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Efficacy of hyperventilation, blood pressure elevation, and 
metabolic suppression therapy in controlling intracranial 
pressure after head injury 

MATTHIAS OERTEL, M.D., DANIEL F. KELLY, M.D., JAE HONG LEE, M.D., M.P.H., 
DAVID L. McARTHUR, PH.D., M.P.H., THOMAS C. GLENN, PH.D., PAUL VESPA, M.D., 
W. JOHN BOSCARDIN, PH.D., DAVID A. HOVDA, PH.D., AND NEIL A. MARTIN, M.D. 

Brain Injury Research Center, Cerebral Blood Flow Laboratory, and Division ofNeurosurgery, 
UCLA School ofMedicine; Department ofBiostatistics, UCLA School ofPublic Health, Center 
for the Health Sciences; Department ofMedical and Molecular Pharmacology, UCLA; and 
Harbor-UCLA Medical Center and Research and Education Institute, Torrance, California 

Object. Hyperventilation therapy, blood pressure augmentation, and metabolic suppression therapy are often used 
to reduce intracranial pressure (ICP) and improve cerebral perfusion pressure (CPP) in intubated head-injured patients. 
In this study, as part of routine vasoreactivity testing, these three therapies were assessed in their effectiveness in reduc
ing ICP. 

Methods. Thirty-three patients with a mean age of 33 ± 13 years and a median Glasgow Coma Scale (GCS) score 
of 7 underwent a total of 70 vasoreactivity testing sessions from postinjury Days 0 to 13. After an initial I33Xe cerebral 
blood now (CBF) assessment, transcranial Doppler ultrasonography recordings of the middle cerebral arteries were 
obtained to assess blood now velocity changes resulting from transient hyperventilation (57 studies in 27 patients), 
phenylephrine-induced hypertension (55 studies in 26 patients), and propofol-induced metabolic suppression (43 stud
ies in 21 patients). Changes in ICP, mean arterial blood pressure (MABP), CPP, PaCO" and jugular venous oxygen 
saturation (SjvO,) were recorded. With hyperventilation therapy, patients experienced a mean decrease in PaCO, from 
35 ± 5 to 27 ± 5 mm Hg and in rcp from 20 ± II to 13 ± 8 mm Hg (p < 0.001). In no patient who underwent hyper
ventilation therapy did SjvO, fall below 55%. With induced hypertension, MABP in patients increased by 14 ± 5 mm 
Hg and ICP increased from 16 ± 9 to 19 ± 9 mm Hg (p = 0.001). With the aid of metabolic suppression, MABP 
remained stable and rcp decreased from 20 ± 10 to 16 ± II mm Hg (p < 0.001). A decrease in ICP of more than 
20% below the baseline value was observed in 77.2, 5.5, and 48.8% of hyperventilation, induced-hypertension, and 
metabolic suppression tests, respectively (p < 0.001 for all comparisons). Predictors of an effective reduction in ICP 
included a high PaC02 for hyperventilation, a high study GCS score for induced hypertension, and a high PaCO, and 
a high CBF for metabolic suppression. 

Conclusions. Of the three modalities tested to reduce ICP, hyperventilation therapy was the most consistently effec
tive, metabolic suppression therapy was variably effective, and induced hypertension was generally ineffective and in 
some instances significantly raised ICP. The results of this study suggest that hyperventilation may be used more 
aggressively to control ICP in head-injured patients, provided it is performed in conjunction with monitoring of SjvO,. 

KEy WORDS hyperventilation therapy induced-hypertension therapy 
pressure autoregulation metabolic suppression therapy propofol 
transcranial Doppler ultrasonography traumatic brain injury vasoreactivity 

F OR the past three decades, commonly used therapies these five therapies, hyperventilation, metabolic suppres
for the reduction of ICP in a patient who has incurred sion, and CPP therapy remain the most controversial. Their 
head injury have included hyperventilation, ventricu relative effectiveness and the factors that may lead to a 

lar drainage of cerebrospinal fluid, osmotherapy with man greater improvement in ICP or CPP with each of these 
nitol, and metabolic suppression therapy.6.11.12,19,21,32,41 More therapies have not been well defined. Furthermore, each of 
recently, maintenance of an adequate CPP, so-called CPP -these treatments has potential deleterious effects for brain
therapy, as described by Rosner and colleagues46.47 has also injured patients. Results from some studies indicate that ex
been used as a means of improving or stabilizing ICP. Of cessive hyperventilation has been associated with reduced 

Abbreviations used in this paper: AVDglu = arteriovenous difference for glucose; AVDO, = arteriovenous difference for oxygen; CBF = 
cerebral blood now; CBV =cerebral blood volume; CMRglu =cerebral metabolic rate for glucose; CMRO, =cerebral metabolic rate for 0,; 
cPP = cerebral perfusion pressure; eCVR = estimated cerebrovascular resistance; EEG = electroencephalography; ETCO, = end-tidal carbon 
dioxide; GCS = Glasgow Coma Scale; ICP = intracranial pressure; MABP = mean arterial blood pressure; MCA = middle cerebral artery; 
OR;= odds ratio; PAl = pressure autoregulation index; SjvO, = jugular venous 0, saturation; TCD = transcranial Doppler; UCLA = University 
of California at Los Angeles; YMCA =velocity of blood flow through the MCA; %D. =percentage change. 

1. Neurosurg. / Volume 97/ November, 2002 

216 

702 1045 



SjvO, and brain tissue oxygenation and poorer long-term 
outcome after severe hcad injury.36.51.61 Use of metabolic 
suppression therapy with high-dose pentobarbital or propo
fol may also be associated with serious systemic compli
cations.1556.62 Aggressive CPP therapy with intravascular 
volume expansion and vasopressor agents can lead to pul
monary edema and end-organ ischemia.llA] 

With these issues in mind, we endeavored to determine 
the relative efficacy of hyperventilation, CPP, and metabol
ic suppression therapies in improving ICP in intubated 
head-injured patients. Assessment of these three treatment 
modalities was performed during bedside vasoreactivity 
testing for COl reactivity, pressure autoregulation, and met
abolic suppression reactivity by using TCD ultrasonogra
phy. An additional goal of this study was to identify factors 
that were predictive of an effective reduction in ICP. 

