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Rationale Although decompressive hemicraniectomy clearly
reduces mortality in severe space-occupying middle cerebral
artery infarction (so-called malignant middle cerebral artery
infarction), every fifth patient still dies in the acute phase and
every third patient is left with moderate to severe disability.
Therapeutic hypothermia is a neuroprotective and antiedema-
tous treatment option that has shown promising effects in
severe stroke. A combination of both treatment strategies may
have the potential to further reduce mortality and morbidity in
malignant middle cerebral artery infarction, but needs evalu-
ation of its efficacy within the setting of a randomized clinical
trial.
Aims The DEcompressive surgery Plus hypoTHermia for
Space-Occupying Stroke (DEPTH-SOS) trial aims to investigate
safety and feasibility of moderate therapeutic hypothermia
(33°C � 1) over at least 72 h in addition to early decompressive
hemicraniectomy (�48 hours after symptom onset) in patients
with malignant middle cerebral artery infarction.
Design The DEcompressive surgery Plus hypoTHermia for
Space-Occupying Stroke is a prospective, multicenter, open,
two-arm (1:1) comparative, randomized, controlled trial.
Study outcomes The primary end-point is mortality at day 14.
The secondary end-points include functional outcome at day
14 and at 12 months follow-up, and complications related to
hypothermia.
Discussion The results of this trial will provide data on safety
and feasibility of moderate hypothermia in addition to decom-
pressive hemicraniectomy in malignant middle cerebral artery
infarction. Furthermore, efficacy data on early mortality and
long-term functional outcome will be obtained, forming the
basis of subsequent trials.
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Introduction and rationale

Severe space-occupying middle cerebral artery (MCA) infarction,

so-called malignant MCA infarction, is a devastating disease with

a high-case fatality of up to 80% under palliative care and about

70% even under maximum conservative treatment (1–5). Early

decompressive hemicraniectomy (DHC) has been proven effec-

tive in reducing mortality and improving functional outcome in

randomized controlled trials in patients aged 18 to 60 years (2–5).

Despite this clear and marked treatment effect, every 5th patient

still dies in the acute phase mostly due to edema-induced brain

tissue shift and every 3rd patient survives but is moderately

to severely disabled. In other words, there is still room for

improvement in the treatment of patients with malignant MCA

infarctions.

Therapeutic hypothermia (TH) is a neuroprotective and anti-

edematous therapy with proven efficacy in animal models and

clinical trials after global ischemia, albeit proof of efficacy is still

lacking for focal cerebral ischemia (6–8).

Review of the literature on hypothermia for
malignant MCA infarction
There is high interest among clinicians to use TH in patients with

malignant MCA infarction. This is foremost reflected by a large

number of review articles published on this subject (30 as of

March 2012) and the fact that TH is already being applied as a

standard therapy within local treatment protocols for severe

stroke in several centers throughout Germany, either alone or

combined with DHC. In contrast, there are only comparably few

numbers of studies in stroke patients, 9 case reports and 19 obser-

vational studies as of March 2012 (for references and search strat-

egy, see Supporting Information Table S1).

Quality and amount of reliable data on patients treated with

TH decrease even further when reviewing the original articles:

The study by Krieger and colleagues is often cited in this context

(9). However, only 9 of the 19 patients in this study fulfilled the

imaging criteria of a large MCA infarction as used in recent ran-

domized trials (2–4). The work by Jian S and Su J (who are both

Jian Su) and co-workers (Int J Dev Neurosci 2003;21:353–6 mean-

while retracted and Chin J Traumatol 2003;6:318–20) are one

to one plagiarisms of the article published by Schwab and

co-workers in 1998 (10). In several articles (9–13), a study by
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Naritomi H, Shimizu T and colleagues is cited with different

orders of authors and citations, which cannot be tracked on

PubMed (Mild hypothermia in acute embolic stroke: a pilot

study. J Stroke Cerebrovasc Dis 1996;6:193–6; Mild hypothermia is

effective for the treatment of acute embolic stroke if induced

within 24 hours after onset but not the later phase. J Stroke Cere-

brovasc Dis 1996;6(suppl 1):193–6; Mild hypothermia is effective

for the treatment of acute embolic stroke if induced within 24

hours after onset but not in the later phase. J Cereb Blood Flow

Metab 1997;17:42). Most of the remaining studies had no control

groups and TH was often used in patients who were thought

ineligible for DHC (i.e., patients with infarctions of the dominant

hemisphere), at a time before data on DHC were available from

randomized controlled trials. When reviewing these articles, it

seems that several of them reported on patients who have already

been reported in previous studies, thereby indicating at least

partial repeated publication (Supporting Information Table S1).

