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Background: Stroke is a major cause of death and disability worldwide. The related burden is expected to further increase due to aging populations, calling for more efficient treatment. Ischemic stroke results from a focal reduction in cerebral blood flow due to the sudden occlusion of a brain artery. Ischemic brain injury results from a sequence of pathophysiological events that evolve over time and space. This cascade includes excitotoxicity and peri-infarct depolarizations (PIDs). Focal impairment of cerebral blood flow restricts the delivery of energetics substrates and impairs ionic gradients. Membrane potential is eventually lost, and neurons depolarize. Although recanalization therapies target the ischemic penumbra, they can only rescue the penumbra still present at the time of reperfusion. A promising novel approach is to “freeze” the penumbra until reperfusion occurs. Transcranial direct current stimulation (tDCS) is a non-invasive method of neuromodulation. Based on preclinical evidence, we propose to test the penumbra freezing concept in a clinical phase IIa trial assessing whether cathodal tDCS—shown in rodents to reduce infarction volume—prevents early infarct growth in human acute Middle Cerebral Artery (MCA) stroke, in adjunction to conventional revascularization methods.

Methods: This is a monocentric randomized, double-blind, and placebo-controlled trial performed in patients with acute MCA stroke eligible to revascularization procedures. Primary outcome is infarct volume growth on diffusion weighted imaging (DWI) at day 1 relative to baseline. Secondary outcomes include safety and clinical efficacy.

Significance: Results from this clinical trial are expected to provide rationale for a phase III study.

Clinical trial registration—EUDRACT: 2016-A00160-51
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INTRODUCTION

Ischemic stroke is a main etiology of death or severe disability. It affects over 13.5 million of people worldwide annually. Ischemic stroke results from a focal reduction in cerebral blood flow due to the sudden occlusion of a brain artery. In the first hours after ischemic stroke brain imaging can distinguish an ischemic core (necrosis of neurons) and a penumbral area where hypoperfusion is mild to moderate. Neurologic disability is the consequence of both the ischemic core and the penumbra. In the penumbra, with energy depletion, membrane potential is eventually lost, neurons and glia depolarize, and cell necrosis ensues. Current opportunities to salvage the ischemic penumbra are based on early recanalization of the occluded artery allowing early reperfusion of ischemic tissue. Three strategies are available: IV thrombolysis with recombinant tissue plasminogen activator (rtPA), endovascular thrombectomy (EVT), or the combination of IV thrombolysis and EVT (1–9). However, despite these procedures, only 46% of patients have mild disability at 3 months (10). To improve functional outcome, numerous neuroprotective strategies appeared promising in preclinical models. However, so far they have failed in clinical trials (11, 12).

A promising novel strategy for neuroprotection is to “freeze” the ischemic penumbra until reperfusion occurs (i.e., prevent further demise of the penumbra until reperfusion) (13). Among the factors that may affect the course of the penumbra, Leão in 1947 first described cortical spreading depression (CSD) characterized by a spreading depolarization of neurons and glial cells associated with ion homeostasis breakdown (14). In stroke, CSDs propagate as peri-infarct depolarizations (PIDs) across the cerebral cortex from the ischemic core to the penumbra, and are associated with infarct growth (15–17).

Transcranial direct current stimulation (tDCS) is a non-invasive brain neuromodulation technique that uses direct electrical currents to stimulate specific parts of the brain. A constant, low intensity current is passed through two electrodes placed over the head, which modulates neuronal activity. Polarizing currents are produced and able to cross the skull and induce sustained changes in membrane potential and excitability of cortical cells. tDCS may affect neuronal and glial transmembrane potential (18–20). The widespread opinion is that cathodal tDCS reduces cortical excitability whereas anodal stimulation increases it (by hyperpolarization and depolarization, respectively) (21). Cathodal tDCS blocked CSD initiation in a rat model where CSDs are elicited by pricking the cortex with a needle (22). Moreover, three studies in ischemic stroke rodent models demonstrated a neuroprotective effect of cathodal tDCS with a significantly reduced infarct size relative to controls (see section Discussion for details) (23–25). Only a few tDCS studies have been conducted in humans at the early stage of MCA stroke. However, these studies were performed with a different objective: to promote early motor recovery, using anodal tDCS stimulation facing the stroke area (26–29). In these studies, no adverse effect was described.

