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Abstract

In patients with malignant middle cerebral artery (MMCA) stroke, a vital clinically relevant question is determination of the
speed with which infarction evolves to select the time for decompressive hemicraniectomy [DHC]. A retrospective, multicenter
cross-sectional study of patients referred for DHC, based on the criteria of randomized controlled trials, was undertaken to
identify factors for selecting the timing of DHC in MMCA stroke, stratified by time [< 48, 48—72, > 72 h]. Infarction volume and
infarct growth rate [IGR] were measured on all CT scans. One hundred eighty-two patients [ 135 underwent DHC and 47 survived
without DHC] were included in the analysis. After multivariate adjustment, factors showing the strongest independent associ-
ation with DHC were patients < 55 years of age, septum pellucidum deviation, temporal lobe involvement, MCA with additional
infarcts, and IGR on second CT. Of the five factors identified, different combinations of determining factors were observed in
each subgroup. Both first and second IGRs were highest in the <48, 48—< 72, and > 72 h [p <0.001]. Patients who survived
without surgery had the slowest IGRs. There was no association between time to DHC and infarct volume, although infarct
volume was lower in patients who survived without DHC compared to the DHC subgroups. We identify the major risk factors
associated with DHC in time-stratified subgroups of patients with MMCA.. Evaluation of IGRs between the first and second scan
and when possible second and third scan can help in selecting the timing of hemicraniectomy.
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Introduction

In patients with malignant middle cerebral artery (MMCA)
stroke, an important and clinically relevant question is deter-
mination of the speed with which the infarction evolves, as it
is important in determination of the best timing for decom-
pressive hemicraniectomy [DHC]. Recent studies utilizing
multimodal imaging have shown that the speed of infarction
growth rate (IGR) following occlusion of a major cerebral
vessel varies widely in patients with MMCA [1].
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Clinicians are very frequently faced with the dilemma
of deciding on the best time for DHC in patients with
MMCA stroke. Some reports support the concept of early
surgery [<24 h] [2—4], while others have failed to show
any benefit with such an approach [5-7]. Systematic re-
views regarding time to surgery and outcome also show
conflicting results [6, 8, 9]. Indeed, a recent survey and
retrospective data reviews have shown widely varying at-
titudes and recommendations for DHC in relation to age,
preoperative GCS, and extent of infarction among neuro-
surgeons and stroke physicians [7, 10, 11].

We hypothesized that combining key clinical characteris-
tics with IGR on imaging can be used as a guide in selecting
the timing of hemicraniectomy.

Patients and Methods
DHC databases from three tertiary referral centers in three

countries [Hamad General Hospital, Qatar; Rashid Hospital,
Dubai, UAE; and Shifa International Hospital, Pakistan]
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collected between 2007 and 2014 were analyzed. All patients
referred for DHC were included. The selection of patients was
based on the following criteria: National Institutes of Health
Stroke Scale score [NIHSS] > 15 including, a score of 1 for
item la (decreased level of consciousness from the beginning
or progressive deterioration], brain computed tomography
[CT] evidence of ischemia involving two third of the middle
cerebral artery [MCA] or 50% MCA with additional anterior
cerebral artery [ACA] or posterior cerebral artery [PCA] in-
farction and signs of local swelling. Patient’s records were
reviewed for demographics, risk factors, imaging studies,
hyperosmolar therapy, neurological signs and time of hernia-
tion, and time to surgery. Measurement of the infarct volume
[IV] was made using open source image analysis software
OsiriX version 5.6 [12]. Maximum infarct volume [MIV]
was calculated using the last CT before DHC. For the type
of'vessel occlusion, CT angiography (CTA), MR angiography
(MRA), or a conventional digital angiogram were utilized.
Patients were excluded if only a single imaging study was
performed, with parenchymal hematoma grade II [13], or
hemorrhage with ventricular extension and missing surgical
details.

Infarct Growth Rate Calculation

For the first infarct growth rate [IGR 1] calculation, we as-
sumed the stroke volume to be zero prior to stroke onset.