Nevertheless, the available data allow estimating a potential

treatment effect of hypothermia in malignant MCA infarction

(Supporting Information Table S2): Although less effective than

DHC, moderate TH (32–33°C) seems to reduce mortality to

about 40% in observational studies, a treatment effect that was

broadly similar across different studies, settings, and duration of

hypothermia (1 to 22 days). In addition, clinical outcome of sur-

vivors seems to be better than after DHC (Supporting Informa-

tion Tables S1 and S2). Most deaths under TH occurred due to

rebound edema in the rewarming phase (10,14), before slow

rewarming was demanded in subsequent protocols (15). Frequent

complications of hypothermia include an increased risk of

pneumonia, cardiac arrhythmias, and coagulation disorders

(10,14,16,17). However, the latest Cochrane Review did not find

significant differences in complications between TH and conven-

tional treatment (18).

There are three studies reporting data on the combined

approach of DHC plus TH (19–21). Only one of these studies

reported outcome data comparing DHC plus mild TH (35°C) for

two-days with DHC alone in a prospective, randomized, con-

trolled fashion. The study included 25 patients and might therefore

not be capable to demonstrate a moderate benefit in the treatment

group. However, a trend toward improved functional outcome

without an increased risk of severe side-effects and complications

could be observed in patients undergoing additional TH (21).

Available data suggest that because of its promising effects, and

its acceptable rate of side-effects, which are usually controllable in

the intensive care setting, a combined approach of TH with DHC

could further reduce morbidity and mortality in patients with

malignant MCA infarction. To test this hypothesis, the DEcom-

pressive surgery Plus hypoTHermia for Space-Occupying Stroke

(DEPTH-SOS) Study Group decided to conduct a multicenter,

randomized controlled trial to create the best possible evidence

for this approach.

Methods

Design
The DEPTH-SOS is a prospective, multicenter, open, two-armed,

comparative, randomized controlled trial (Fig. 1). The trial was

approved by the leading ethics committee of the Friedrich-

Alexander University, Erlangen, Germany (Reference Number:

4349, date of approval: February 24, 2011) and the local ethics

committees of the participating centers. The study is performed

in accordance with the Declaration of Helsinki and its subsequent

amendments and the guidelines of Good Clinical Practice. The

study is registered in the German Clinical Trial Register (DRKS)

and the International Clinical Trials Registry Platform (http://

www.drks.de/DRKS00000623). As of March 2012, six centers are

participating.

Patient population
All subjects with space-occupying MCA infarction planned for

early DHC within 48 h of symptom onset independent of the trial

are eligible for participation if the following inclusion criteria are

met:

• age between 18 and 60 years

• clinical signs of unilateral MCA infarction

• severe stroke as determined by the National Institute of Health

Stroke Scale (NIHSS) score �15 if the nondominant hemisphere

is affected or �20 if the dominant hemisphere is affected

• reduced level of consciousness as determined by NIHSS item 1a

(�1)

• unilateral ischemia of at least 2/3 of the MCA territory con-

firmed by computed tomography (CT) or magnetic resonance

imaging (MRI). The basal ganglia must be at least partially

involved. Additional involvement of the anterior and/or posterior

cerebral artery territories may be present

• decision to proceed to DHC by the treating physicians

• possibility to start DHC within 48 h after symptom onset

• possibility to start TH within 12 hours after DHC, and

Fig. 1 Study flowchart of the DEPTH-SOS trial.
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• written informed consent by the subject himself/herself, his/her

legal representative, adjudication of a legally competent judge, or

an independent physician according to the respective local

conditions.

Subjects are not eligible for participation and will be excluded

from the trial if any of the following criteria is fulfilled:

• premorbid mRS score �2 and/or Barthel Index <95

• simultaneous other brain lesion, for example, traumatic brain

injury, infarction contralateral or infratentorial in addition to the

index-infarction

• clinical signs of transtentorial herniation

• deep coma as determined by a Glasgow Coma Scale (GCS)

score <6 (does not apply to intubated patients)

• secondary hemorrhage in the area of infarction with space-

occupying effect (PH2)

• known systemic bleeding or coagulation disorders

• known contraindications for TH, for example, vasospastic

disease, hematological disease with increased risk of thrombosis,

paramyotonia congenita, severe preexisting cardiac, liver or

kidney disease

• known indications for TH, for example, after cardiopulmonary

resuscitation

• pregnancy

• life expectancy of less than three-years

• sepsis

• end-stage malignant disease, and

• participation in any other interventional trial

Randomization
After written informed consent, subjects are randomly assigned to

DHC alone (standard treatment) or DHC plus moderate hypo-

thermia using a web-based system (http://www.randomizer.at).

Randomization is stratified for center and allocates patients 1:1 to

one of the two treatment arms.