Based on preclinical studies, we hypothesized that, probably via blocking CSDs and PIDs, cathodal tDCS may limit infarct growth in human acute MCA stroke.

We present here the design of the STICA trial: “tDCS in acute human ischemic stroke, a pilot, prospective, double-blind, placebo-controlled randomized clinical trial.”

STUDY DESIGN AND METHODS

Subjects Eligibility, Ethical Considerations, and Recruitment

Inclusion and Exclusion Criteria

Initial inclusion criteria were adult patients (age over 18 years-old) with acute ischemic stroke in MCA territory (no lacunar stroke) proved by MRI; with time from stroke onset to treatment minor than 4:30 h; National Institutes of Health Stroke Scale (NIHSS) between 4 and 25; and eligible to receive IV thrombolysis with rtPA. Two amendments were subsequently adopted in order to include all patients with acute ischemic stroke in the MCA territory eligible to a revascularization procedure (irrespective of the revascularization procedure—IV thrombolysis and/or EVT—and irrespective of the NIHSS score). Exclusion criteria are contraindications to MRI, forehead skin injuries, history of intracranial surgery (because it implies skull breach which could modify tDCS current distribution), consciousness impairment (in order to uniformly assess tDCS safety between participants), and pregnancy “known at the patient's admission” (for ethical considerations).

Ethical Considerations and Dissemination

All patients provide written informed consent in accordance with the Declaration of Helsinki before inclusion in this study if they can provide it. Otherwise, their relatives are asked for consent. If no relative is available, the patient can be included using an “emergency procedure.” If consent is given by relatives or if the patient is included using the “emergency procedure,” a complementary consent has to be completed by the patient as soon as possible. The study protocol was approved by the local ethics committee (2016-A00160-51, ref CPP 3373) and registered at EUDRACT: 2016-A00160-51.

The STICA protocol is intended to evaluate the potential of cathodal tDCS to limit ischemic damage in acute human MCA stroke, as an adjunct to standard-of-care revascularization strategies. The results from this study will be disseminated to healthcare professionals via publication in a peer-reviewed journal. Moreover, we intend to present the findings in international stroke, neurophysiology, and neuromodulation conferences.

Trial Design, Randomization and Intervention

Trial Design

Our study is an ongoing monocentric prospective double-blind and placebo-controlled clinical phase IIa trial with randomized treatment-group allocation, according to CONSORT statements (30). tDCS plus usual care (thrombolysis ± thrombectomy) is compared to sham-tDCS plus usual care (control group) in patients with acute MCA stroke. Patients are being recruited in Sainte Anne's hospital Stroke unit since December 2016. Complete recruitment is expected in June 2019.

In our institution, endovascular treatment is considered in acute middle cerebral artery (MCA) stroke in the following situations: if time of stroke onset is <6 h, and if there is a “proximal” arterial occlusion (internal carotid, M1 and proximal section of part M2 of MCA). Until the 27th of June 2018, endovascular treatment was not used if time of stroke onset was beyond 6 h. Since this date, if last-seen-well time is between 6 and 24 h, endovascular treatment is performed if the patient meets the criteria of the DEFUSE 3 or DAWN trial criteria (31, 32).

All subjects undergo MRI scanning at baseline, just before enrollment. MRI protocol includes Diffusion Weighted Imaging (DWI), Fluid Attenuated Inversion Recovery (FLAIR), 3D-Time-Of-Flight imaging, and Perfusion-Weighted-Imaging (PWI) whenever possible. PWI was not included routinely because it is not required to assess the primary outcome of our study. Moreover, some severely affected patients with hyper-acute stroke or speech disturbances can be agitated or unstable and the MR exam occasionally has to be interrupted before PWI acquisition. If they meet inclusion criteria, subjects are randomized to receive either cathodal or sham tDCS in adjunction to a recanalization procedure, in a complete double-blind fashion. All participants undergo a second MRI scanning at day 1 (with DWI for primary outcome assessment) and clinical examination at day 7 (or discharge if earlier). Follow-up is obtained at 3 months by phone interview by one investigator (blinded to randomization) in order to assess the modified Rankin Scale (33).

