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Abstract

Background The mortality rate of patients with brain oedema
after malignant middle cerebral artery (MCA) infarction ap-
proaches 80 % without surgical intervention. Surgical treat-
ment with ipsilateral decompressive hemicraniectomy (DHC)
has been shown to dramatically improve survival rates. DHC
currently lacks established inclusion criteria and additional
research is needed to assess the impact of prognostic factors
on functional outcome. The aim of this study was to assess the
impact of prognostic factors on functional outcome.

Method A retrospective cohort study was carried out includ-
ing 46 patients who underwent DHC at the Karolinska
University Hospital between 2004 and 2014. The maximum
time to surgery was 5 days after symptom debut. The primary
endpoint was a dichotomised score on the modified Rankin
Scale (mRS) 3 months after surgery, with favourable outcome
defined as mRS<4.

Results When the study population was dichotomised accord-
ing to the primary endpoint, a significant difference between
the groups was seen in preoperative Glasgow Coma Score
(GCS), blood glucose levels and the infarction’s involvement
of the basal ganglia (p <0.05). In a logistic regression model,
preoperative GCS contributed significantly with a 59.6 %
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increase in the probability of favourable outcome for each
point gained in preoperative GCS (p=0.035).

Conclusions The results indicate that preoperative GCS,
blood glucose and the infarction’s involvement of the basal
ganglia are strong predictors of clinical outcome. These fac-
tors should be considered when assessing the probable out-
come of DHC, and additional research based on these factors
may contribute to improved inclusion criteria for DHC.
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Introduction

Space-occupying brain oedema is a life-threatening complica-
tion of middle cerebral artery (MCA) infarction [§]. The term
“malignant” infarction was introduced to reflect the poor
prognosis for this patient group. The brain oedema causes a
critical increase in intracranial pressure (ICP) culminating 2—
5 days after the infarction. Rising ICP may cause transtentorial
brain herniation, which is the leading cause of death in MCA
infarction [5]. Conventional medical treatments of elevated
ICP include hyperventilation, mannitol therapy, diuretics and
barbiturate coma [19]. However, these medical treatments
have proved ineffective at reducing ICP after an MCA infarc-
tion [9]. The mortality rate of malignant MCA infarction is
nearly 80 % without surgical intervention despite maximal
non-surgical medical care [1, 5, 10].

Decompressive hemicraniectomy (DHC) is a neurosurgical
procedure where ICP is reduced by removing a bone flap from
the cranium and opening the dura mater [17]. The benefit of
DHC in malignant MCA infarction has been demonstrated in
three European randomised clinical trials: DESTINY [10],
HAMLET [6] and DECIMAL [22]. A pooled analysis of these
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trials showed that 1-year mortality was reduced from 71 to
22 % when DHC was performed within 48 h of symptom
onset in patients under the age of 60 [21]. A follow-up study,
DESTINY II, found a reduction of 1-year mortality from 76 to
43 % in patients above the age of 60 [11].

Despite a proven reduction in mortality, DHC remains con-
troversial among neurosurgeons and neurologists since more
patients are left with a high degree of disability and dependen-
cy [18]. In the randomised trials, DHC increased the percent-
age of patients who survived with mRS (modified Rankin
Scale) 2-3. However, the percentage of patients who survived
with mRS 4 also increased more than 12 times, from 2.5 to
31 % [21]. DHC currently lacks established inclusion criteria
for surgery. The current Swedish National Guidelines for
Stroke Care recommend that DHC for MCA infarction be
carried out within 48 h of symptom onset in patients under
the age of 60 [20]. However, it has been hypothesised that
bone flap size [3], side of the infarction, patient characteristics
[4, 7] and preoperative status [2] also impact functional out-
come. The influence of these factors remains uncertain and
additional research is needed to establish evidence-based in-
clusion criteria for DHC in MCA infarction.

The decision to perform DHC must be based on a careful
evaluation of the risks and benefits for each individual patient.
However, it is difficult to assess the risks of DHC without
knowing which factors impact outcome. We, therefore, per-
formed a retrospective study at the Karolinska University
Hospital aimed at assessing the impact of prognostic factors
on the functional outcome of DHC in malignant MCA
infarction.