Clinical Material and Methods 

Patient Enrollment and Ethical Considerations 

Transcranial Doppler ultrasonography and I33Xe CBF 
monitoring are routinely used in the acute care of moder
ately and severely head-injured patients at UCLA and Har
bor-UCLA Medical Centers. The vasoreactivity test battery 
described later was initiated to help optimize management 
of ICP and CPP, and was subsequently formalized into a 
prospective study in which the testing frequency was in
creased and additional metabolic data from jugular bulb 
catheters were collected. This report includes data from 28 
patients who were recently described in terms of their re
sponses to serial vasoreactivity testing.19 Five additional pa
tients have since been emolled in the current studv and their 
data are included in this report:. Of the total cohort of 33 
patients, the last 23 were prospectively emolled in the vaso
reactivity study and the first 10 patients were tested for clin
ical indications. The institutional review boards of both the 
UCLA and Harbor-UCLA Medical Centers approved our 
research protocol. 

Inclusion and Exclusion Criteria 

Eligible patients included those aged 16 years or older, 
who had sustained a closed or penetrating traumatic brain 
injury with a postresuscitation (or delayed deterioration) 
GCS-" score of 3 to 12, and who required mechanical ven
tilation therapy and ICP monitoring. Patients were exempt
ed from the study when they were extubated or were able 
to follow commands. Patients did not receive mannitol, or 
have changes in sedative doses or vasopressor therapy for 
at least 1 hour prior to beginning the study. Patients were 
studied only if they were incapable of following commands 
and had stable cardiovascular and pulmonary systems. 

Patient Management 

All patients were admitted to the intensive care unit after 
initial stabilization or after emergency craniotomy for evac
uation of an intracranial hematoma. Patient management 
was in concordance with the "'Guidelines for the Manage
ment of Severe Head Injury"], and included a stepwise al
gorithm for maintaining an ICP lower than 20 mm Hg and 
a CPP higher than 70 mm Hg. A iw.'Ular bulb catheter was 
in place during 79% of all vasol:ea'Ctivity testing sessions 

M. Oertel, et a1. 
1 

to allow monitoring of SjvO. and determination of AVDO, 
and AVDglu. . a1 

e( 

itPatient Demographics 
N 

This study included 33 acutely head injured patients, five v; 
women and 28 men, with a mean age of 33 ::J:: 13 years and (t 
a median postresuscitation GCS score of 7 (range 3-14); N 
73% of patients had a postresuscitation GCS score of 8 or a 
lower. The mechanisms of injury included II motor vehi ir 
cle accidents, eight falls. seven pedestrians struck by motor tl. 
vehicles, two motorcycle accidents, two bicycle accidents, el 
two gunshot wounds, and one assault. Of these patients, c: 
48.4% underwent a craniotomy for evacuation of an epidu ie 
ral hematoma (two cases), a subdural hematoma (seven cas tc 
es), an intracerebral hematoma or a contusion (four cases), T 
or a combination of these lesions (three cases). r~ 

h 
Transcranial Doppler Ultrasonography rr 
Vasoreactivity Battery 

As previously described, serial vasoreactivity testing was tr 
performed during postinjury Days 0 to 13 over a 2- to u 
3-hour period.'" As many as five testing sessions were con p 
ducted during the acute postinjury period. Bilateral TCD a1 
ultrasonography of the MCA was performed using an ap C 
paratus (Nicolet Neuroguard; Fremont, CA) with bilateral 
2-MHz ultrasonography transducers fixed to a headband to rr 
prevent motion artifact and to allow for extended monitor iT 
ing. A I33Xe CBF study was performed and arterial and rr 
jugular bulb venous samples were obtained at the beginning b 
of each test battery to allow calculation of CMRglu and n 
CMR01.2S.40 Normal values for these parameters are as fol I-' 
lows: CMR01 =3.58 ::J:: 0.29 ml/1 00 g/min and CMRglu = it 
5.58 ::t 1.07 mg/l 00 g/min. b 

Physiological Monitoring. Prior to and during each vaso d 
reactivity test, MABP, ICP, CPP, and SjvO, were recorded. n 
These values were used to determine the absolute and rel
ative changes in ICP, CPP, and Sjv02 resulting from hy
perventilation therapy, induced hypertension, or metabolic 

nsuppression therapy. Electroencephalography studies were 
perfonlled using an eight-channel longitudinal montage o 
with scalp electrodes. Burst suppression was defined as b 
EEG burst activity with intervening periods of 4 to 8 sec Sl 

onds of electrical silence. 
bHypen!entilation for Assessing CO, Reactivity. Increasing 
bthe ventilatory rate lowered PaCO" with a goal of decreas
iIing ETC01 by 6 to 8 mm Hg. Blood gas analysis data ob
Ctained before and during hyperventilation confirmed the 
tlchange. Average YMCA was deteffilined prior to and 15 min
Putes after the change in PaC02• An initial blood gas sample 
Pwas taken concurrently with the baseline TCD ultrasonog

raphy recording to determine actual PaCO,. Mean arterial Sl 

blood pressure was maintained at a constant level during the r: 

