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ABSTRACT

Severe traumatic brain injury (TBI) is one of the major causes of death in younger age groups. In
Umeå, Sweden, an intracranial pressure (ICP) targeted therapy protocol, the Lund concept, has
been used in treatment of severe TBI since 1994. Decompressive craniectomy is used as a protocol-
guided treatment step. The primary aim of the investigation was to study the effect of craniectomy
on ICP changes over time in patients with severe TBI treated by an ICP-targeted protocol. In this
retrospective study, all patients treated for severe TBI during 1998–2001 who fulfilled the follow-
ing inclusion criteria were studied: GCS � 8 at intubation and sedation, first recorded cerebral per-
fusion pressure (CPP) of �10 mm Hg, arrival within 24 h of trauma, and need of intensive care for
�72 h. Craniectomy was performed when the ICP could not be controlled by evacuation of
hematomas, sedation, ventriculostomy, or low-dose pentothal infusion. Ninety-three patients met the
inclusion criteria. Mean age was 37.6 years. Twenty-one patients underwent craniectomy as a treat-
ment step. We found a significant reduction of the ICP directly after craniectomy, from 36.4 mm
Hg (range, 18–80 mm Hg) to 12.6 mm Hg (range, 2–51 mm Hg). During the following 72 h, we ob-
served an increase in ICP during the first 8–12 h after craniectomy, reaching approximately 20 mm
Hg, and later levelling out at approximately 25 mm Hg. The reduction of ICP was statistically sig-
nificant during the 72 h. The outcome as measured by Glasgow Outcome Scale (GOS) did not sig-
nificantly differ between the craniectomized group (DC) and the non-craniectomized group (NDC).
The outcome was favorable (GOS 5–4) in 71% in the craniectomized group, and in 61% in the non-
craniectomized group. Craniectomy is a useful tool in achieving a significant reduction of ICP over
time in TBI patients with progressive intracranial hypertension refractory to medical therapy. The
procedure seems to have a satisfactory effect on the outcome, as demonstrated by a high rate of fa-
vorable outcome and low mortality in the craniectomized group, which did not significantly differ
compared with the non-craniectomized group.
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INTRODUCTION

SEVERE TRAUMATIC BRAIN INJURY (TBI) is a major cause
of death and disability in the population, particularly

in the younger age groups. There have been several strate-
gies to decrease the mortality in TBI. The importance of
management of intracranial pressure (ICP) in TBI has
been understood for a long time. To reduce ICP during
intracranial hypertension, decompressive craniectomy
(DC) has been used (Kocher, 1901; Cushing, 1905). Dur-
ing the past decades, several different experiences with
DC in TBI have been reported (Gaab et al., 1990; Polin
et al., 1997; Guerra et al., 1999; Meier et al., 2000; Munch
et al., 2000; Whitfield et al., 2001; Hejazi et al., 2002;
Schneider et al., 2002; Albanese et al., 2003; Meier and
Grawe, 2003).

In 1993, the so-called Lund concept for the treatment
of TBI was introduced. Its aim is to reduce the ICP and
improve the microcirculation in the areas surrounding se-
vere brain contusions (Fig. 1). The physiological forces
that regulate fluid fluxes across the injured blood–brain
barrier are actively optimized in order to reduce the post-
injury edema (Asgeirsson et al., 1994; Grande et al.,
1997, 2002). This treatment concept was introduced in
our clinical practice in 1994. Four outcome studies pub-
lished from three different university hospitals in Swe-
den using the protocol have shown a mortality rate of
about 10% and favorable outcomes as indicated by Glas-
gow Outcome Scale (GOS) 4–5 in 70% of the patients
suffering from severe TBI (Eker et al., 1998; Naredi et
al., 1998, 2001; Wahlstrom et al., 2005). In 1997, we in-
troduced the use of decompressive hemi-craniectomy as

FIG. 1. Flow chart of the treatment protocol.
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an additional step in our protocol-guided treatment of
TBI.