Methods
Study design and patient population

A retrospective cohort study was performed on a consecutive
sample of 46 patients who underwent DHC due to MCA in-
farction. The primary endpoint was a dichotomised mRS
score 3 months after surgery with favourable outcome defined
as mRS <4. The study was approved by the Ethical Review
Board in Stockholm, Sweden. Patients were selected accord-
ing to the following inclusion criteria:

1. Age>18 years

2. Acute onset of neurological deficits suggestive of an
MCA infarction

3. Manifest infarction on a computed tomography (CT) scan
within the MCA territory, with or without involvement of
the anterior or posterior cerebral artery

4. DHC at the Karolinska University Hospital between 2004
and 2014
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Surgical treatment

All patients were surgically treated with an ipsilateral
hemicraniectomy performed according to currently available
protocols [17]. After reflecting the scalp, burr holes were
drilled and the dura was freed. A large bone flap was removed
and the dura was opened in a stellate fashion. No infarcted
brain tissue was removed. A dural substitute was then used to
cover any defects before the scalp was reflected and sutured.

Data sources

Comprehensive electronic medical records and imaging from
all patients were analysed. No patients were excluded due to
missing data. Patients were cross-referenced with the Swedish
national stroke register Riks-Stroke where additional informa-
tion was collected on the same patients. Data was compiled on
preoperative neurological status according to GCS, National
Institutes of Health Stroke Scale (NIHSS) score, symptoms,
age, sex, location of the infarction, S-100B and blood glucose
levels. In addition, surgery timing and bone flap size was
evaluated. Finally, outcome according to mRS was assessed
at 3 and 12 months after DHC.

The bone flap size of all patients was measured on a post-
operative CT scan. Since the actual bone flap was not included
in the CT scan, its size was inferred from the size of the cra-
niotomy. The length of the craniotomy was measured in the
axial plane by dividing the surface of the dura into five linear
segments. Correspondingly, the height of the craniotomy was
measured in the coronal plane by dividing the surface into five
linear segments as shown in Fig. 1. Measurements in both the
axial and coronal planes were taken on the level where the
craniotomy was largest. The length and height of the craniot-
omy were then multiplied with each other to yield an approx-
imation of the bone flap area. While the bone flap was not
rectangular as this model implies, multiplying the length with
the height provided a rough approximation of its area that
enabled comparison between patients.

Statistical methods

The study population was divided into two groups based on
functional outcome with favourable outcome defined as mRS
0—4 and unfavourable outcome defined as mRS 5-6. Potential
prognostic factors and patient characteristics were compared
between the outcome groups and the results were compared to
data available from previously published randomised trials [6,
10, 21, 22]. The study population was then divided into sub-
groups based on age (<60 years versus >60 years), sex, side of
the infarction and involvement of the basal ganglia. Mann-
Whitney U tests were performed to compare mRS scores be-
tween subgroups. Spearman’s rank-order correlation was also
run to assess the correlation between prognostic factors and
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Fig. 1 Measurement of bone flap
length (leff) and height (right).
The red lines indicate measured
segments

functional outcome. Lastly, a logistic regression model was
created to quantify the impact of potential prognostic factors.
A p value<0.05 was prospectively considered significant in
all statistical analysis.

Results
Patient characteristics

A total of 46 patients met the inclusion criteria. The patient
characteristics in each outcome category are presented in
Table 1.

Preoperative status

A clinical neurological evaluation, CT scan and laboratory
blood work was performed on all patients prior to surgery. A
summary of preoperative status in each outcome category is
displayed in Table 2.

Bone flap size

No statistically significant difference in bone flap length,
height or length x height was found between the outcome
groups. Bone flap size in each outcome category is displayed
in Table 3.

Mortality and functional outcome

The mortality rate at 30 days post-surgery was 17.4 % (n=38).
An evaluation of mRS was done at 3 and 12 months, yielding
the results in Fig. 2. A valid mRS score was available for all
patients at 3 months post-surgery, whereas outcome scores
were missing for six patients at 12 months. Favourable out-
come (defined as mRS <4) was achieved by 56.5 % of patients
after 3 months.

Univariate analysis

The 3-month mRS scores for patients aged <60 (n=39) were
not statistically significantly different from patients over the
age of 60 (n=7), U=180.5, z=1.406, p=0.183. To further
compare patients in the outermost age groups, a post hoc anal-
ysis was done to compare the mRS scores of patients aged <40
(n=10) to patients aged >60 (n=20). No statistically signifi-
cant difference was found, U=62.5, z=0.985, p=0.353.