CO2 reactivity testing by titrating a phenylephrine infusion c 

as needed. Relative CO2 reactivity was defined as the %Ll F
in VMCA per mm Hg PaCO,.2(' Normal CO2 reactivity was de
fined as 3.7 ::J:: 0.5% LlV\1CA per mm Hg PaC02."? Global 
ischemia was defined as an SjvO, level less than 50%. P 

dInduced H)perrension for Assessing Pressure Autoregula
tion and CPP Therapy. A titratable phenylephrine infusion n 

was used to elevate MABP by 10 to 15 mm Hg. The %.1 ir: a 
srep per m.tTl Hg increase in MABP was calculated. Pressure 
]; 
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)0, 
ciUtoregulation was calculated by measuring the change in TABLE I 

cCVR (defined as MiJ3PN\,cJ,59 Autoregulatory capac Results of global vasoreactiI'lf\' resrs 
ity is the %6. in eCVR to the %6. in MABP from baseline 
YIAJ3P (1, baseline value) to the higher MABP (2, ending 

'ive value). that is, %6.eCVRJ%6.MABP, where %6.eCVR = 
and (eCVR2 - eCVRl)/eCVRI and %6.tvIABP = (MABP2 
l4); MABPl)/MABPl. Thus, autoregulation is expressed as 
; or a percentage of normal: 100% indicates full capacity, 0% 
~hi indicates a completely pressure-passive cerebrovascula
)tor ture, and negative values indicate a paradoxical decrease in 
I1tS. eCVR to an increase in blood pressure. An autoregulatory 
I1tS, capacity of less than 70% was defined as abnormaP9 Stud
du ies were initiated at a baseline end-tidal PaCO, value of 32 
:as to 36 mm Hg. Baseline and final values obtained using 
~s). TCD ultrasonography were adjusted by multiplying the 

raw values by the patient's CO, reactivity and the difference 
between the end-tidal PaCO, and the standard value of 34 
mmHg.4IJ 

lvletabolic Suppression Vasoreactivity, Propofol. an ul
vas tra-short acting, sedative/anesthetic/nonanalgesic drug was 
to used to induce EEG burst suppression.1.l 8.29.39 The use of 

In propofol is advantageous in vasoreactivity testing, because 
:::D at high doses it does not impair pressure autoregulation or 
ap CO2 reactivity in healthy individuals.34.57.59 
:ral As described previously, a loading dose of propofol (l
l to mg/kg) was administered over 10 minutes, followed by an 
or infusion starting at 100 f-Lg/kg/min and increasing every 5 
md minutes by lO-f-Lg/kg/min increments, until adequate EEG 
mg burst suppression (4-8 seconds) had been maintained for 5 
md minutes. 29 The maximum propofol infusion rate was 220 
'01- f-Lglkg/min. The VMCA, ICP. MABP, and CPP were mon
1= itored continuously from their baseline values until EEG 

burst suppression was achieved. Metabolic reactivity was 
so defined as %6. in VMCA between these two recordings. Nor
~d. mal metabolic reactivity was defined as a decrease in CO2

el corrected VMCA of 30% or more. A phenylephrine infusion 
lY was titrated to maintain MABP at a constant baseline level. 
'lic Baseline and final values obtained using TCD ultrasonog
~re raphy were corrected to a PaCO, value of 34 mm Hg, based 
1ge on the patient's CO2 reactivity for that day. Patients whose 
as baseline MABP was lower than 80 mm Hg had metabolic 

suppression reactivity testing postponed or canceled. 
Values of AVDglu and AVD02 were also recorded at 

baseline and during EEG burst suppression. Because on

~c

ncre 
1S- ly one baseline 133Xe CBF study was performed at each test

ing session, the propofol-induced change in CMR02 andlb
CMRglu was estimated by multiplying the baseline CBF byhe 

ill the %6. in VMCA, from its baseline value (prior to initiating 
propofol administration) to its final value (during burst sup)le 
pression). The metabolic ratio l ] (CMROiCMRglu) was alIg
so determined at each test. An abnormally low metabolic ial 
ratio (CMRO/CMRglu < 0.6) indicates that cerebral gluhe 

on cose use is high relative to O~ metabolism. 
)6. 

Predictors of Successful Iep Reductionle
lal The following factors were analyzed according to their 

predictive value in detemlinirig the effectiveness of ICP re
'a duction during hyperventilation, induced hypertension, and 
In metabolic suppression: patient age and sex, GCS score on 
in .admission, GCS score prior to study. global CBF prior to 
re study, and postinjury day. At baseline and after manipu

lation. the following parameters were also recorded: ICP, 

Ab-
No, of Meon normal 

Subject of Test Studies Porameter :!: SD' ('7e)7 

baseline CBF 55 global CSF (mi/lOO 39:!: 13+ 
g/min) 

hyperventilation 57 CO, reactivity (mm Hg) 3.2:!: 1.5 12.5 
induced hyperten 55 pressure autoregulation 64::: 70 55.4 

sian (%) 
metabolic suppres 43 metabolic reactivity (o/e) 16:!: 11 88.4 

sion 

* SD = standard deviation. 
t Percent of studies with abnonnal vasoreaerivitv. Nomlal CO. reactivity 

is defined as 3.7 :!: 0.5%/mm Hg PaCO.; nonnal pressure autoregulation is 
defined as a PAl greater than 70%: and nonnal metabolic suppression is de
fined as a decrease in COo-corrected V"o of 30% or more after the patient 
has undergone administration of high-dose propofol. according to Lee. et al. 

::: Of the baseline "'Xe CBF studies. data from one study (1.8%) demon
strated global ischemia, which was de tined as global CBF lower than 20 mV 
100 g/min, and data from 10 studies (18%) showed absolute hyperemia. 
which was defined as global CBF higher than 55 ml/lOO g/min, according to 
Kelly. et al.. 1996. and Obrist, et al. 

MABP, CPP. SjvO" PaCO" ETCO" jugular venous CO" 
CMRO" AVDO" CMRglu, and AVDglu as well as the de
rived values for CO, reactivity, PAl, and metabolic sup
pression reactivity. Predictors were considered to be signif
icant if they were associated with a decrease in ICP of 20% 
or more. 