IGR1 = Avolume (infarct volume CT1-0)/Atime (time CT1-stroke onset time)

Second infarct growth rate [IGR2] was measured on the
second CT [CT2] using the following formula:

IGR2 = Avolume (infarct volume CT2—infarct volume CT1)
/Atime (time CT2—time CT1)

Experienced clinical physicians/neurosurgeons based upon
the individual clinical condition and brain imaging made the
decision for DHC. Patients were generally taken for surgery if
there was progressively deteriorating level of consciousness
with or without early clinical signs of herniation.

Outcome was assessed with the modified Rankin score
(mRS) dichotomized as favorable [mRS <4] and unfavorable
[mMRS >4] at 3 months by patient examination in the outpa-
tient clinics. We also looked at the outcome in subgroup strat-
ified by time [< 48, 48—72, > 72 h] to DHC.

The hospitals included in the study are tertiary referral cen-
ters with well-established comprehensive stroke services in-
cluding acute stroke diagnostic, vascular interventional ser-
vices, stroke units, and rehabilitation services. An acute stroke
team provides a rapid assessment service 24 h a day, 7 days a
week. Each hospital has a neurosurgical program, actively
participating in the vascular neurology service.

Data Analysis

Descriptive results are presented as mean =+ standard deviation
for normally distributed data, or median with range for data
that are not normally distributed. Number (percentage) is re-
ported for all qualitative variables (gender). Bivariate analysis
was performed using analysis of variance (ANOVA), the
Kruskal-Wallis test, the Pearson chi-square, or the Fisher exact
test whenever appropriate to compare all independent vari-
ables (e.g., age, gender) among the DHC subgroup stratified
by time [<48, 48-72, > 72 h]. A multinomial logistic regres-
sion model was used to identify significant independent fac-
tors associated with the DHC subgroup stratified by time [<
48, 4872, > 72 h]. Participants who did not undergo DHC
were used as the outcome reference category. Using goodness
of fit test assessed the fit of the final model to the data.
Adjusted odds ratios (AOR) and 95% CI for each level of
DHC subgroup are reported for the final model. A two-sided
P value <0.05 was considered statistically significant. Data
analysis was performed using SPSS version 22 (IBM
Corporation: Armonk, NY, USA).

Results

Two hundred and twelve patients were selected for DHC
based on the above criteria. One hundred and forty-six pa-
tients underwent DHC and 66 patients initially selected for
surgery were not operated on (19 refused surgery and died
and 47 stabilized without further deterioration and the treating
physician/surgeon decided not to operate on them). Eleven
patients were excluded from the DHC analysis (2 with incom-
plete data, 6 with hemorrhage and ventricular extension, and 3
with hemorrhage deemed to have caused acute worsening (PH
II)). Nineteen patients who refused surgery and died were also
excluded from further analysis. The final analysis included
135 patients who underwent DHC and 47 who survived with-
out DHC. Median time to DHC was 51.33 h (range 12 to
312 h: 1<48 h, 54 (40%); 48-72 h, 44 (32.6%); and > 72 h,
37 (27.4%)).

Factors Associated with Surgical Timing
[Table 1]

The demographics and clinical and radiological variables
among DHC subgroups stratified by time to surgery [<48,
48-72, > 72 h] are given in Table 1. In bivariate multinomial
logistic regression analysis, there was a significant association
between patient age and the timing of surgery in each sub-
group of time to DHC. There were more males in each sub-
group due to the expatriate population in Qatar and UAE
being predominantly male. There was no difference in
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admission NIHSS [p =0.083] or preoperative GCS
[p = 0.597] in the patients with and without DHC. There
was no statistically significant difference in the first and final
infarction volume in patients who underwent DHC but was
higher than in those who survived without surgery [Fig. 1].
While the first infarction volume did not show any significant
difference, the second infarction volume was significantly
higher in patients who underwent DHC [p =0. 001] [Fig. 1].
There was no significant difference in second infarct volume
between each DHC subgroup except >72 h which was similar
to the non-DHC group. The final infarct volume in the >72 h
group was also significantly higher than the non-DHC group,
reflecting an increased growth in this subgroup (untreated for
> 72 h) [Fig. 1]. Both first and second infarct growth rates
were highest in the <48 h group followed by 48—< 72, and
> 72 h [p <0.001]. The third infarct growth rate showed a
decline in all remaining subgroups except > 72 h where it
showed an increase [Fig. 1]. Though the 3-month outcome
was better in the non-DHC group compared to the DHC
group, there was no statistically significant difference in the
outcome of DHC subgroups stratified by time to surgery (P =
0.747).