No statistically significant difference in mRS scores was
found between males (n=31) and females (n=15),
U=275.5, z=1.053, p=0.293. Additionally, no significant
difference in outcome was found between patients with left-
sided infarctions (n=14) and right-sided infarctions (n=32),
U=176, z=—1.197, p=0.231. Finally, no significant differ-
ence in mRS score was found between surgery within 48 h
(n=30) and after 48 h (n=16), U=300, z=1.446, p=0.148.

The functional outcome of patients with an infarction in-
volving the basal ganglia was compared to the functional out-
come of patients without involvement of the basal ganglia.
The mRS scores of patients with an infarction involving the
basal ganglia (n=38) were significantly higher compared to
patients without involvement of the basal ganglia (n=38),
U=254,2z=3.088, p=0.002.

A Spearman’s rank-order correlation found a strong and
significant positive correlation between preoperative blood
glucose and mRS at 3 months, »(39)=0.473, p=0.002.
Higher blood glucose was thus associated with a higher
mRS score.

Logistic regression analysis

A logistic regression model was created to predict the out-
come category based on potential prognostic factors. The de-
pendent variable was outcome according to mRS
dichotomised into two groups at mRS<4. The independent
variables in the regression model were blood glucose, GCS
score, midline shift and preoperative S100B levels. The logis-
tic regression model was statistically significant,
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Table 1  Patient characteristics in each outcome category

Patient characteristic Favourable outcome, Unfavourable outcome, p value Total
mRS <4 mRS >4 n=46
n=26 n=20

Sex

Male 73.1 % (n=19) 60 % (n=12) 0.527° 67.4 % (n=31)

Female 269 % (n=17) 40 % (n=28) 32.6 % (n=15)
Age at MCA infarction (years)

Median (IQR) 51 (41-57.5) 49 (40.5-59.75) 0.868" 50.5 (41-59)

Range 29-64 31-63 29-64
Hemisphere of infarction

Right 65.4 % (n=17) 75 % (n=15) 0.535* 69.6 % (n=32)

Left 34.6 % (n=9) 25 % (n=5) 304 % (n=14)
NIHSS at admission

Median (IQR) 18 (16-21) 20 (17-23) 0.442° 19 (16.7-22.3)

Range 4-25 12-28 4-28
Intravenous thrombolysis

Received 34.6 % (n=9) 35% (n=17) 1.00* 34.8 % (n=16)

None 65.4 % (n=17) 65 % (n=13) 65.2 % (n=30)
Hours to surgery from symptom onset

Median (IQR) 42.9(27.5-61.9) 244 (17.1-52.2) 0.074° 38 (21.6-56.3)

Range 13.5-113.9 3.6-150.4 3.7-150.4

mRS modified Rankin Scale, MCA4 middle cerebral artery, N/HSS National Institutes of Health Stroke Scale, /QR interquartile range, SD standard

deviation
Fisher’s exact test
° Mann-Whitney U test

x2(4)=12.572, p=0.014. The model explained 56.5 %
(Nagelkerke R?) of the variance in outcome and correctly
classified 78.3 % of cases. Sensitivity was 84.6 %, specificity
was 70 %, positive predictive value was 78.5 % and negative
predictive value was 77.8 %. The only statistically significant
independent variable was preoperative GCS score, which re-
sulted in a 59.6 % increase in the probability of favourable
outcome for every point gained in preoperative GCS score
(p=0.035, standard error=0.222). Higher preoperative GCS
score was thus associated with an increased likelihood of
favourable functional outcome.

Comparison to international results

The results from the present study were compared to results
from the prospective randomised clinical trials DECIMAL
[22], DESTINY [10] and HAMLET [6] in Table 4.
Discussion

In an effort to assess the impact of preoperative factors on

the functional outcome of DHC for MCA infarction, we
performed a retrospective cohort study of 46 patients who
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underwent DHC for an MCA infarction. When functional
outcome was dichotomised at mRS<4 at 3 months, our
results indicate that preoperative GCS, involvement of the
basal ganglia and blood glucose levels are the factors most
likely to impact functional outcome. No other preoperative
factor or patient characteristic analysed in the study was
found to have a statistically significant impact on function-
al outcome. These results largely support the results from
the randomised trials DECIMAL, HAMLET and
DESTINY [6, 10, 22].