Randomization

All patients are randomly assigned to receive either cathodal or sham-tDCS. The randomization list was previously established with a biostatistician (using the block method), allocating a different 5-digit code to each patient included, in a sealed envelope. All five-digit codes are pre-programmed into the tDCS device to deliver either active or sham tDCS and the randomization list was transmitted to the biostatistician to maintain the blinding of all experimenters. At the time of inclusion, just after the MRI scanning and before revascularization treatment whenever possible (otherwise, during the revascularization procedure), the experimenter opens the sealed envelope corresponding to the number of the patient being included and discovers its 5-digit code.

Intervention

The intervention consists in cathodal tDCS by the DC-STIMULATOR PLUS (neuroConn, Ilmenau, Germany), a CE-certified medical device, programmed to deliver either active or sham-tDCS according to a randomization 5-digit code. tDCS or sham is started as soon as possible after the inclusion, in the stroke unit or in the angiosuite during thrombectomy, in addition to reperfusion therapies. The investigator sets the cathode facing the ischemic injury (C3 or C4 according to the 10–20 system) and the anode facing the contralateral supra-orbital area (Figure 1). Then, the experimenter enters the 5-digit randomization code in the device, which blindly determines whether cathodal or sham stimulation is to be delivered, without the experimenter knowing which. Delivery of stimulation is for 20 min. Over a period of 6 h, the experimenter restarts the device every hour with the same 5-digit randomization code for another 20 min. The device delivers 1.5 mA (with 30 s for ramping up and ramping down) of cathodal direct current through the two sponge coated electrodes (electrodes size: 5 × 7 cm2; Figure 2). Impedance quality is obtained using saline solution and conductive gel (Elefix paste®). The device automatically checks impedance values during all tDCS sessions. In the sham condition, the device delivers 98 s of current including 30 s for ramping at the beginning and end of each session, in order to keep the blinding procedure (Figure 3). Indeed, usually, subjects feel discomfort under the electrodes during only the first few seconds or minutes of tDCS stimulation (18, 34). The experimenter notes every significant event: time of stroke onset, time of hospital arrival, time of first MRI, time of IV thrombolysis, and/or endovascular recanalization, time of each tDCS session (Figure 4).
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FIGURE 1. Study design.




[image: image]

FIGURE 2. tDCS device and tDCS electrode positioning. In case of left MCA stroke, in order to hyperpolarize the ischemic penumbra, the cathode (in blue) faces the ischemic injury (C3, 10–20 system) and the anode (in red) faces the contralateral supra-orbitary area.
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FIGURE 3. Timelines of active tDCS (left) and sham tDCS (right), and treatment protocol.
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FIGURE 4. Timeline of procedures. IA, intra-arterial; IV, intravenous.



Safety Aspects

During the procedure, potential tDCS adverse events are checked every hour: itching, irritation, or rash, burning feelings under the electrodes, headaches, nausea, and dizziness. All these minor side events are reversible when the tDCS stops (35). To minimize these risks, a dedicated experimenter is present during each tDCS stimulation session. This experimenter asks the patient about any side-effect or discomfort and notes these data each hour. The tDCS procedure is stopped in case of adverse events.

In order to minimize the risk of rash or burning feelings, the experimenter adds saline solution and conductive gel (Elefix® paste) every hour if necessary, according to impedance values. High impedances are indeed a contributing factor for skin lesions (35). Moreover, the device automatically stops in case of impedance value superior to 15 kΩ. An independent data and safety monitoring board analyzes STICA safety data after the recruitment of 25 patients.

Outcomes

Primary Outcome

The primary outcome is infarct growth (IG, in mm) determined using the MRI obtained at admission (DWI1) and 1 day later (DWI2). This analysis is performed voxel-wise. In this method, infarct growth corresponds to the volume of signal changes on DWI2 that does not overlap with that on co-registered DWI1 (36).