Multivariate multinomial logistic regression analysis
[Table 2] identified the following significant independent fac-
tors to be associated with time to DHC in the subgroups [< 48,
48-72,>72 h]: patients < 55 years of age, septum pellucidum
deviation > 0.75 cm, patients with temporal lobe involvement,
MCA with additional infarcts, and infarct growth rate on sec-
ond CT. Of the five factors identified, different combinations
of predictive factors were identified in each subgroup.
Infarction growth rate on second CT showed a highly signif-
icant [p <0.01] relation to surgery in <48 [21% chance of
early surgery with each unit ml/h increase in the IGR] and a
significant [p < 0.01] association in 48—< 72 h [14% chance
of surgery with each unit ml/h increase in the IGR] subgroups
and no association in the >72 h subgroup [Fig. 1]. Though
clinical herniation was significantly associated with surgery in
each subgroup in the bivariate analysis, in multivariate step-
wise regression analysis in the presence of temporal lobe in-
volvement and septum pellucidum deviation, clinical signs
lost their significance. Temporal lobe involvement retained
its significance compared to uncal herniation when adjusted
for other confounder variables. MCA with additional infarc-
tion was significantly associated with surgery in each sub-
group except 48—< 72 h compared to the non-DHC group.
This could be related to septum pellucidum displacement in
the 48—< 72 h group [more than twelve times the odds of
surgery| leading to additional ACA infarcts in the >72 h
group where MCA with additional infarcts again regains its
significant relationship to DHC [nearly five times the odds of
surgery|. In the multivariable regression constructs evaluating
time to surgery after including infarct volume, type of infarct,
and infarct growth rate in addition to other covariates, only
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infarct growth rate and type of infarct retained a significant
association.

Discussion

In the present analyses, we identified five factors that may
assist with the determination of the best timing for DHC in
patients with MMCA stroke. Our analysis shows that the rate
of change in infarction size between two CT scans can be
helpful in selecting the timing of hemicraniectomy. Our data
shows no statistically significant difference in the first, sec-
ond, and final infarction volumes across DHC subgroups strat-
ified by time, but the IGRs [first, second, and third] were
significantly higher in patients operated earlier [Table 1, Fig.
1]. The analysis of the two IGRs shows an initially rapid and
approximately linear growth in each DHC subgroup and sub-
sequent continued growth at a slower pace [Fig. 1]. While
studies have reported a natural logarithmic pattern, human
stroke may grow initially in a linear pattern followed by
slower growth due to space limitation from the cranium and
dural attachments [14, 15].

The process of edema formation and progression, after an
acute ischemic insult, is a complex interplay between distinct
fluid compartments within the cranium. This results in ionic
gradients leading to a stepwise temporal progression from
cytotoxic (cellular) to ionic [intact blood brain barrier] and
finally to vasogenic edema [with disruption of blood brain
barrier] [16], causing an increase in brain volume and eleva-
tion of intracranial pressure [ICP]. These changes in turn com-
promise cerebral microcirculation and failure of collateral cir-
culation with expansion of the infarction and eventually her-
niation of cerebral tissue. A plethora of clinical, laboratory,
and radiological predictors of malignant edema after large
MCA infarction has been reported [7, 17-21]. Among patients
with MMCA infarctions, an increased possibility of DHC is
associated with younger age, MCA with additional infarction,
midline shift, diabetes, infarction volume, and temporal lobe
involvement [17, 22, 23].