Preoperative GCS was the preoperative factor most strong-
ly associated with functional outcome. The logistic regression
model indicates that the probability of favourable outcome
increases with 59.6 % for every point gained in preoperative
GCS. However, the standard error was also considerable.
While the true impact of preoperative GCS may not be quite
as large as the regression model suggests, it remains a signif-
icant preoperative factor. This is in line with clinical rationale
since a low GCS score reflects a more critical patient with
manifest neurological deterioration.

Involvement of the basal ganglia was also strongly corre-
lated with functional outcome. The basal ganglia are instru-
mental in voluntary motor control, cognition and emotion. It
is, therefore, reasonable from a clinical standpoint that
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Table 2  Preoperative status in each outcome category

Preoperative factor Favourable outcome, Unfavourable outcome, p value Total
mRS <4 mRS>4 n=46
n=26 n=20
Basal ganglia affected by infarction on CT
Yes 69.2 % (n=18) 100 % (n=20) 0.006* 82.6 % (n=38)
No 30.8 % (n=28) 0% (n=0) 17.4 % (n=28)
Midline shift (mm)
Mean+ SD 8.1+4.5 75+4.5 0.658° 78+4.4
Range 2-18 0-20 0-20
Other infarctions
Ipsilateral PCA 7.7 % (n=2) 20 % (n=4) 0.470° 13 % (n=6)
Ipsilateral ACA 23.1 % (n=06) 25 % (n=5) 24 % (n=11)
None 69.2 % (n=18) 55 % (n=11) 63 % (n=29)
Preoperative P-glucose (mmol/l)
Median (IQR) 6.3 (5.575-7.55) 8.2 (6.25-9.6) 0.013° 6.7 (5.9-8.6)
Range 4.6-12.1 5.6-32.3 4.6-32.2
Preoperative S100B (ng/l)
Median (IQR) 0.79 (0.32-1.10) 1.46 (0.25-1.85) 0.456° 0.81 (0.32-1.70)
Range 0.19-2.60 0.07-5.30 0.07-5.30
GCS sum
Median 10.5 9.0 0.018° 9.5
IQR 8.75-12.25 5.25-10.75 8-12
Range 7-14 3-14 3-14
Unresponsive pupils
None 65.4 % (n=17) 50 % (n=10) 0.202° 58.7 % (n=27)
One or both 23 % (n=06) 45 % (n=9) 32.6 % (n=15)
Missing data 11.5 % (n=3) 5% @m=1) 8.7 % (n=4)

mRS modified Rankin Scale, CT computed tomography, PCA posterior cerebral artery, 4CA anterior cerebral artery, GCS Glasgow Coma Scale, /OR

interquartile range, SD standard deviation
*Fisher’s exact test

® Independent #test

¢ Mann-Whitney U test

Table 3  Bone flap size

Measurement Favourable outcome, Unfavourable outcome, p value* Total
mRS <4 mRS>4
Length of bone flap (mm)
Mean+SD 150.7+17.7 146.9+22.6 0.530 149.1+19.8
Range 119.2-194.9 111.5-192.1 111.5-195
Height of bone flap (mm)
Mean+SD 123.6+11.5 126.5+11.1 0.468 124.7+11.2
Range 108.3-145.4 110-147.5 108-148
Length x height (cm?)
Mean +SD 188.6+£34.3 193.3+£37.2 0.678 190.3+34.5
Range 134.8-270.3 122.7-257.4 122.7-270.3

mRS Modified Rankin Scale, SD Standard Deviation
? Independent #-test
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Patient Outcome at 3 and 12 Months According to mRS Score
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Fig. 2 Patient outcome at 3 and 12 months according to mRS score (mRS Modified Rankin Scale)

impaired basal ganglia function be associated with a poorer
functional outcome.

The results showed a significant difference in preoperative
blood glucose levels between the outcome groups. The medi-
an glucose level was 8.2 mmol/l in the unfavourable outcome
group compared with 6.3 mmol/l in the favourable outcome
group. Spearman’s rank-order correlation also confirmed a
strong positive correlation between preoperative blood glu-
cose and mRS at 3 months. A systematic review by
Kagansky et al. [12] found that hyperglycaemia in stroke pa-
tients was associated with worse clinical outcome than
normoglycaemic patients. The correlation between blood glu-
cose levels and outcome seen in our study supports these
findings.