An automated three-dimensional rigid registration is used for MR images processing (FMRIB's Linear Image Registration Tool; FLIRT, V5.5) (37). Follow-up (24 h) DWI images are co-registered to pre-treatment DWI images, chosen as the target space. Registration quality is visually inspected for all cases. DWI lesions are segmented manually using our published methods (36, 38–40), based on DWI signal intensity (MANGO software, V3.1.1, Research imaging Institute, UTHSCSA). Initial and follow-up DWI lesions are outlined according to their maximal visual extent after careful adjustment of the window level. Segmented DWI lesions are transferred onto Apparent Diffusion Coefficient (ADC) maps to exclude any areas of T2 shine-through effect, and include areas of decreased ADC with subtle DWI signal changes. Segmented follow-up DWI lesions are transferred onto pre-treatment DWI maps to ensure a full coverage of brain tissue.

Infarct growth is also systematically estimated using the subtraction method, as ancillary assessment: in this method, the baseline DWI lesion volume is simply subtracted from the DWI lesion volume measured on follow-up MRI. All imaging data are analyzed by a neuroradiologist unaware of treatment-group assignment.

Secondary Outcomes

We defined two secondary clinical outcomes, a safety outcome and three subgroups analyses.

• NIHSS: a neurological exam (with NIHSS score) is assessed at the admission and at 7 days or discharge if earlier. The difference between NIHSS score at day 7 (or discharge if earlier) and on admission constitutes the first clinical outcome assessment.

• Modified Rankin scale (mRs): the mRs is a 7-point disability scale ranging from 0 (no symptom) to 6 (death).The mRs is estimated at 3 months by phone interview using a simplified and standardized questionnaire (33). Whenever possible, the patient will be interviewed directly. If the patient is unable to complete the interview, the interview will be conducted based on information from the relatives or the patient's general practitioner. The mRs at 3 months constitutes the second clinical outcome assessment.

• Safety outcome: safety variables, including major adverse effects (neurologic deterioration) and minor adverse effects (itching sensations, cutaneous rash, headaches, vertigo, nausea) are monitored during tDCS stimulation, and then again at day 1 and day 2.

• Subgroup analyses are planned according to the following stratifications: (i) patients with and without perfusion–diffusion mismatch, with hypoperfusion defined as Tmax > 6 s, on admission MRI. The perfusion–diffusion mismatch is defined by the volumetric ratio between perfusion lesion (at Tmax > 6 s) and diffusion lesion (ratio > 1.8). The mismatch as defined is a neuroradiological marker of the ischemic penumbra, the target of our protocol; (ii) patients with NIHSS admission score above vs. below the median NIHSS admission score; (iii) presence or absence of arterial recanalization measured by the thrombolysis in cerebral infarction scale (TICI) post-arteriography or by MR Angiography at day 1 (successful recanalization on arteriography is estimated by a TICI scale 2b or 3) and (iv) patients with and without initial large vessel occlusion. The patient population will be clearly described with respect to vessel occlusion (no vessel occlusion, otherwise site of occlusion) in further publication.

Statistical Analysis

Continuous variables are described as mean ± standard deviation (SD) or median [interquartile range (IQR)] and are compared using the t-test or Mann-Whitney U-test. Categorical variables are expressed as percentages and compared using the Pearson χ2-test or Fisher's exact test, as appropriate. A univariate analysis is expected and adjustment is scheduled according to the success or not of recanalization. Primary outcome is analyzed in intention-to-treat, safety outcomes in per-protocol.

No intermediate analysis is planned. All data for the primary outcome will be assessed at the end of the study. The inclusion of 50 patients is planned over 30 months. This sample will allow to evaluate the feasibility of tDCS in the very acute phase of stroke and should highlight a tendency which will be used in further studies to demonstrate a statistically significant infarct growth difference between the two groups.

The number of patients (n = 25 per group) was empirically chosen to match the recruitment capacity of our center during the study period, and because we believe it would provide a reliable estimate of the effect size of the intervention for further studies. This planned number of patients was not based on a formal sample size calculation and we are aware that the present pilot trial will most likely be underpowered to demonstrate the superiority of the intervention over the control group with regard to the primary outcome.