The wide range of IGR in patients with MMCA stroke
suggests that an individualized approach utilizing clinical
and imaging information to select the time for DHC may offer
an alternate approach in selecting time of DHC. Post stroke
edema progresses during the first 24 to 48 h and often peaks
later than 48 h [24]. Therefore, the time window within which
DHC may be beneficial for such patients might be wider.
Currently, DHC is limited to less than 48 h, based on the
results of the European randomized control trials. These trials
were neither designed nor powered to evaluate the optimal
timing of intervention. Although some studies have reported
improved outcome with early treatment, as compared with
treatment after clinical deterioration, [25, 26] others could
not confirm this finding [6]. In a recent nationwide inpatient
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Table 1 Comparison of
demographics, clinical Factors No DHC Time from onset to DHC (h) p value
characteristics, and radiological
factors from time of onset to n=47 <48h.n=54 48-72h.n=44 >72h.n=37
surgery (n=182) (25.8%) (29.7%) (24.2%) (20.3%)
Age <55 years 19 (40.4) 41 (75.9) 34 (77.3) 27 (73.0) <0.001
Gender (male) 33 (70.2) 41 (75.9) 40 (90.9) 28 (75.7) 0.103
Hypertension 34 (72.3) 24 (44.4) 16 (36.4) 21 (56.8) 0.003
Diabetes 10 (21.3) 22 (40.7) 8 (18.2) 15 (40.5) 0.023
Dyslipidemia 11 (23.4) 22 (40.7) 8(18.2) 18 (48.6) 0.007
CAD 13 (27.7) 10 (18.5) 13 (29.5) 5(13.5) 0.244
CHF 6 (12.8) 4 (7.4) 5(11.4) 2(54) 0.620
Clinical herniation 7 (14.9) 38 (70.4) 29 (65.9) 27 (73.0) <0.001
CT uncal herniation 18 (38.3) 43 (79.6) 29 (65.9) 20 (54.1) <0.001
SP absolute 11 (234) 26 (48.1) 32(72.7) 22 (59.5) <0.001
>0.75 cm
Anti-edema therapy 19 (40.4) 48 (88.9) 35(79.5) 30 (81.1) <0.001
Temporal lobe 20 (42.6) 41 (75.9) 25 (56.8) 20 (54.1) 0.007
involved
Pre-op GCS - 7.5+£2.5 7.8+22 72+23 0.597
Vessel occlusion
MCA 39 (84.8) 27 (58.7) 30 (78.9) 22 (78.6) 0.114
MCA/ACA 12.2) 7 (15.2) 3(7.9) 2(7.1)
ICA/MCA/ACA 6 (13.0) 12 (26.1) 5(13.2) 4(14.3)
MCA with additional 6 (12.8) 30 (55.6) 13(29.5) 14 (37.8) <0.001
Infarct
Infarct volume 1 cm® 123+114.5 114.5+100.6 1143+113.6 0.576
94.4£8-
6.23
Infarct volume 2 cm® 264 £96.5 349.5+130.1 341.8+£124.4 276.8+132.6 0.001
Final infarct volume 371.8+125.2 390.4+113.5 339.8+115.8 <0.001
2852+
85.3
Infarct growth rate 5.6£3.0 15.1+8.1 8.8+4.2 53£52 <0.001
1 ml/h
Infarct growth rate 54+4.1 13.6+8.7 92+£55 49+6.3 <0.001
2 ml/h
Infarct growth rate 28+2.6 7.7+49 44+2.6 73+11.2 0.039
3 ml/h
Time of first CT 9.1+£10.2 6.4+7.5 74+823 9.8+£10.2 0.250
hours
Time of second CT 53.4+43.9 25.7+10.1 36.5+£15.8 77.8+59.1 <0.001
hours
Time to final CT 643+44.1 29.0+£13.3 49.2+16.2 94.8+£58.7 <0.001
hours
Prognosis 3 months
mRS 04 40 [85.1%] 29 [53.7%] 28 [63.6%] 25 [67.6%] 0.009
mRS 5-6 7 [14.9%] 25 [46.3%] 16 [36.4%] 12 [32.4%]

sample analysis, early surgery, within 24 or 48 h, was not
associated with differential outcomes. However, surgery after
72 h increased the odds of poor outcome [9]. A major limita-
tion was time to surgery was calculated from hospital admis-
sion and not symptom onset. Despite the current recommen-
dations, majority of neurosurgeons and stroke physicians

