Sakabe T, Siesjo BK. Cerebral functional, metabolic and
Research Council, a Technology Foresight Award from the circulatory effects of intravenous infusion of adrenaline in the rat. Brain
UK Government and by a Royal College of Anaesthetists/ Res 1980; 184: 143D52.

British Journal of Anaesthesiaproject grant. JP.C. was Frackowiak RS, Lenzi GL, Jones T, Heather JD. Quantitative measurement of

L . _regional cerebral blood Bow and oxygen metabolism in man using 150 and
funded by Research Training Fellowships from the Adden positron emission tomography: theory, procedure, and normal values.

brooke®s Charities, the Wellcome Foundation and by aj; Comput Assist Tomogr 1980; 4: 727D36.
Beverley and Raymond Sackler studentship award. L.A.SGibbs EL, Lennox WG, Nims LF, Gibbs FA. Arterial and cerebral venous
is supported by a grant from the Margarete und Walter blood: arterialbvenous differences in man. J Biol Chem 1942; 144:
Lichtenstein-Stiftung (Basel, Switzerland), a Myron B. H325D3ft2-hp raichle ME. Effect of fissue het o onth
: . . erscovitch P, Raichle ME. Effect of tissue heterogeneity on the measure-
Laver Gra_nt (Department of AnaeSt_heSIa’ _UmverSIt_y of ment of cerebral blood Row with the equilibrium C1502 inhalation
Basel, Switzerland) and by the Swiss National Science technique. J Cereb Blood Flow Metab 1983; 3: 407D15.
Foundation, and is the recipient of an Overseas Researaherscovitch P, Raichle ME. What is the correct value for the brainBblood
Student Award (Committee of Vice-Chancellors and Princi- partition coefbcient for water? J Cereb Blood Flow Metab 1985; 5: 65D9.
pals of the Universities of the United Kingdom). A.J.J. is Je””ettt_B'l BO”Id mASLsessTel’;ggf i“fg&iaﬁer severe brain damage. A
- practical scale. The Lance ;1 .
recipient of a grant fr(_)m Codman. M.R.C. was SUpportedKety SS, Schmidt CF. The nitrous oxide method for the quantitative deter-
by an MRC Studentship award. D-A-C- was supported by @ mination of cerebral blood Row in man: theory, procedure and normal
grant from the Fund for AddenbrookeOs. values. J Clin Invest 1948; 27: 476D83.
Kiening KL, Hartl R, Unterberg AW, Schneider GH, Bardt T, Lanksch WR.
Brain tissue pO2-monitoring in comatose patients: implications for
References therapy. Neurol Res 1997; 19: 233D40.
Baron JC, Frackowiak RS, Herholz K, Jones T, Lammertsma AA, Mazoyer B Kinahan PE, Rogers JG. Analytic 3D image reconstruction using all detected
et al. Use of PET methods for measurement of cerebral energy metabolism events. IEEE Trans Nucl Sci 1989; 36: 964D8.


http://www2.braintrauma.org/

2490 J. P. Coleset al.

Kroppenstedt SN, Stover JF, Unterberg AW. Effects of dopamine on postPhelps ME, Huang SC, Hoffman EJ, Kuhl DE. Validation of tomographic
traumatic cerebral blood Row, brain edema, and cerebrospinal RBuid measurement of cerebral blood volume with C-11-labeled carboxyhemo-
glutamate and hypoxanthine concentrations. Crit Care Med 2000; 28: globin. J Nucl Med 1979; 20: 328D34.
3792D8. Robertson CS, Cormio M. Cerebral metabolic management. New Horiz 1995;

Kroppenstedt SN, Sakowitz OW, Thomale UW, Unterberg AW, Stover JF. 3: 410D22.

InBuence of norepinephrine and dopamine on cortical perfusion, EEGRobertson CS, Valadka AB, Hannay HJ, Contant CF, Gopinath SP, Cormio
activity, extracellular glutamate, and brain edema in rats after controlled M, et al. Prevention of secondary ischemic insults after severe head injury.
cortical impact injury. J Neurotrauma 2002; 19: 1421D32. Crit Care Med 1999; 27: 2086D95.

Kuschinsky W, Suda S, Bunger R, Yaffe S, Sokoloff L. The effects of Sahuquillo J, Amoros S, Santos A, Poca MA, Panzardo H, Dominguez L, etal.
intravenous norepinephrine on the local coupling between glucose Does an increase in cerebral perfusion pressure always mean a better
utilization and blood Row in the rat brain. PRBugers Arch 1983; 398: oxygenated brain? A study in head-injured patients. Acta Neurochir
134P8. Suppl Wien 2000; 76: 457D62.