We hypothesized that DC has a beneficial effect in TBI
patients treated by the Lund protocol who have refrac-
tory intracranial hypertension, and we tested this hy-
pothesis in a retrospective analysis of consecutive pa-
tients with severe TBI treated at our department during
1998–2001 with the focus on the effect of the DC. The
main aim of the study was to analyze the changes in ICP
and cerebral perfusion pressure (CPP) over time in DC
patients and to compare the outcome between DC pa-
tients and non-DC patients (NDC). Secondarily, we
aimed to analyze if age and initial severity of trauma in-
fluenced the patient outcome.

METHODS

Patient Material

The Department of Neurosurgery at the Umeå Uni-
versity Hospital, in the northern part of Sweden, has a
regional responsibility for a population of approximately
900,000 inhabitants, covering almost half the area of
Sweden. All the referring local hospitals refer severe TBI
patients to us, and during the period of investigation, no
severe TBI was denied admittance to Umeå University
Hospital, including patients with dilated fixed pupils,
complicating illness or other injuries, and below the age
of 75 years.

All patients treated for severe TBI at our hospital dur-
ing the time period of January 1, 1998, to December 31,
2001, were identified. Those who were accepted for the
study had a verified head injury, a level of consciousness
of Glasgow Coma Scale (GCS) of 8 or worse at the time
of sedation, and intubation, and they had a first recorded
CPP of 10 mm Hg or higher, irrespective of the ICP or
the size or reactivity of the pupils. The patients should
have arrived in our hospital not later than 24 h after the
trauma. Those requiring intensive care for less than 72 h
were excluded since patients who could leave the ICU
alive within 72 h had head injuries that were regarded as
not severe despite a GCS of �8 at intubation and seda-
tion. Patients who died within the first 72 h were included
in the mortality group. Patients deceased during the first
3 months after injury irrespective of their ICU time (even
if it was less than 72 h) were classified as mortalities.
Penetrating head injury was an exclusion criterion.

The study was approved by the local ethics committee
of the Umeå University (dnr 00/175).

Monitoring

All patients received a parenchymal ICP measuring de-
vice (Codman MicroSensor™, Johnson & Johnson Pro-

fessional Inc., Raynham, MA) or ventriculostomy, and
ICP was recorded continuously during the treatment pe-
riod. The patients were initially treated in a supine posi-
tion with no head elevation. The pre-auricular level was
used as the zero-reference for ICP measurement by ven-
triculostomy. Arterial blood pressure was continuously
measured in the radial artery with the right atrial level
used as a zero-reference. Oxyhemoglobin percentage was
recorded by pulse oximetry (Marquette Solar, General
Electric Medical Systems, Milwaukee, WI). Further, oxy-
gen saturation and end-tidal partial pressure carbon diox-
ide (Marquette Solar) were continuously recorded. Fre-
quent blood gas analyses were performed, and all other
basic blood and physiological parameters were followed.
Central venous pressure was recorded, as well as elec-
trocardiography (ECG). All the collected data were stored
digitally in a computer.

The primary admitting hospital performed an initial
computed tomography (CT) scan of the brain. This was
often repeated upon arrival after transfer to our hospital.
In accordance with the treatment protocol, a CT scan of
the brain was performed approximately 24 h after trauma.
Further CT investigations were performed if unexpected
changes in the clinical status occurred.

Treatment

The treatment mostly followed the original guidelines
for the Lund concept (Fig. 1). Patients were sedated with
midazolam and fentanyl with the goal of achieving a level
of comfortable sedation while still allowing them to
cough. The level of sedation was monitored continuously
or daily with electroencephalography (EEG). Intracranial
mass lesions were aggressively treated surgically. Pa-
tients were kept on the ventilator, in a controlled breath-
ing mode aimed at maintaining normal pH and a PaCO2

of 4.5–5.5 kPa. Intravascular fluid therapy was guided by
several simultaneous goals: adequate intravascular fluid
volume, a daily negative total fluid balance, Hb level of
�110 g/L, and serum albumin of �40 g/L. This was
achieved by using combinations of infusion of packed
red blood cells, albumin, glucose, Ringer’s acetate, and
furosemide. The following interventions were based on
the level of ICP and its trend. If the ICP increased and
remained above 20 mm Hg, a new CT scan was per-
formed to rule out any lesion that could be surgically re-
moved. If there was no mass lesion to evacuate and if 
the mean arterial pressure (MAP) allowed metoprolol
and/or clonidine was infused intravenously in order to re-
duce the hydrostatic capillary pressure, to prevent further
edema formation, allowing the CPP to be reduced to-
wards but not below 50 mm Hg.