[60%] would recommend surgery between 48 and 72 h and
27% beyond 72 h [10]. In the real world beyond randomized
trials, DHC is still being performed after 48 h window [7, 9,
11, 27, 28]. The timing for DHC has been an issue that fo-
ments considerable debate. What triggers surgery for large MCA
stroke is unknown. American Heart Association recommends
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Fig. 1 Comparison of infarct volume and IGR according to DHC time
subgroups vs. non-DHC group. Colored solid lines represent infarction
volume changes with time and corresponding colored dashed lines IGR
changes. While the first infarction volume did not show any significant
difference, the second infarction volume was significantly higher in pa-
tients who underwent DHC [p < 0. 002]. There was no significant differ-
ence in second infarct volume between each DHC subgroup except>72 h
which was similar to the non-DHC group. The final infarct volume in the

using a “decrease in level of consciousness and its attribution
to brain swelling as selection criteria” (strength of evidence is
moderate or Class Ila) [29]. On the other hand, delaying DHC
may lead to clinical herniation. The relevance of signs of her-
niation before surgery has not been addressed in the controlled
trials, as all patients were operated on prior to the development
of signs of herniation [30]. Delaying surgery may lead to

=il 48-72 hour i >72 hours
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>72 h group was also significantly higher than the non-DHC group,
reflecting an increased growth in this subgroup. Both first and second
infarct growth rates were highest in the < 48 h group followed by 48—< 72
and >72 h [p <0.001]. The third infarction growth rate showed a decline
in all remaining subgroups except >72 h where it increased and
underwent DHC after the increase in the IGR. Time to CT in hours,
average infarct volume in cm®, and IGR in milliliters/hour

clinical herniation compromising the outcome of DHC [7, 9,
11]. Therefore, DHC should be performed prior to the occur-
rence of this clinical sign of herniation. The current study
provides an alternative approach of using the speed of infarct
growth instead of waiting for clinical deterioration to operate.
Since the first and second IGR showed a linear relationship,
patients with rapid IGR could be operated earlier [Fig. 1]. The

Table 2 Multinomial logistic
regression model to identify

DHC <48 h. vs. no

DHC 48-72 h. vs. no HCN > 72 h. vs. no

significant factors associated with
time of onset to surgery (n=182)

@ Springer

DHC* DHC*

Odds ratio (95% CI)

Odds ratio (95% CI)

DHC*
Odds ratio (95% CI)

9.46(2.91-30.75)**
1.21(1.1-1.34)%*

Age <55 years

Infarct growth rate on second
CT
SP displacement >0.75 cm

MCA with additional infarct
Temporal lobe involvement

2.01(0.53-7.58)
10.43(2.81-38.6)**
5.10(1.68-15.4)*

5.75(1.9-17.2)**
1.14(1.0-1.3)**

12.42(3.3-47.1y%*
2.7(0.7-10.1)
1.8(0.6-5.1)

424(1.4-12.4y*
0.95(0.8-1.08)

7.78(2.1-28.7)**
4.70(1.3-17.1)*
1.67(0.5-4.73)

Adjusted OR and 95% CI for adjusted odds ratio with “*” indicating statistical significance

SP septum pellucidum

#Reference category is patient that did not undergo DHC, but survived
*P <0.05

**P <0.01
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convincing results of the European trials and their pooled
analysis should be applied to the patients with rapid IGR [<
48 h.