In order to inform sample size and power calculations, we have used unpublished data from 200 consecutive patients who underwent mechanical thrombectomy for acute ischemic stroke in our institution and for whom infarct growth between admission and 24 h follow-up imaging was estimated using the method described in section Primary Outcome (voxel-wise infarct growth on DWI). These data were used to confirm the log-normal distribution of infarct growth and to provide the expected median and SD for the control group of STICA, namely 16 and 48.8 ml, respectively. Using the method described by O'Keeffe et al. (41), and assuming a 30% relative reduction in median infarct growth in the treatment group, 177 patients per group would be needed (two-sided comparison of untransformed medians, alpha = 5%, beta = 20%). Based on this effect size, a sample size of 25 patients per group would yield a statistical power of 18%. Conversely, with 25 patients per group, the effect size that could be detected with a statistical power equal to 80% would be a 65% relative reduction in infarct growth. Such an effect size may seem overly optimistic but the main aim of this pilot study is to provide a reasonable estimate of infarct growth reduction with cathodal tDCS, in order to inform the sample size calculation for, and feasibility of a multicenter phase IIb or phase III superiority trial.

DISCUSSION

Improving functional outcome is a priority in the management of acute ischemic stroke. Penumbral salvage by early reperfusion results in proportional clinical recovery. A promising novel approach, in order to enlarge the volume of salvageable penumbra at reperfusion time, and in turn improve final outcome, is to “freeze” the penumbra until reperfusion occurs.

In the penumbra, where energetic supplies are critically reduced due to the arterial occlusion, CSDs propagate, neuron cells cannot restore ion homeostasis and resting membrane potential, and cell death eventually occurs unless perfusion is rapidly restored. Moreover, neuronal depolarizations cause glutamate and nitric oxide release, resulting in excito-toxicity and apoptosis (42). The excito-toxicity also enhances neuronal death in the ischemic penumbra (17).

Our study is based on the possibility to limit excitotoxicity and neuronal death in the ischemic penumbra by applying cathodal tDCS early after the arterial occlusion and until revascularization. Three studies conducted on stroke rodent models were promising for a neuroprotective effect of cathodal tDCS in this context. In the first (23), cathodal tDCS starting 30 min into 90 min transient proximal MCA occlusion, in 75 mice, was able to preserve cortical neurons from ischemic damage: a significant reduction of infarct volume by 37% was observed in the cathodal tDCS group relative to the placebo tDCS groups. A significant decrease in cortical glutamate was observed using MR spectroscopy in mice treated by cathodal tDCS. By contrast, early-applied anodal tDCS, which increases neuronal activity (21, 43) and, hence, might aggravate neuronal oxygen deprivation in ischaemic conditions, mildly increased lesion volume (13, 23). In the second study (24), 36 rats underwent permanent MCA occlusion and were randomized in three groups: cathodal tDCS administered for 4 h or for 6 h, and sham-tDCS. The neuroprotective effect of cathodal tDCS was ascertained by a 20% reduction in infarct volume in the 4 h cathodal tDCS group and 30% in the 6 h cathodal tDCS group. Moreover, PIDs were recorded using a gold coated miniature screw inserted in the skull overlying the infarcted hemisphere. Cathodal stimulation reduced the number of depolarizations. Infarct volume correlated with the number of PIDs. In the third study (25), cathodal tDCS resulted in mild reductions (~25%) in infarct volume after branch permanent MCA occlusion.

tDCS is a well-tolerated neuromodulation technique which is increasingly used in neurological and psychiatric disorders (18, 44–54). However, it has not been used so far in the context of hyper-acute human ischemic stroke. We chose the tDCS parameters based on previous clinical studies. In most tDCS studies, current density varied between 0.029 and 0.08 mA/cm2 without serious adverse events (18).

In human studies cathodal-tDCS with current density of 0.029 mA/cm2 were shown to inhibit the sensorimotor cortices (55, 56). For our protocol, we chose a current density of 0.057 mA/cm2 which is both known to be safe in humans and higher than the current density known to inhibit sensorimotor cortices. The duration of excitability changes induced by tDCS depends on stimulation duration (57). In human studies, stimulation durations range from 3 to 40 min with iterative sessions (18). Based on the available preclinical stroke studies (23, 24), we chose a stimulation duration of 20 min beginning as soon as possible after stroke onset, with iterative sessions as follows: 20 min per hour over 6 h. The tDCS electrode sites (C3 or C4 on 10–20 system and contralateral supra-orbital area) were also chosen according to previous clinical studies.