Further, these drugs reduce the general stress reactions
mediated by the sympathetic nervous system. If the in-
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creased ICP did not respond to this intervention, a new
CT scan was performed. If the CT scan ruled out the need
for surgical intervention, the medical therapy was esca-
lated using an infusion of sodium pentothal, 0.5–3
mg/kg/h, aiming at achieving a “delta” pattern on the
EEG. If the increased ICP did not respond to this treat-
ment, a new CT scan was performed, and if no mass le-
sion suitable for surgical removal was identified, a ven-
triculostomy was placed. The ventricular drain was kept
closed and only opened briefly to let out small amounts
of cerebrospinal fluid (CSF) in order to lower the ICP.
Care was taken not to completely drain the ventricles.

Craniectomy

If the ICP could not be controlled by these steps, ei-
ther unilateral or bilateral craniectomy was indicated
when an increasing trend in ICP was observed and the
ICP further increased and rested at a level above 25 mm
Hg. Before proceeding to craniectomy, all steps in the
medical therapy were re-evaluated, and the patient was
confirmed to be optimally managed in accordance with
the treatment protocol. Whether the craniectomy was per-
formed unilaterally or bilaterally was decided based on
the CT scan results. The craniectomy was performed on
the side were the expansivity was most pronounced; how-
ever, in cases with general swelling, a bilateral craniec-
tomy was performed. We used a “question mark”–shaped
skin incision for unilateral craniectomy. For bilateral
craniectomies, a bi-coronal skin incision was made and
then supplemented by an incision going posteriorly in the
midline. In most cases, a musculo-cutaneous skin flap
was used. The craniectomy area was designed to cover
at least 12 � 8 cm.

The dura was opened with radiating cuts, and a large
duraplasty measuring at least 4 � 10 cm was performed
in order to allow the brain to expand into the space opened
by the craniectomy. The dura itself is almost non-expan-
sile, so no significant brain expansion volume gain will
be achieved by craniectomy if a duraplasty is not per-
formed. There was attention given to perform a large
enough DC and duraplasty in order to gain as much brain
expansion volume as possible. The area of the craniec-
tomy was calculated from a post-operative CT scan us-
ing the simple method of an ellipsoid. The bulging of the
brain was estimated to be 10% of the mean diameter of
the craniectomy as measured on the post-craniectomy CT
scan. This was used for the calculation of the volume
gained by surgery.

If all medical and surgical interventions fail, dihy-
droergotamine is the last option in the treatment proto-
col, and can be used in order to lower the hydrostatic
transcapillary pressure, thus reducing edema formation
(Asgeirsson et al., 1994).

Outcome

The GOS was used for assessment of clinical status
during the recovery phase. Two nurses and a physician,
who were not investigators in the study, performed the
GOS scoring. A letter was sent to the patients or rela-
tives explaining that they would be interviewed by tele-
phone. The structured interview followed the GOS guide-
lines for assessment.

Statistical Analysis

Results are reported as means � standard error of the
mean (SEM) or, in cases of discrete variables, as median
and range. Analysis of variance (ANOVA) followed by
the post-hoc Fischer PLSD test was used for calculating
statistically significant differences when several compar-
isons were made. For discrete variables, the Mann-Whit-
ney U-test was employed, and the two-tailed Student’s t-
test for continuous variables was used when applicable.

RESULTS

Ninety-three patients fulfilled the criteria and were in-
cluded in the study. There were 71 males and 22 females.
The mean age at accident was 37.6 � 1.7 years. DC was
performed in 21 (23%) of these patients, and this group
(15 males, six females) had a mean age of 39.4 � 3.4
years. DC was performed after an average of 45 h (2–157
h) of mean treatment time in our intensive care unit (ICU;
Fig. 2). The median GCS at intubation and sedation was
7 (range, 8–3) for the whole group and exactly the same
in the DC group. The NDC group showed the same me-
dian GCS, i.e., 7 (range, 8–3). Thirteen patients showed
a GCS of 3. For detailed information on number, gender,
age, and GCS see Table 1. There was no difference be-
tween the DC and NDC groups in regard to age (Stu-
dent’s unpaired two-tailed t-test), gender, or GCS (Mann-
Whitney U-test).