Statistical Analysis 

In this study, we report the results of individual vasore
activity tests; however, intraindividual correlation must be 
considered when correlations are calculated between pa
rameters. The change in ICP was stratified quantitatively 
and qualitatively. The odds of achieving this goal were cal
culated for each of the tested modalities. To define predic
tors of success for a given therapy. mixed-effects logistic 
regression analysis was performed and the Pearson corre
lation coefficient was calculated. For all statistical tests, a 
difference was detined as significant when the probability 
value was less than 0.05. 

Results 

Table 1 shows the results of the global tests for baseline 
CBF, CO2 reactivity, pressure autoregulation, and metabol
ic suppression reactivity. 

Hyperventilation Therapy 

Table 2 and Fig. I show the results of 57 hyperventilation 
tests performed in 27 patients. The mean baseline PaCO, 
was 35 :::!::: 5 mm Hg and decreased by a mean of 8 :::!::: 5 mrn 
Hg. In all tested variations, the correlation between ETCO, 
and PaCO, was statistically significant but poor (baseline: 
ETCO, compared with PaCO,. r = 0.59, P < 0.001; hyper
ventilation, r = 0.52, P < 0.001: 6.ETCO, compared with 
6.PaC02, r =0.37. P =0.008). The mean baseline ICP was 
20 :::!::: 11 mm Hg and the mean ending ICP was 13 :::!::: 8 mm 
Hg (p < 0.001). A decrease in rcp occurred in 96.5% of 

']2 
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TABLE 2 

Results of hyperventilation therapy tests 

Parameter 

end-tidal PaCO,(mm Hg)
 
PaCO, (mm Hg)
 
ICP(mm Hg)
 
SjvO, (%)
 
VMe. (em/sec)
 
MABP(mm Hg)
 

* Values are expressed as the means ± SD. 
t Probability values were calculated using the paired t-test for dependent 

variables, but their calculation did not take into account the presence of oth
er contributing factors.
+An SjvO, less than 55% did not occur in any of these studies. An SjvO, 

less than 60% occurred in 24.2% of (8 of 33) studies. 

the studies, a decrease of more than 20% occurred in 77,2% 
of the tests, and the mean ICP decrease was 37 ::!:: 21 %. A 
jugular venous catheter was used in 33 (58%) of 57 stud
ies, Hyperventilation was associated with a mean decrease 
in Sjv02 from 73 :::t:: 8% to 67 :::t:: 8% (p < 0,001). No change 
in SjvO, was recorded in one third of all studies. In none of 
the studies did Sjv02 decrease below 55%, and in only eight 
(24.2%) of 33 did SjvO, decrease below 60%, 

Induced-Hypertension Therapy 

Table 3 and Fig. 1 show the results of 55 induced-hyper
tension tests perfonned in 26 patients. The mean baseline 
MABP was 104 :::t:: 12 mm Hg and on average increased 
by 14 :::t:: 5 mm Hg (p < 0.001). The mean baselineICP was 
16 :::t:: 9mm Hg and the mean ending ICP was 19 ::!:: 9 mm 
Hg (p = 0.002), Intracranial pressure increased by a mean 
of 17 :::t:: 40% (p = 0,001), and CPP hy a mean of 14 ::!:: 9% 
(p < 0.001); Sjv02 had a mean increase from 72 ::!:: 7 to 
74:::t:: 9% (p < 0.001). In only three studies (5.5%) did ICP 
decrease more than 20% from its baseline value, whereas in 
35 studies (63,6%) ICP changed no more than 20%, and in 
17 studies (30,9%) ICP increased more than 20%. 

Metabolic Suppression Therapy 

Table 4 and Fig. 1 show the results of 43 metabolic sup
pression tests perfoffiled in 21 patients. The mean baseline 
and ending MABP were 107 :::t:: 12 mm Hg and 107 :±: 12 
mm Hg, respectively. The mean baseline rcp was 20 :::t:: 10 
mm Hg and the mean ending rcp was 16 :::t:: 11 mm Hg 
(p = 0.001). A decrease of more than 20% occurred in 
48.8% of the studies, and the mean rcp decrease was 21 :::t:: 
28%. At baseline, both CMRO, and CMRgiu were subnor
mal, with values of 1.4 ::!:: 0.8 mlI100 g/min and 3,7 :::t:: 2,6 
mgll 00 g/min, respectively. YIetabolic suppression therapy 
caused a further decrease in CMRO, and CMRglu of 11 :::t:: 
53% (p = 0.003) and 18 :!.: 55% (p =0.003), respectively; 
estimated CBF was reduced by 16 ::!:: 11% (p < 0,001) and 
SjvO, increased from 72 :±: 8 to 75 ::t 8% (p = 0,003). 

Relative Effectiveness ofHyperventilation, Induced 
Hypertension, and Metabolic Suppression Therapies 

Tahle 5 lists the ORs among hyperventilation, induced 
hypertension, and metabolic suppression for the likelihood 
of an rcp reduction of greater than 20% from its baseline 

No. of Hyper- p 
Studies Baseline" ventilatIon" Value"' 

57 33.4 ± 4.8 25.9 ± 4.2 <0.001 
48 34.5 ± 4.6 27.3 ± 4.5 <0.001 
57 20± 11 13 ± 8 <0.001 
33 73 ± 8 67 ± 8+ <0001 
57 11 1 ± 45 86 ± 37 <0.001 
54 106 ± 13 104 ± 12 0.11 
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FIG. 1. Graphs demonstrating the %tl. in rcp from baseline for 
each test of hyperventilation (a), induced hypertension (b), and met
abolic suppression (c). Each test was then categorized into a percen
tile range, and in each graph, the percentile categories total 100%. 
This graphic display shows the consistent effectiveness of hy
perventilation therapy, the consistent ineffectiveness of induced 
hypertension, and the variable effectiveness of propofol-induced 
metabolic suppression in reducing rcp. N = number of studies. 

value. The likelihood of hyperventilation or metabolic sup
pression therapy being effective in decreasing rcp was 
much higher than that for induced hypertension therapy, 
Across postinjury days, hyperventilation and metabolic 
suppression showed relative consistency in the degree of 
effectiveness to reduce rcp. In contrast, induced hyperten
sion increased rcp by as much as 50% in seven (19%) of 
37 studies during postinjury Days 0 to 3, but had only min
imal effect on rcp on postinjury Days 6 to 13. 