An interesting finding was the rapid increase in the third
IGR in patients operated beyond 72 h compared to the non-
DHC group while first and second IGR were comparable be-
tween the two groups [Table 1, Fig. 1]. Since these patients
may not have high IGR, therefore, early surgery cannot be
suggested in this group. This may reflect delayed failure of
the collateral circulation, related to increasing mass effect. We
did not measure the collateral status in our patients but re-
search suggests that the presence of good collaterals may ex-
tend the time treatment window of acute stroke by slowing
down the loss of penumbral tissue [31]. Our results are similar
to DEFUSE-2 where10% of patients with distal MCA occlu-
sion were slow progressors [32] and to the significant varia-
tion in IGR as evident on serial MRI study of untreated acute
stroke [33]. Our data is also supported by previously reported
penumbral loss rate of 8.9 ml/h without collateral flow [34].
The IGR in patients who survived without surgery was signif-
icantly slower in comparison with DHC subgroups [Table 1,
Fig. 1]. IGR also varied considerably for stroke with occlu-
sions of the same vessel [type of infarct], likely related to the
collateral circulation. There was no significant difference in
the final infarct volume in DHC subgroups suggesting that the
time to repeat the CT scan will depend on the IGR calculated
on the first CT scan. This is supported by the MRI-based
infarction volume of more than 82 ml within 6 h [21] or more
than 145 ml within 14 h of stroke onset [corresponding IGR
13.66 ml/h and 10.35 ml/h respectively] as predictors of ma-
lignant transformation. In turn, the second IGR can help select
surgical timings or if IGR is slow, the time for repeat imaging.

Limitations

Our study has several limitations including the retrospective
nature of the study with the lack of a randomized comparison
between groups. Another limitation relates to the assessment
of the IGR on CT scans. DW-MRI would have been a more
sensitive tool but patient’s condition and logistical and finan-
cial reasons precluded repeated MRI imaging in our patients.
Moreover, the DECIMAL trial excluded patients who were
unable to undergo MRI. The MRI imaging-based data may
not be generalizable to many centers that do not have access to
MR imaging. Non-contrast CT of the brain remains the main-
stay of imaging in acute stroke, as it is fast, inexpensive, and
readily available. Although early ischemic changes within 6 h
of stroke onset may be difficult to recognize on CT scans, the
reported sensitivity for detection of early signs of infarction
within 3 h of an MCA stroke is 75% [35, 36]. Moreover, using
variable window width and center level settings can increase
the sensitivity.

Other limitations include imaging not performed at uni-
form time points and the assumption that CT changes were
present when the stroke symptoms began. It is possible that
the hypodensity developed at a later time interval; hence, the
first IGR may have a different value. However, the IGR on
second CT did not show any significant difference presuming
that infarct growth is linear in the acute stage [1, 15]. The
smaller sample size in DHC subgroups may have led to
overfitting the model with five predictors and wide confidence
intervals for the odds ratios in our data sound a note of caution
for the interpretation of these values. However, this is a retro-
spective data review only, identifying factors that might help
determine the DHC timings. The criteria for surgery may have
differed between physicians/surgeons and centers with widely
applied standardization protocol for DHC; thus, a selection
bias cannot be excluded. Finally, a major limitation is the
short-term (3-month) follow-up and type of rehabilitation re-
ceived. The difference in rehabilitation facilities could be an-
other factor impacting the outcome. Because of most signifi-
cant functional recovery happening within the first 6 months
after stroke, a minimal observation period of 6 months is rec-
ommended [37]. Since most expatriates leave the country
[Qatar and UAE] after treatment, long-term follow-up was
not available. The sample size of time-stratified subgroups
was small with differences in the demographic, clinical, and
radiological characteristics. The multivariate analyses per-
formed may not have adequately addressed this issue due to
sample size limitations.

Future Direction

IGR calculation based on diffusion MR imaging performed at
predefined time intervals is needed to further refine the con-
cept of IGR-based DHC timings. The relationships between
infarct growth and DHC timings require confirmation in larger
prospective studies.

In conclusion, we report several factors associated with
potential to select DHC timings in patients with MMCA. A
critical variable to consider is the rapidity with which an in-
farction grows. The variability in IGR suggests that the timing
of DHC may be individualized. Evaluation of IGRs between
the first and second scan and when possible between the sec-
ond and third scan can be helpful in selecting the timing of
DHC. Our data was collected from multiple hospitals in three
countries and reflects real-world clinical practice rather than
the findings of a clinical trial.
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The study adhered to the tenets of the declaration of Helsinki and was
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