Treatment
All participating centers must have adequate experience in the

management of acute ischemic stroke, intensive care treatment of

patients with severe stroke and increased intracranial pressure

(ICP), including DHC and TH, and access to neurosurgical facili-

ties on a 24-h/day basis.

Decompressive hemicraniectomy and conservative treatment
All patients included in the trial receive standard medical care on a

dedicated neurointensive care unit and DHC within 48 h, in accor-

dance with the recommendations of current guidelines (22). DHC

technique and intensive care treatment are in line with protocols

used in recent trials on DHC and are described elsewhere (23). It

has to be emphasized that temperature must not be lowered below

36·5°C to reach normothermia in the control group.

Therapeutic hypothermia
Patients allocated to TH receive additional cooling to achieve a

core body temperature of 33°C as measured using a urinary

bladder catheter. TH is started as soon as possible after random-

ization and may be started before hemicraniectomy and main-

tained during surgery, but must be initiated within 12 h post

surgery, that is, within 60 h after symptom onset. Centers may use

endovascular or surface cooling devices allowing controlled

cooling and rewarming. Ice-cold saline infusions, cool-packs, or

cooling-blankets may be used in addition for induction of hypo-

thermia. Warming blankets and pharmacological measures are

recommended to avoid shivering. TH must be maintained for a

minimum of 72 h, but may be continued depending on the deci-

sion of the treating physician. In case of longer cooling periods

with endovascular devices, repeated screening for deep venous

thrombosis and changing the catheter every fourth day is advised.

Blood testing for coagulation should be performed routinely. TH

is terminated by controlled, slow rewarming by 0·05 to 0·1°C per

hour. In case of clinical deterioration due to rebound brain edema

during the rewarming phase, TH may be prolonged until the

patient is in a stable condition and rewarming is considered safe.

Primary outcome
The aim of the trial is to investigate safety and feasibility of mod-

erate TH in addition to early DHC in malignant MCA infarction.

The primary outcome measure is mortality at day 14.

Secondary outcome
Safety and feasibility measures include: (1) any severe adverse

event (SAE) and any adverse event (AE) either related to TH (i.e.,

procedure related, bleeding events, thrombotic events, infections,

electrolyte derangement, liver or renal dysfunction), related to

DHC (i.e., surgery-related hemorrhages, impaired surgical

wound healing and wound infections, liquor fistula, hygroma), or

related to general or intensive care treatment (i.e. epileptic sei-

zures, and anaesthesia- or sedation-related incidents); (2) treat-

ment parameters (i.e., time to DHC, time to target temperature,

duration of TH, total time of ventilation, rate of tracheostomy,

total time on the intensive care unit, medication (i.e., use of

cathecholamines, muscle relaxants, sedatives, osmotherapeutics,

and ICP-lowering drugs), use of therapeutic hyperventilation,

number of head CT and MRI scans during hospital stay, and rate

of cooling-catheter replacements in case of endovascular treat-

ment. Other secondary outcome measures include: (1) stroke

severity as determined by the NIHSS at day 14; (2) GCS at day 14;

(3) functional outcome as determined by the mRS and the Barthel

Index at discharge and at 12 months; (4) retrospective consent to

treatment at 12 months. Follow-up at 12 months is done using a

structured telephone interview.

Data safety and monitoring board
AEs and SAEs will be collected from the moment of informed

consent up to the completion of the follow-up examination. All

AEs and SAEs are reported to the monitor of the Center for Stroke

Research Berlin (CSB), and the local institutional review board in

accordance with local guidelines. Interim analyses of all SAEs and

the primary end-point will be conducted after every 10th patient.

Based on the interim analyses, an independent Data Safety and

Monitoring Board that consists of three physicians not involved

in the planning or conduction of the trial recommends to con-

tinue or to stop the trial.

Statistical methods and sample size calculation
The primary end-point is survival at day 14. Mortality under

DHC alone is estimated following the results of the pooled
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analysis on DHC for malignant MCA infarction (20%) (5). Mor-

tality in patients treated by additional TH is estimated following

the trial by Els and coworkers (8%) (21). However, data on treat-

ment effect of hypothermia are weak because they derive from

one small observational study which included 25 patients only.

For safety and ethical reasons, we plan an interim analysis after 50

patients using the concept of group-sequential tests for two pro-

portions with two repeated significance tests. Because it is impor-

tant to react early on possible considerable differences in

mortality between the two treatment arms, the alpha-spending

function by Pocock is applied. Then sample sizes of 162 for each

treatment group (324 in total) ensure an 80% power to detect a

difference of 0·20–0·08 = 0·12 in proportions of dead patients at

day 14 at a significance level of 0·05 (Fisher’s exact test). Statistical

analysis will be performed as intention to treat. Summary statis-

tics will be used for descriptive analysis. In addition P values for

group comparisons and corresponding 95% confidence intervals

will be calculated using two-sample t-testing, the Mann–Whitney

U-test, or c2 testing as applicable.