Predictors of Iep Reduction 

Hypel1Jentilation Therapy. Hyperventilation therapy was 
associated with. a reduction in rcp in all but two studies. 
Only the baseline value of PaCO, was predictive of the 
degree of reduction in Iep. The higher the baseline PaCO,. 
the more pronounced was the percentage decrease in ICP 
(corrected for intrapatient Pearson correlation coefficient, 
r = -0.49, p < 0.001: Fig. 2). A baseline rcp greater than 
20 mm Hg was present in 21 (36.8%) of 57 studies, Of 
those 21 studies, rcp was reduced to less than 20 mm Hg in 
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TABLE :3 TABLE -+ 

Resu/rs of'illduced-/nperrensioll rheropr resrs Rem/rs of"meraDo/ic suppressioll rherav,' rest, 

No. of Hyper- p 
Parame[er StudieS Baseline" tension'·' Value;

\L-\BP (mm Hgi 55 104 :!:: 12 118 =12 <0.001 
CPP(mm Hg) 55 88 :!:: i5 100= 16 <0.001 
lCP (mm Hg) 55 16 = 9 19 :!:: 9 0.001 
V"" (cm/sec) 
SjvO. ('7c) 

55 
37 

71 :!:: 27 
72 :!:: 7 

76:!:: 29 
74 :!:: 9 

0.002 
<0.001 

.;. Values are expressed as the means ± SD. 
T Probability values were calculated using the paired (-test for dependent 

variables. but their calculation did not take into account the presence of other 
contributing factors. 

11 (52.4%). In 10 studies in which rcp remained above 20 
mm Hg after hyperventilation therapy. baseline ICP was, on 
average, very high with a mean value of 37 2: 11 mm Hg. 
With hyperventilation ti1erapy, there was no correlation be
tween percentage change in rcp and postinjury day. The 
calculated CO, reactivity on the day of the study also did 
not correlate with the degree of decrease in ICP, although 
CO, reactivity was generally intact (mean value 3.2 2: 1.5 
D. VMC,/mm Hg PaCO,) and abnormal values were observed 
in only 12.5% of the studies. 

Induced-Hypertension Therapy. Of all assessed factors, 
only the patient's GCS score prior to initiating the study 
correlated inversely with a reduction in rCp. In patients with 
a study GCS score of 3 or 4, rcp increased from a mean of 
21 2: 11 rum Hg to a mean of 24 2: 11 mm Hg. In patients 
with a study GCS score of 5 to 8, ICP generally remained 
stable (16 2: 9 rum Hg to 17 :::!:: 9 mm Hg), and only in mod

for 
et
~n

erately head injured patients (GCS Score 9 or 10) did rcp 
decrease from a mean of 14 :::!:: 8 mm Hg to a mean of II :::!:: 

5 rum Hg. The differences between the severe (GCS Scores 
%. 3-8) and less severe groups (GCS Score 9 or 10) were sta
IY tistically significant (Fig. J). Regarding the state of pressure 
:ed autoregulation, of the three studies in which a decrease in 
:ed rcp of more than 20% occurred with the use of induced hy

pertension therapy, all three were conducted in patients with 
intact pressure autoregulation on the same test day. with a 
mean PAr of 122%. Overall, however, the PAL did not cor

p relate with the change in ICP (Pearson correlation coeffi
as cient, r =0.09; p =0.5). The baseline CPP also did not cor
>y. 
lic 
of 

relate with the change in ICP (r =0.04. P =0.8), and there 
was no correlation between the change in CPP and that in 
SjvO,. ~ 

n
of 
n-

Metabolic Suppression Therapy. Of all assessed factors, 
only a high baseline global CBF (OR Ll, P = 0.01) and a 
high baseline PaCO, (OR 1.3, p < 0.01) were predictive of 
successfulICP reduction by metabolic suppression (sensi
tivity and specificity 75%). In studies in which ICP de
creased more than 20% compared with those in which ICP 

as decreased less than 20%, baseline global CBF was high
:s. er (46 :::!:: 16 mV100 g/min compared with 34 :::!:: 8 ml/lOO 
Ie g/min, p = 0.04) and baseline PaCO, was higher (35 :::!:: 5 

)2'
:P 

mm Hg compared with 31 :::!:: 4 rum Hg; p = 0.005, logistic 
regression analysis). A baseline ICP value greater than 20 

It, rum Hg was demonstrated in 15 (34.8%) of 43 studies. Of 
III these IS studies, ICP was found to decrease to less than 
)f 20 mm Hg in four (26.6%). In the 11 studies in which ICP 

III remained above 20 mm Hg despite the administration of 

No. of BUN Sup- p 
Parameter Scudles Baseline" pression 

.. Value-;

V,n (cm/sec) -13 73 ::= 33 61 :!:: 36 <0001 
CBF (ml/IOO g/minl 43 39.3 :!:: 13.8 33.5 =!: 12.9:: <0.001 
ICP (mm Hg) -13 20 :!:: 10 16 :!:: Ii <0.001 
CMRglu (mg/ 34 3.7 = 2.6 7 ' ~ [.5_ . .J ~ 0.003 

100 g/min) 
CMRO, (rnl/IOO g/min) 43 1.-1 :!: 0.3 l.2 :':: 0.7 0003 
SjvO, (%) 43 72:!:: 8 75 :!::8 0.003 
PaCO, (mm Hgi 43 33.0 :!:: 5.1 32.1 :!:: 5.-l 0.02 
jugular-venous PaCO, 43 33.8 :!:: 5.4 37.3 :!:: 8.1 0.08 

(mm Hg) 
MABP (mm Hgi§ 43 107 :!:: 12 107:!:: 12 0.56 
metabolic ratio (mllmg) 34 0.64 = 0.61 082 :!:: 0.78 0.21 

':' Values are expressed as the means::+:: SD. 
t Probability values were calculated using the paired t-test for dependent 

variables, but their calculation did not take into account the presence of other 
contributing factors. 

t The CBF during burst suppression was calculated based on the 'leD.V"" 
from baseline. 