Lammertsma AA, Baron JC, Jones T. Correction for intravascular activity inSebban C, Zhang XQ, Tesolin-Decros B, Millan MJ, Spedding M. Changes in
the oxygen-15 steady-state technique is independent of the regional hema-EEG spectral power in the prefrontal cortex of conscious rats elicited by
tocrit. J Cereb Blood Flow Metab 1987; 7: 372D4. drugs interacting with dopaminergic and noradrenergic transmission. Br J

Lebrun-Grandie P, Baron JC, Soussaline F, LochOh C, Sastre J, Bousser MGPharmacol 1999; 128: 1045D54.

Coupling between regional blood Row and oxygen utilization in the normalSmielewski P, Coles JP, Fryer TD, Minhas PS, Menon DK, Pickard JD.
human brain. A study with positron tomography and oxygen 15. Arch Integrated image analysis solutions for Pet datasets in damaged brain. J
Neurol 1983; 40: 230D6. Clin Monit Comput 2002; 17: 427D40.

MacKenzie ET, McCulloch J, OOKean M, Pickard JD, Harper AM. CerebralStatistical Parametric Mapping. SPM99. Wellcome Department of Imaging
circulation and norepinephrine: relevance of the bloodbbrain barrier. Am J Neuroscience; 1999. Available from: http://www.bl.ion.bpmf.ac.uk/spm/
Physiol 1976; 231: 483D8. Stocchetti N, Chieregato A, De Marchi M, Croci M, Benti R, Grimoldi N.

Marshall LF, Marshall SB, Klauber MR, Clark M, Eisenberg HM, Jane JA, High cerebral perfusion pressure improves low values of local brain tissue
et al. A new classiPcation of head injury based on computerized tomo- O2 tension (PtiO2) in focal lesions. Acta Neurochir Suppl Wien 1998; 71:
graphy. J Neurosurg 1991; 75: S14DS27. 162D5.

Mauguiere F. Somatosensory evoked potentials; normal responseS§tudholme C, Hill DL, Hawkes DJ. Automated 3-D registration of MR and
abnormal waveforms and clinical applications in neurological diseases. CT images of the head. Med Image Anal 1996; 1: 163D75.

In: Niedermeyer E, Lopes Da Silva F, editors. Electrocephalography:Studholme C, Hill DL, Hawkes DJ. Automated three-dimensional registration
basic principles, clinical applications, and related belds. 4th edn. Balti- of magnetic resonance and positron emission tomography brain images by
more: Williams & Wilkins; 1999. p. 1014D58. multiresolution optimization of voxel similarity measures. Med Phys 1997;

McLaughlin MR, Marion DW. Cerebral blood Bow and vasoresponsi- 24: 25D35.
vity within and around cerebral contusions. J Neurosurg 1996; 85:Subbarao KV, Hertz L. Stimulation of energy metabolism by alpha-
871D6. adrenergic agonists in primary cultures of astrocytes. J Neurosci Res

Menon DK. Cerebral protection in severe brain injury: physiological 1991; 28: 399D405.
determinants of outcome and their optimisation. Br Med Bull 1999; 55: Talairach J, Tournoux P. Co-planar stereotaxic atlas of the human brain.
226D58. Stuttgart: Thieme; 1988.

Myburgh JA, Upton RN, Grant C, Martinez A. Epinephrine, norepinephrine Talmor D, Roytblat L, Artru AA, Yuri O, Koyfman L, Katchko L, et al.
and dopamine infusions decrease propofol concentrations during contin- Phenylephrine-induced hypertension does not improve outcome after
uous propofol infusion in an ovine model. Intensive Care Med 2001; 27: closed head trauma in rats. Anesth Analg 1998; 87: 574D8.
276D82. Teasdale G, Jennett B. Assessment of coma and impaired consciousness. A

Nagata K, Tagawa K, Hiroi S, Shishido F, Uemura K. Electroencephalo- practical scale. Lancet 1974; 2: 81P4.
graphic correlates of blood Row and oxygen metabolism provided byTuor Ul, Edvinsson L, McCulloch J. Catecholamines and the relationship
positron emission tomography in patients with cerebral infarction. Electro- between cerebral blood Bow and glucose use. Am J Physiol 1986; 251:
encephalogr Clin Neurophysiol 1989; 72: 16D30. H824D33.


http://www.fil.ion.bpmf.ac.uk/spm/