The mean area of the craniectomy was 88 � 7 cm2 in
the unilateral cases and 116 � 11 cm2 when both unilat-
eral and bilateral cases were included. The correspond-
ing calculated volumes were 98 � 11 and 124 � 14 cm3,
respectively.

The mean daily ICP in the DC group was above 20
mm Hg for the first 7 days. The difference between the
DC and NDC groups in mean daily ICP was statistically
significant (p � 0.001, ANOVA). As demonstrated in
Figure 3, the difference between the mean daily ICP in
the two groups was statistically significant up to day 6.
Figure 3 also shows that the mean daily CPP in both the
NDC group and in the DC group was above the lowest
accepted CPP value, i.e., 50 mm Hg. Figure 4 shows the
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ICP and CPP before and after craniectomy. Mean ICP
just before the craniectomy was 36.4 � 3.4 mm Hg, and
directly after craniectomy it was 13.1 � 2.1 mm Hg (p �
0.001 ANOVA, p � 0.001 post-hoc). This marked re-
duction of ICP was still significant 72 h after the proce-
dure (p � 0.001 post-hoc). However, there was a slow
increase after the first marked decrease, and the ICP lev-
eled out at about 25 mm Hg.

As demonstrated in Figure 4, there was a non-statisti-
cally significant (p � 0.05, ANOVA) decrease in MAP
during a few hours immediately after the craniectomy.

Follow-up was accomplished in 92 patients. One pa-
tient was discharged to his home country, Spain, and was

lost to follow-up. The outcome at follow-up is shown in
Table 2. In the DC group, favorable outcome (GOS 5–4)
was found in 71%; whereas in the whole treatment co-
hort, favorable outcome was found in 63%. In the NDC
group, the corresponding value was 61%. The difference
in GOS favorable outcome between the two groups was
not statistically significant (p � 0.05, Mann-Whitney U-
test). In both the DC group and the NDC group 14% were
deceased within 3 months of the trauma. If one applies
the usual criteria for treatment (non-dilated reacting
pupils, GCS of �3), only 4% of all patients in the study
group died. Four additional patients died during the fol-
low-up time. There was a correlation between the GCS
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TABLE 1. NUMBER, GENDER, AGE, AND GCS AT INCLUSION

Craniectomy Non-craniectomy All

Male Female All Male Female All Male Female All

Number 15.0 6.0 21.0 56.0 16.0 72.0 71.0 22.0 93.0
Age

Mean 39.0 39.5 39.1 38.2 33.4 37.1 38.4 35.0 37.6
Median 40.0 39.5 40.0 33.5 29.0 33.0 38.0 31.5 35.0
Range 15–61 16–60 15–61 16–69 15–58 15–69 15–69 15–60 15–69

GCS
Mean 6.3 6.8 6.5 5.7 6.7 5.9 6.0 6.7 6.1
Median 7.0 6.5 7.0 6.0 7.0 7.0 6.0 7.0 7.0
Range 8–3 8–6 8–3 8–3 7–5 8–3 8–3 8–5 8–3

GCS, Glasgow Coma Scale.

FIG. 2. Time from admittance and start of treatment to craniectomy.



and GOS (r � 0.56, p � 0.001) as well as between age
and GOS (r � 	0.45, p � 0.001).

DISCUSSION

DC is one option in the treatment of raised ICP. The
aim with craniectomy in the present study was to reduce

ICP over time and limit it to non-dangerous levels in pa-
tients in whom ICP could not be brought under control
by other surgical or medical means. We showed that the
reduction of ICP achieved by the craniectomy was sig-
nificant over the first 72 h following the craniectomy,
thus reaching the aim of our intervention. The rapid trend
in ICP increase observed just before the craniectomy was
clearly interrupted by the procedure. Even though the ul-
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FIG. 3. Daily mean intracranial pressure (ICP) and cerebral perfusion pressure (CPP) during the first 10 days in the total co-
hort (all), craniectomized group (dc), and non-craniectomized group (ndc). *p � 0.05 and **p � 0.01, analysis of variance
(ANOVA) with post-hoc Fisher PLSD, as compared between the dc and ndc groups.