§ A relatively constant MABP \Vas maintained using a titmtable phenyl
ephrine infusion as needed. 

high-dose propofol, mean baseline ICP was higher (33 + 
10 mm Hg compared with 24 :::!:: 2 rum Hg, p = 0.098) and 
the average decrease in ICP was less (8.7 :::!:: 19.8% com
pared with 31.6 :::!:: 14.4~; P=0.06) than in studies in which 
rcp decreased below 20 rum Hg. Patients in 34 of 43 tests 
had reliable metabolic data. In studies of patients with rela
tive hyperglycolysis (metabolic ratio < 0.6), a reduction in 
ICP was less than that in studies of patients with a normal 
metabolic ratio (- 11.3 ::':: 25.5% compared with - 31.3 :::!:: 

31.2%, P = 0.055). 

Discussion 

Overview of Findings 

The purpose of this study was to define the relative effec
tiveness of three commonly used therapies to reduce ICP, 
namely hyperventilation, induced hypertension, and meta
bolic suppression. OveralL ICP was reduced in 96.5, 34.6, 
and 79.1 % of studies with hyperventilation. induced hyper-

TABLE 5 

Odds ratiosf(lr IC? decrease greater thall 20% from rhe 
baselille value alld 95% CI* 

Comparison 

hyperventilation compared w/ induced 
hypertension 

metabolic suppression compared w/ induced 
hypertension 

hyperventilation compared w/ metabolic 
suppression 

OR 95% cr 

65.3 22.0-193.9 

175 6.0-51.-1 

3.7 17-8.2 

.:. An ICP reduction of greater than 20'7cJ from basel ine was observed in 
77.2.5.5. and 48.8% of studies for hyperventilation, induced hypertension, 
and metabolic suppression. respectively (hyperventilation compared with 
induced hypertension, p < 0.001. metabolic suppression compared with 
induced hypertensi,)Il. p < 0.001: induced hyperventilation compared with 
metabolic suppression. p =0.0045). Abbreviation: CI =confidence interval. 
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FIG. 2. Graph demonstrating a strong correlation between the 
baseline PaCO, and the %tl in ICP with hyperventilation therapy. 
At a high baseline PaCO,. hyperventilation is more effective. *This 
patient" s ICP increased from 23 to 26 mrn Hg while his SjvO, re
mained unchanged. The CBF at baseline was 30 ml/lOO glmin. 
"'*This patient's rcp remained unchanged at 11 mm Hg. his base
line SjvO, was 62%. and his CBF was 37 mIl100 glmin. Confid. = 
confidence interval. 

tension, and metabolic suppression therapies, respectively, 
and effective ICP reduction, defined as a decrease of more 
than 20%, was seen in 77.2, 5.5, and 48.8% of studies, re
spectively. Interestingly, in 31 % of studies, induced hyper
tension resulted in an increase in ICP of more than 20% 
from its baseline value. Induced hypertension was useful 
in decreasing ICP only in patients with relatively higher 
study GCS scores. Metabolic suppression was most effec
tive in loweling ICP when baseline global CBF, PaCO" and 
CMRO, were relatively elevated. Hyperventilation therapy 
was most effective when baseline PaCO, was higher. The 
clinical significance and pathophysiological implications of 
these findings are discussed later. 

Methodological Issues 

The nature of this study carries with it a selection bias 
for comatose head-injured patients with relative cardiopul
monary stability. When patients were capable of following 
commands, they were exempted from the study. Likewise, 
when they expeIienced hemodynamic or pulmonaJy insta
bility, or when ICP was extremely labile, vasoreactivity 
tests were postponed. Nonetheless, the patients studied rep
resent a fairly typical spectrum of severely and some mod
erately head injured patients. Regarding data analysis, the 
decision to present the data by individual study response as 
opposed to individual patient response was based on the 
fact that ICP treatment in head-injured patients often chang
es on a day-to-day, and sometimes an hour-to-hour, basis. 
Nonetheless, in repeated tests in individual patients an intra
individual con-elation must be assumed. The statistical eval
uation incorporated a methodology that corrected for this 
intraindividual cOlTelation. Finally. the transient nature of 
these therapeutic manipulations makes conclusions regard
ing their long-term impact difficult to detemline. For exam
ple, in this study we did not specifically address how long 
the beneficial Iep effects of hyperventilation may last. 

Hypen'enrilarwn Therapy 

Hyperventilation therapy has been used for almost three 
decades as a means of treating intracranial bypeI1ension.48A') 

It is widely assumed that the hyperventilation-induced de-
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FIG. 3. Graph showing the ICP response to induced hypeltension 
relative to the patient's GCS score at the time of the study. A high
er study GCS score was associated with a greater likelihood of a de e 
crease in ICP. t 

s 
crease in PaCOo causes arteriolar vasoconstriction, although 

tthe exact mechanism remains somewhat ill defined.50 The 
Iobservation in this study that hyperventilation caused a 

greater reduction in ICP at higher a baseline PaCO, may be 
explained by a nonlinear response of the cerebral arterioles I 
to decreasing CO,. In fact, Rosenberg44 showed experimen t 

ttally that profound hypocapnia causes a nonlinear decrease 
in CBF, thus indicating that a dilated arteIiole can constrict 1 

significantly, whereas a markedly constIicred arteIiole may 
constrict only minimally. t 