While there was a clear correlation between blood
glucose and functional outcome in our study, the

Table 4 Comparison to international results

relationship may not necessarily be a causal one.
Diabetes is a common cause of hyperglycaemia that also
increases the risk for stroke [15]. It is, therefore, plau-
sible that some patients had elevated blood glucose
levels without it necessarily being associated with the
degree of brain damage or oedema. Interestingly, studies
have shown that hyperglycaemia remains a significant
independent predictor of higher mortality even in non-
diabetic patients with stroke [13]. One hypothesis is that
hyperglycaemia is the result of increased stress hor-
mones due to a more extensive brain injury. If elevated
blood glucose was indicative of a severe infarction, it
would likely covariate with GCS and involvement of
the basal ganglia as seen in our study.

The present study found no statistically significant
difference in outcome based on age. While functional

Surgery group of DECIMAL ~ Surgery group of DESTINY  Surgery group of HAMLET  Present study
Inclusion criteria, age 18-55 years 18-60 years 18-60 years >18 years
Inclusion criteria, surgery timing <24 h 12-36 h <96 h None
Number of patients 20 17 32 46
Age, mean+ SD 43.4+9.7 432+9.7 50+83 49.8+£9.3
Male sex 45 % 47 % 63 % 67 %
NIHSS, median (IQR) 21.5 (18-25) 21 (19.5-23) 23 (17-34) 19 (16.7-22.3)
Hours to surgery, median (IQR) 16.1 (10.8-21) 24.4 (18.1-29.1) 41 (29-50) 38 (21.6-56.3)
Mortality at 12 months 25 % 17.6 % 22 % 30.4 %

SD standard deviation, NIHSS National Institutes of Health Stroke Scale, /OR interquartile range
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outcome may be slightly worse in older patients, the
outcome may still be acceptable when compared to the
high probability of death. Surgery timing also failed to
display a significant impact on functional outcome.
Current guidelines recommend DHC within 48 h for
MCA infarction in patients up to the age 60 [20]. It
is, therefore, remarkable that neither age nor surgery
timing showed any statistically significant correlation
with functional outcome.

While the difference in surgery timing failed to reach
statistical significance (p=0.074), the median time to
surgery in the favourable outcome category was 42.9 h
compared with 24.4 h in the unfavourable outcome cat-
egory. It is probable that patients with a massive infarc-
tion displaying signs of impending herniation likely re-
ceived surgery earlier than patients displaying mild neu-
rological symptoms. A similar trend was seen in the
HAMLET trial, where DHC had no effect on the out-
come of patients randomised after 48 h [6]. The trend in
surgery timing in our study likely reflects the decisions
made by the neurosurgical team to delay surgery as
opposed to indicating that longer time to surgery leads
to better outcome.

The present study found no correlation between func-
tional outcome and bone flap size. However, the volume
of decompression is mathematically correlated to the
diameter of the craniotomy. A study by Flechsenhar
et al. [3] found that a craniotomy should be at least
12 cm in diameter in order to achieve sufficient decom-
pression. The results in Table 3 show that the majority
of patients in the present study received a craniotomy
larger than 12 cm in diameter. This suggests that bone
flap size failed to impact outcome since it varied within
an acceptable range.

Speech is generally lateralised to the left hemisphere in
right-handed individuals [14]. Due to the high degree of
lateralisation, it has been hypothesised that infarctions in the
speech-dominant hemisphere be associated with poorer func-
tional outcome. A major source of concern has been that an
MCA infarction and subsequent DHC in the speech-dominant
hemisphere may result in poor quality of life (QoL) due to
aphasia. However, studies have found no indication that the
side of the infarction impacts QoL [4, 18].

In the present study, significantly more patients with
right-sided infarctions underwent DHC. However, the
incidence of MCA infarctions is approximately equal
between the left and right hemisphere [5]. This indicates
that a bias has taken place. More patients with left-sided
infarctions may have been treated conservatively in be-
lief that they be associated with poorer QoL. Both our
study and previously published studies found no differ-
ence in outcome depending on the side of the infarction.
According to the current state of knowledge, there is no

reason that patients with left-sided infarctions should be
treated more conservatively.