FIG. 4. Mean arterial pressure (MAP), cerebral perfusion pressure (CPP), and intracranial pressure (ICP) trends preceding and
after the craniectomy. Analysis of variance (ANOVA) with post-hoc Fisher PLSD.



timate goal of 20 mm Hg was not accomplished, ICP sta-
bilized at an acceptable level and adequate CPP was not
compromised. This goal, of keeping the ICP below 20
mm Hg, was reached in the NDC group. There were no
significant changes in the MAP, either over time, or com-
pared just before and after craniectomy. The other cor-
nerstone of the Lund concept, not allowing CPP to fall
below the level of 50 mm Hg, was met in both subgroups.

In accordance with our findings, Schneider et al.
(2002) reported an increase in ICP from 9.8 mm Hg di-
rectly after craniectomy to 21.6 mm Hg at 12 h after the
procedure. Similar trends were found in two other pub-
lications where ICP values over time were provided
(Whitfield et al., 2001; Hejazi et al., 2002). The expla-
nation of this increase in ICP after the initial reduction
might be related to the drastically changed physiological
environment of the brain, possibly leading to transient
brain edema formation.

Craniectomy is a major intervention in the physiology
and in the natural regulation of blood and cerebrospinal
fluid (CSF) dynamics in the brain (Fodstad et al., 1979,
1984; Rinaldi et al., 1990). Yamakami and Yamaura
(1993) have shown that cerebral blood flow (CBF) is in-
creased in the decompressed brain within 24 h after DC.
The hyper-perfused area increased during the first week,
corresponding to the brain swelling detected on CT scan
during the same time (Yamakami and Yamaura, 1993).
The mechanism behind this swelling is most probably the
loss of resistance in the brain underlying the craniectomy,
which would lead to increased transcapillary leakage due
to a higher transcapillary hydrostatic pressure gradient.
These changes after DC, with edema formation due to
the decompression itself, underline the importance of
combining the decompression of bone with a large du-
raplasty. This is to allow for maximal swelling of the
brain, avoiding a secondarily raised ICP. The most im-
portant factor in avoiding or controlling the secondarily
rising ICP is the principle of the Lund concept in which
the transcapillary leakage is minimized by reduction of
transcapillary pressure—which is achieved through pre-

venting high arterial pressure—and by maintaining a nor-
mal colloid osmotic pressure using infusion of albumin
and packed red blood cells.

Polin et al. (1997) compared ICP at 48–72 h after
craniectomy with a control population from the Trau-
matic Coma Data Bank and found a significantly reduced
ICP compared with the ICP of matched controls. We have
identified six publications reporting on the change of ICP,
comparing ICP values before and after craniectomy used
as a step in a protocol-driven treatment (Polin et al., 1997;
Kunze et al., 1998; Munch et al., 2000; Whitfield et al.,
2001; Kontopoulos et al., 2002; Schneider et al., 2002).
Munch et al. (2000) also reported a significant reduction
of the shift of the midline structures after craniectomy,
noting a reduction in the shift of midline structures from
9.7 � 5.4 mm to 6.2 � 5.1 mm. The previous publica-
tions applied different intervention limits concerning ICP
ranging from 25 to 40 mm Hg. They all reported a marked
decrease in ICP when comparing before and after craniec-
tomy. This was in accordance with our findings. To eval-
uate the effect of DC, one has to study the results in a
formally controlled setting. The procedure must have a
distinct place in a protocol-guided treatment program
with the intention of achieving a clear goal with the in-
tervention. We showed that DC reduced ICP and inter-
rupted a malignant increase of ICP, and that the lowered
ICP was maintained over time in the setting of a proto-
col-driven treatment.