IIn the "Guidelines for the Management of Severe Head 
Injury,"4 authors state that hyperve;)tilation below a PaCO, 
of 30 mm Hg should be avoided. This particular guideline 
is based on data from one randomized prospective trial, 
however. in which the deletelious effects of aggressive hy
perventilation disappeared at 12 months postinjury in pa
tients with GCS molOr scores of 4 aJ1d 5.36 Results of more 
recent studies demonstrate that the lisk of "aggressive hy
perventilation" to a PaCO, of less than 25 mm Hg has prob
ably been overstated given that global ischemia (defined as 
an SjvO, < 55%) has been rarely rep0l1ed.25s 

That hyperventilation may also be safe on a local brain 
level was recently supported by data from a study in which 
cerebral microdialysis was perfo1Tl1ed in pericontusional 
brain during hyperventilation trials in severely head injured 
patients. Only minor elevations in periconrusional gluta
mate levels and the lactate/pyruvate ratio OCCUlTed during 
hyperventilation therapy, presumably because of the severe 
local impairment in CO, reactivity around the contusions.3D 

Data from the present study indicate that hyperventila
tion therapy is a highly effective means of reducing ICP 
in the majOlity of head-injured patients, at least transiently. 
and that it can be perfonned safely if done in conjunction 
with SjvO, monitoring.43.53 Hypocapnia may be most useful 
during the posttraumatic hyperemic phase of brain injury, 
which generally occurs beyond the 1st day postinjury, lasts 
until postinjury Day 4 or S, and is often associated with pe
Iiods of marked intracranial hypertension.2425

.33 Given that 
the vasoconstrictor effect of hyperventilation on pial arteri
oles diminishes after 24 bours,37 sustained hyperventilation 
should be avoided ifICP is nonnaP6 Hyperventilation dur
ing the first 6 to 12 hours postinjury when CBF is lowest 
should also be induced with caution. lr:!! Interesting]y. how
ever, res'Jlts of a recent study ii1dicate that hyperventilation 
to a PaCO, of a mean 29 mIn Hg dming the period from 8 
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to 14 hours after severe head injury resulted in no ischemia 
bv AVDO, measures and no change in CMRO,.I'

'" -	 ....... 

Induced-Hypertension Therapy 

Based on the theory of Lundberg's31 plateau and 
B-waves. Rosner and colleagues-lW developed the concept 
of CPP management. This concept assumes the presence of 
a "vasoconstrictionlvasodilatory cascade" in which a de

'ax 
,.,in crease in blood pressure or CPP results in arteriolar vasodi

lation, thus increasing CBV, which in turn increases ICE 
In contrast, an increase in blood pressure causes an increase 
in CPP that triggers arteriolar constriction, and consequent

.ion ly CBV and ICP decrease.47 This theory also assumes that 
gh although autoregulation is impaired after injury, at a high 
de- enough CPP, autoregulation will become more nonnal with 

the resultant beneficial effect on ICP. Data from our recent 
study of serial vasoreactivity tests indicate, however, that 
impaired pressure autoregulation occurs in two thirds of19h 
these tests despite a baseline CPP higher than 70 mill Hg.29'he 
Results from other previous studies have also shown that I a 
during the 1st week after head injury, autoregulation is imbe 
paired in 50 to 80% of patients.8.9.16.2o.27.54 Infonnation from les 

~n
these studies and the present one demonstrate that even 
though a higher CPP may favorably influence autoreglse 
ulation, in the majority of severely head injured patients, lct 
aggressive blood pressure elevations may exacerbate inlay 
tracranial hypertension. Although in many instances the 
ICP increase is only minor, in almost one third of thesead 
instances, a greater than 20% ICP increase occurs whenO2 

ne	 MABP is increased a mean of 14 mill Hg. The likelihood of 
significantly exacerbating ICP appears to be greatest withal, 
in the first 4 days postinjury. Consequently, the beneficial IY

)3 rise in CPP must be balanced against the risk of worsened 
intracranial hypertension. One caveat is that the mean base)re 
line MABP in this study was 104 mill Hg, which is already ty
relatively elevated. It is possible that in some instances,,b

as these tests were begun at a level of arterial pressure that 
was already at the upper limit of the nonnal pressure auto
regulation curve, such that further blood pressure elevations LIn 
resulted in a pressure-passive increase in blood flow and ch 
ICPYtal 

~d 
Metabolic Suppression Therapy a


19 Shapiro, et al.,52 introduced metabolic suppression ther

re apy in 1974 to initiate hypothermia in patients with in

30 tractable intracranial hypertension. Since then, investigators 
a in numerous studies have addressed the benefits and side 
:P effects of high-dose barbiturate medication for severely 
y, head injured patients. 14.!962 Results of a recent metaanalysis 
m showed no benefit in outcome from the administration of 
ul barbiturates and emphasized the dangers of barbiturate
y, induced hypotension.42 Clinical data on propofol are more 
ts limited. Data from one recent prospective study suggest that 
e- both sedation and ICP control are beneficial after moderate 
at or severe head injury,23 whereas data from another indicate 
1 that the long-tenn administration of high-dose propofol can 
m be associated with serious side effects. 15 
r Messeter, et al.,35 reported that intact CO, reactivity was 
st necessary to reduce ICP successfully with the aid of meta
>l bolic suppression therapy. In the present study, in 87.5% 
In of test sessions, CO, reactivity was within nonnal range, 
8 and, on average, propofol-induced burst suppression result

12	 J. Neurosurg. / Volume 97/ November, 2002 

ed in a 21 t)f: fep reduction. This finding is notable given 
that metabolic suppression reacti vity was below nonnal in 
88.4% of the tests. Propofol-induced ICP reduction is like
ly to be related to two possible mechanisms. The first and 
most well accepted is the ability of propofol to decrease ce
rebral metabolism. As demonstrated in animal studies, with 
intact coupling of metabolism and blood flow, CBF· and 
CBV are both decreased, leading to a drop in ICp'611 Alterna
tively, when metabolic blood-flow coupling is impaired, as 
was the case in the majority of patients in this study, admin
istration of high-dose propofol nonetheless causes a global 
reduction in bodily metabolism and CO, production. Be
cause of preserved CO, reactivity, this propofol-induced 
systemic hypocapnia likely leads to vasoconstriction and 
ICP reduction despite impaired metabolic reactivity. 