Duration
Based on the number of patients treated in the participating

centers and the one -year for follow-up period, the total duration

of the trial is estimated to be four-years.

Study organization and funding
The steering committee consists of the two project leaders, R.

Kollmar (Erlangen) and E. Jüttler (Berlin), and principle investi-

gators of the participating centers. The Institute of Clinical Epi-

demiology and Biometry of the University of Wurzburg will

support data management. There is no external funding. The

study is exclusively driven by internal means of the CSB, the

Institute for Clinical Epidemiology and Biometry, University of

Wurzburg, and the participating centers.

Discussion

Treatment procedures were designed according to already existing

protocols of the participating centers and after reviewing the

available literature: Concerning the optimal target temperature,

animal data show that there may be a U-shaped curve of effec-

tiveness of TH in ischemic stroke with 33 to 34°C showing the

best results (8,13,24). The best clinical experience exists with

target temperatures of 32–33°C as the majority of clinical studies

on TH in malignant MCA infarction used these values (see

Table S1). Side-effects of hypothermia, for example, platelet dys-

function, coagulation disorders, cardiac arrhythmias, are directly

related to the temperature achieved (25). Based on these findings

and considerations, and established protocols, a target tempera-

ture of 33°C was chosen.

With respect to the duration of cooling, animal experiments

reported a larger benefit with longer treatment durations, whereas

the optimal duration of TH was never systematically investigated

in clinical studies in stroke patients (8,26–28). Most patients in

the available studies used TH over a period of one to three-days

(10,14,16,17), only two smaller studies allowed longer cooling

duration with a maximum of 22 days in some cases (20,29).

Although these studies do not allow to conclude on an optimal

cooling duration, TH was found to be safe and feasible when used

up to three-days and in most cases even if applied over longer

periods, when slow rewarming was done (15–17,19–21,29). As

the maximum infarct swelling in malignant MCA infarction is

present between the second and the fifth day (1), a cooling dura-

tion of at least 72 h was determined for the DEPTH-SOS trial. The

decision to apply TH for longer periods if edema formation is

ongoing is left to the discretion of the treating physician.

Similarly to the uncertainties concerning target temperature

and duration of cooling, data on the time window for starting TH

are also insufficient. Animal data and pathophysiological consid-

erations suggest a greater benefit with early treatment (7,8). This

is why DEPTH-SOS TH should be started as soon as possible after

randomization. The combined approach of DHC and TH,

however, could raise practical problems in applying hypothermia,

as it may not be possible to start cooling before or maintain it

throughout surgery in some centers. As surgery must be per-

formed within 48 h, we set a time frame to start treatment 12 h

postsurgery at the latest.

We believe that the results of the DEPTH-SOS trial will provide

reliable data on safety and feasibility of moderate TH in addition

to DHC in malignant MCA infarction as well as efficacy data on

mortality and outcome, thereby forming the basis for a subse-

quent future studies on this subject.

Summary

Early DHC within 48 h of symptom onset is the recommended

treatment of patients with malignant MCA infarction. TH is a

promising treatment option that could be of benefit as an addi-

tional therapy to further reduce mortality and morbidity in these

patients. The scarcity of data on hypothermia in malignant MCA

infarction, derived mainly from observational studies of insuffi-

cient level of evidence, does not currently allow to routinely apply

TH outside of clinical trials. DEPTH-SOS is a phase II, prospec-

tive, randomized, controlled, clinical, multicenter trial on the

combined approach of DHC and TH. Primary outcome measure

is mortality at day 14. Secondary outcome measures include safety

parameters and functional outcome at one-year.

Details on the principal investigators, steering committee, local

principal investigators, search strategy, and tables on available

studies on TH and outcome data can be found in the supporting

information.
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Supporting information

Additional Supporting Information may be found in the online

version of this article at the publisher’s web-site:

Table S1 Studies on TH in malignant MCA infarction. aNumber

of patients refer to patients actually treated with hypothermia.
bHours are rounded up to the next highest number. *Studies

supposed of at least partial repeated publication. TH, therapeutic

hypothermia; n.k., not known.

Table S2 Outcome in malignant MCA infarction with respect to

the different treatment modalities. Definition of clinical outcome:

no disability corresponds to mRS 0–1, mild-moderate disability

corresponds to mRS 2–3, and severe disability corresponds to

mRS 4–5.

Appendix S1. Details on the steering commitee, DEPTH-SOS

Study Group, and IGNITE Study Group.
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