Some tDCS studies have used one scalp electrode and one extra-cephalic electrode, located on the shoulder. However, with this montage, the current would have negative effects on deep structures such as the brainstem, with potential effects on autonomic functions. To avoid this risk, a cephalic tDCS montage is now recommended (58).

We chose to restrain inclusion criteria to patients with MCA stroke, i.e., the most common stroke subtype. The somatosensory area is frequently targeted in tDCS protocols. As we assumed that tDCS would freeze the penumbra area as an adjunct to revascularization therapies, we chose to restrict the recruitment to patients with acute ischemic stroke eligible to revascularization procedures.

We chose to evaluate infarct growth at 24 h from stroke onset with MRI. This time point may be discussed because infarct volume may not be completely stabilized by 24 h from stroke onset. Moreover, in the DEFUSE 3 trial, with a selected population of “slow ischemic growth” (also called “slow progressors”), imaging assessment at 24 h did not show difference between groups, contrary to clinical benefit. However, vasogenic edema usually occurs in the first week and can artificially inflate lesion volume. Previous studies demonstrated that 24 h evaluation of infarct volume by non-contrast computed tomodensitometry is as well correlated to 3 month-mRS than is 1 week evaluation (59, 60). There is currently no consensus about the best time-point to evaluate infarct growth, and future stroke studies are needed to address this issue.

Despite a rigorous study protocol, there are potential drawbacks in our study. The first is the limited sample. Thus, our study will not have the statistical power to demonstrate a significant reduction in infarct growth in the cathodal tDCS group. Although limiting the number of participants is necessary in a pilot study for safety concerns, this also necessarily limits the power of efficacy assessment. If the results of our study are promising, they will be useful for the design of a phase III clinical trial with more participants. Moreover, the rationale of our study is that tDCS may act on excitotoxicity pathways in the penumbra area, blocking CSDs and PIDs until reperfusion takes place. It should however be kept in mind that the phenomenon of PIDs after stroke has only been recorded in man in malignant MCA infarction, by means of electrocorticography (17, 61–63). There is no non-invasive tool allowing the identification of CSDs and PIDs during tDCS.

In summary, STICA is underpinned by the potential of cathodal tDCS to limit excitotoxicity and ischemic damage in acute human MCA stroke, as an adjunct to standard-of-care revascularization strategies. This pilot, randomized, double-blind placebo-controlled trial will recruit 50 patients and follow them over 3 months, assessing tDCS tolerance, infarct growth, and functional outcome. Depending on the results of this pilot study, a subsequent, larger study may be planned.

AUTHOR CONTRIBUTIONS

EP-R: bibliography research, acquisition, analysis, and interpretation of data, wrote the first draft of the manuscript. DC, WB, GT, AM, NM, PS, and CO: acquisition of data, critical revision of the manuscript, read, and approved the submitted version. J-CB: bibliography research, clinical revision of the manuscript, read, and approved the submitted version. J-LM: study design and concept, critical revision of the manuscript, read, and approved the submitted version. MG: study design and concept, acquisition of data, critical revision of the manuscript, read, and approved the submitted version.

ACKNOWLEDGMENTS

The authors thank Prof. Jean-Pascal Lefaucheur, Dr. Catherine Lamy, Dr. Julia Birchenall, Dr. Valérie Domigo, Dr. Eric Bodiguel, Dr. François Lun, Prof. Olivier Naggara, Dr. Denis Trystram, Celina Ducroux, Geoffroy Vellieux, Dr. Clothilde Isabel, Isabelle Laurent, Stéphanie Lion, Saint-Anne Hospital stroke unit and interventional neuroradiology team. This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.

ABBREVIATIONS

CSD, cortical spreading depression; DWI, diffusion weighted imaging; EVT, endovascular thrombectomy; IA, intra-arterial; IG, infarct growth, IQR, interquartile range; MCA, middle cerebral artery; mRs, modified Rankin scale; NIHSS, National Institutes of Health Stroke Scale; PIDs, peri-infarct depolarizations; PWI, Perfusion-Weighted-Imaging; rtPA, recombinant tissue plasminogen activator; SD, standard deviation; tDCS, Transcranial direct current stimulation; TICI, thrombolysis in cerebral infarction scale.