In this study, predictors of effective ICP reduction with 
the use of high-dose propofol included a high baseline 
PaC02 and CBF. The metabolic effects of propofol were, 
on average, decreases in CBF, CMRO" and CMRglu by a 
mean 16, 11, and 18%, respectively, reductions less than 
those observed in nonnal animals. I.5 This blunted metabol
ic response is likely related in part to the fact that cerebral 
oxidative and glucose metabolism are already markedly de
pressed after head injury.7,.j(] Additionally, by maintaining a 
stable blood pressure during propofol infusion in this study, 
the hypotensive effect often seen with propofol or pentobar
bital was eliminated, thereby reducing the overall decrease 
seen in CBF, CMRO" and CMRglu. 14.63 

Clinical Implications 

In our recent study in which we assessed acute vasore
activity changes in patients during the first 2 weeks after 
moderate or severe head injury. CO2 reactivity remained 
relatively intact. autoregulation was variably impaired, and 
metabolic suppression reactivity was severely impaired.29 

In the present study, the resilience of CO2reactivity appears 
to translate into an effective means ofICP reduction, where
as the high degree of impaired pressure autoregulation 
translates into the frequent observation of a pressure-pas
sive cerebral vasculature with blood pressure-induced ICP 
elevations. In contrast, the severe impainnent of metabolic 
suppression vasoreactivity does not necessarily equate with 
the failure of this therapy in reducing ICP. This seeming
ly paradoxical observation likely occurs because of propo
fol-induced bodily hypocapnia and a resultant decrease in 
ICP. It is reasonable to assume that a similar bodily effect 
on PaCO, occurs with the administration of high-dose pen
tobarbital. 

Although the importance of maintaining an adequate 
CPP after head injury has been stressed during the last dec
ade,3.-l7 the potential dangers of excessive CPP and the great
er importance of ICP in detemlining outcome have been 

. demonstrated in more recent studies.22.-l3 In the recent study 
by Robertson, et al.,-I3 of 189 severely head injured patients, 
those maintained with a CPP above 70 mill Hg and a PaCO, 
at 35 mill Hg did not have an improved outcome and had 
a higher complication rate compared with patients main
tained with a CPP above 50 mill Hg and treated with hyper
ventilation therapy to a PaCO, of 25 to 30 mill Hg for high 
ICP. Results from a multicenter European phannacologi
cal study of 427 severely head injured patients also demon
strated that an ICP greater than 20 mm Hg was the strongest 
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TABLE 6 

Stepwise algorithm to treat elevated ICP 

primary therapy 
mild hyperventilation (PaCO, 0,0-0,5 mm Hg) 
ventricular CSF dminage 
sedation (narcotic agents. benzodiazepines) 
neuromuscular blockade 

secondary therapy (w/o jugular bulb catheter in place) 
bolus mannitol therapy (25-g intravenous bolus every 6 hrs as needed) 
elevation of MABP wi vasopressor agent to increase CPP . 

additional secondary therapies (wi jugular bulb catheter in place)'" 
moderate hyperventilation (paCO. 25-30 mm Hg), maintaining 

SjvO,2:60% 
reduction of MABP (reducing or stopping infusion of vasopressor 

agents), maintaining SjvO, 2:60% 
tertiary therapy 

metabolic suppression wi high-dose barbiturate agents or propofol 

* The use of SjvO, monitoring allows for safer use of hyperventilation 
therapy and blood pressure changes by monitoring for treatment-induced 
global ischemia. 

predictor of poor long-tenn outcome and that no benefit oc
curred by maintaining CPP above 60 mm Hg.21 Data from 
these two studies in which investigators assessed outcome 
in relation to CPP and results of th~ present study in which 
we assessed the acute impact of blood pressure elevation on 
ICP indicate that induced hypertension to improve CPP and 
ICP should be pelfonned with caution. In contrast. given 
that hyperventilation has been shown to be both safe and 
effective in reducing ICP in this study and others. its more 
routine use to levels below 30 mm Hg is probably rea
sonable during periods of intracranial hypertension beyond 
the first 6 to 12 hours postinjury. An additional advantage 
of moderate hyperventilation is that it may help to restore 
nonnal pressure autoregulation in head-injured patients. al
though this effect may be transient,38 

To maximize the utility and minimize the risks of hy
perventilation. induced hypertension. and metabolic sup
pression therapies. SjvO: monitoring is recommended for 
head-injured patients at risk for intracranial hypeltension. 
Inseltion of jugular bulb catheters is a relatively safe proce
dure in the hands of experienced intensivists and neurosur
geons. t

>4 With such monitoring. ICP treatment altematives 
include judicious use of aggressive hyperventilation. blood 
pressure reduction or augmentation. and metabolic suppres
sion therapy. with a goal of maintaining a nonnal SjvO: in 
the range of 60 to 70% (Table 6). 

Conclusions 

In this study we compared three commonly used meth
ods of ICP control. namely hyperventilation therapy. in
duced hypeltension. and metabolic suppression therapy. 
Hyperventilation was consistently effective. induced hyper
tension was consistently ineffective. and metabolic suppres
sion therapy was valiably effective. These findings SUPPOI1 

the more frequent use of hyperventilation in controlling in
tracranial hypenension after head injury. provided that ap
propriate monitOling of SjvO: is peJfOlmed. 
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