To achieve this ICP reduction, it appears to be neces-
sary to achieve an adequate volume gain by the craniec-
tomy. Otherwise, brain herniation through a too small
craniectomy will result in strangulation of the border ves-
sels of the brain under the craniectomy edges. Unfortu-
nately, not many publications report on the size of the
craniectomy, and thus it is difficult to compare results.
We have found only one publication reporting on the area
and the gained volume by craniectomy in patients with
TBI (Munch et al., 2000). This study reported an esti-
mated mean craniectomy area of 67.9 � 15.5 cm2 and a
volume gain of 92.6 � 65.0 cm3. This volume was close
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TABLE 2. GOS AT FOLLOW-UP

Craniectomized (n � 21) Non-craniectomized (n � 71) All (n � 92)

GOS n % n % n %

5 9 42.9 28 39.4 37 40.2
4 6 28.6 15 21.1 21 22.8
3 2 9.6 15 21.1 17 18.5
2 1 4.8 3 4.2 4 4.4
1 3 14.3 10 14.1 13 14.1

GOS, Glasgow Outcome Scale.



to the calculated volume in our series. We consider the
size and volume gain in our patients to have been large
enough, most likely, to provide an unrestricted and ade-
quate brain volume expansion.

Late after craniectomy, a reduced CBF has been shown
not just in the brain underlying the craniectomy but also
in the brain contralateral to the craniectomy. These
changes seem to normalize after cranioplasty (Yoshida et
al., 1996; Winkler et al., 2000). Thus, we recommend that
“prophylactic craniectomies” be avoided. One can spec-
ulate that these changes in physiology would also indi-
cate the importance of replacing the skull bone or per-
forming a cranioplasty as soon as possible following the
craniectomy.

After introducing the Lund concept, it was shown that
patients with the combination of severe head injury, lack
of carbon dioxide reactivity, and high ICP were able to
survive, and ended up having a good outcome (Asgeirs-
son et al., 1994). We have previously reported our results
in adults and in children using this concept, where a mor-
tality rate of about 10% and a favorable outcome (GOS
5 and 4) in approximately 70% of the patients treated was
demonstrated (Naredi et al., 2001; Wahlstrom et al.,
2005). In the present study, these results were confirmed
in patients with DC as an additional step in the TBI treat-
ment.

There have been previous reports on results in craniec-
tomized patients, which have included both early and late
craniectomies, along with a heterogeneous patient popu-
lation (including patients with all different ranges of ini-
tial GCS). Our study is one of the few studies where
craniectomy was performed within a strict protocol. Pre-
viously reported ranges of favorable outcome (GOS 5–4)
have been 26–66%, with a mortality of 14.7–52% (Gaab
et al., 1990; Polin et al., 1997; Kunze et al., 1998; Guerra
et al., 1999; Meier et al., 2000; Munch et al., 2000; Whit-
field et al., 2001; Kontopoulos et al., 2002; Schneider et
al., 2002; Albanese et al., 2003; Meier and Grawe, 2003).
Thus, our results in severe TBI were at least as good as
the best results in the above-mentioned studies. This
could be explained by the fact that the craniectomy was
a step in an ongoing protocol-guided treatment program
and the craniectomy was used to interrupt a malignant
increase in ICP.

In the present study, there was no statistically sig-
nificant difference in GCS between the two groups;
however, the 25 and 75 percentil was 6–8 in DC group
and 5–7 in NDC group. Thus one could argue that the
patients undergoing craniectomy had a lesser brain in-
jury initially than the patients who did not undergo
craniectomy. However, the course of ICP development
indicated that the initial GCS was not a reliable marker
for the development of marked ICP elevations. This

study confirmed previous findings that a correlation be-
tween initial GCS and GOS, as well as age and GOS
exists.

CONCLUSION

In conclusion, we found that DC, as a step in a proto-
col-guided treatment program, has a therapeutic role in
interrupting malignant ICP increases. However, a ran-
domized prospective trial would be needed to finally
prove this. With our approach to these patients, favorable
outcome and low mortality could be achieved. We do not
recommend prophylactic craniectomy due to the poten-
tially negative effects of the surgery and the need for a
later cranioplasty.
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