A recent retrospective study by Merenda et al. [16]
concluded that strokectomy may be considered when
there is reason to believe that DHC alone will result
in insignificant decompression. However, this additional
decompressive treatment was not applied in our study.
Further, the study identified a preoperative non-reactive
pupil as the only significant predictor of clinical failure
of DHC. A non-reactive pupil was also associated with
poor outcome in our study but failed to reach statistical
significance. In line with our study, a strong trend was
seen between lower GCS score and clinical failure.

Favourable outcome in our study was defined as mRS <4.
While a moderately severe disability may not seem like a
favourable outcome in many other settings, it may be an ac-
ceptable outcome when the alternative is near certain death. A
systematic review by Rahme et al. [18] found that 77 % of
patients and/or caregivers were satisfied and would consent to
DHC again. Currently available evidence suggests that the
vast majority of patients are satisfied with their life after
DHC despite physical disabilities.

The recovery process is still ongoing after 3 months and
one would, therefore, expect the functional outcome to im-
prove after an additional 9 months of recovery and rehabilita-
tion [10, 22]. At 12 months postoperatively, both mRS 1 and
mortality increased slightly while mRS 3, 4 and 5 decreased
compared to the 3-month outcome. However, the true signif-
icance of these differences remains uncertain due to a degree
of missing outcome data at 12 months.

A strength of the present study is that it included 46 con-
secutive patients, a larger population than the surgery groups
in all three randomised trials [6, 10, 22]. However, the retro-
spective study design also carries inherent limitations. The
lack of a control group necessitates caution in drawing con-
clusions about the relative effect of DHC compared to no
DHC, in this population.

Clinical implications

While established guidelines on DHC are currently lack-
ing, available recommendations on the inclusion criteria
for DHC are based on age and time to surgery [20].
Our results indicate that preoperative GCS, blood glu-
cose and involvement of the basal ganglia may be of
greater importance. Preoperative GCS appears to be the
strongest predictor of outcome and it should, therefore,
be included in the recommendations for DHC. The
probability of favourable outcome is already reduced
once GCS has begun to decline, which calls for a more
proactive approach to surgery. However, it is also un-
ethical to perform an invasive neurosurgical procedure
on a patient who may not need it. While pre-emptive
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DHC is therefore questionable, the neurosurgical team
must be exceptionally sensitive to neurological deterio-
ration to enable prompt surgery at the first signs of
declining neurological status. This underscores the im-
portance of high-quality neurological monitoring.

Conclusions

The present study indicates that preoperative GCS, blood glu-
cose levels and involvement of the basal ganglia are signifi-
cantly correlated with functional outcome. Our results indicate
that the inclusion criteria for DHC can be improved by includ-
ing these significant prognostic factors. The present study
contributes to an evidence-based analysis of probable func-
tional outcome based on preoperative factors. This in turn
enables an informed discussion of the possible outcome of
DHC with the patient and their significant others.
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Comment

This is a quality manuscript and worthy of our consideration. It is grati-
fying to see that such good information can be mined from a retrospective
study design, and I commend the authors for their rigorous and scientific
approach to the subject.

There is useful information in this report that impacts our clinical deci-
sion making, specifically, that in cases of malignant MCA infarction, sur-
gery is worthwhile, and that favorable surgical outcome can be predicted by
three preoperative factors—a higher GCS score, lower blood glucose, and
lack of basal ganglia involvement. Equally important to us is that other
factors which we traditionally hold sacred don’t seem to impact outcome,
like left/right infarct laterality, size of bone flap, age, sex, or time to surgery.

For our own practice in the USA we customarily let the patient’s
family make the final decision. We have no hesitation to perform DHC
for MCA infarcts, and we do it routinely. When we do it we try our best to
do it early, before a falling GCS sets in, and before frank cerebral herni-
ation has occurred.

We believe in this treatment as a strategy for patient salvage and we
believe that this report extends our knowledge base regarding patient
selection and the path to a successful outcome. The alternative in malig-
nant MCA infarct, absent surgery, is customarily death, which we seek to
avoid when we can.

Christopher M. Loftus
Illinois, USA

@ Springer
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