REFERENCES

 1. The National Institute of Neurological Disorders and Stroke RT-PA Stroke Study Group. Tissue plasminogen activator for acute ischemic stroke. N Engl J Med. (1995) 333:1581–8. doi: 10.1056/NEJM199512143332401

 2. Hacke W, Kaste M, Bluhmki E, Brozman M, Dávalos A, Guidetti D, et al. Thrombolysis with alteplase 3 to 4.5 hours after acute ischemic stroke. N Engl J Med. (2008) 359:1317–29. doi: 10.1056/NEJMoa0804656

 3. Emberson J, Lees KR, Lyden P, Blackwell L, Albers G, Bluhmki E, et al. Effect of treatment delay, age, and stroke severity on the effects of intravenous thrombolysis with alteplase for acute ischaemic stroke: a meta-analysis of individual patient data from randomised trials. Lancet (2014) 384:1929–35. doi: 10.1016/S0140-6736(14)60584-5

 4. Berkhemer OA, Fransen PS, Beumer D, van den Berg LA, Lingsma HF, Yoo AJ, et al. A randomized trial of intraarterial treatment for acute ischemic stroke. N Engl J Med. (2015) 372:11–20. doi: 10.1056/NEJMoa1411587

 5. Saver JL, Goyal M, Bonafe A, Diener HC, Levy EI, Pereira VM, et al. Stent-retriever thrombectomy after intravenous t-PA vs. t-PA alone in stroke. N Engl J Med. (2015) 372:2285–95. doi: 10.1056/NEJMoa1415061

 6. Jovin TG, Chamorro A, Cobo E, de Miquel MA, Molina CA, Rovira A, et al. Thrombectomy within 8 hours after symptom onset in ischemic stroke. N Engl J Med. (2015) 372:2296–306. doi: 10.1056/NEJMoa1503780

 7. Bracard S, Ducrocq X, Mas JL, Soudant M, Oppenheim C, Moulin T, et al. Mechanical thrombectomy after intravenous alteplase versus alteplase alone after stroke (THRACE): a randomised controlled trial. Lancet Neurol. (2016) 15:1138–47. doi: 10.1016/S1474-4422(16)30177-6

 8. Campbell BC, Mitchell PJ, Investigators EI. Endovascular therapy for ischemic stroke. N Engl J Med. (2015) 372:2363–6. doi: 10.1056/NEJMc1504715

 9. Goyal M, Demchuk AM, Menon BK, Eesa M, Rempel JL, Thornton J, et al. Randomized assessment of rapid endovascular treatment of ischemic stroke. N Engl J Med. (2015) 372:1019–30. doi: 10.1056/NEJMoa1414905

 10. Goyal M, Menon BK, Van Zwam WH, Dippel DWJ, Mitchell PJ, Demchuk AM, et al. Endovascular thrombectomy after large-vessel ischaemic stroke: a meta-analysis of individual patient data from five randomised trials. Lancet (2016) 387:1723–31. doi: 10.1016/S0140-6736(16)00163-X

 11. Chamorro Á, Dirnagl U, Urra X, Planas AM. Neuroprotection in acute stroke: targeting excitotoxicity, oxidative and nitrosative stress, and inflammation. Lancet Neurol. (2016) 15:869–81. doi: 10.1016/S1474-4422(16)00114-9

 12. Neuhaus AA, Couch Y, Hadley G, Buchan AM. Neuroprotection in stroke: the importance of collaboration and reproducibility. Brain (2017) 140:2079–92. doi: 10.1093/brain/awx126

 13. Baron JC. Protecting the ischaemic penumbra as an adjunct to thrombectomy for acute stroke. Nat Rev Neurol. (2018) 14:325–37. doi: 10.1038/s41582-018-0002-2

 14. Leao AA. Further observations on the spreading depression of activity in the cerebral cortex. J Neurophysiol. (1947) 10:409–14. doi: 10.1152/jn.1947.10.6.409

 15. Mies G, Iijima T, Hossmann KA. Correlation between peri-infarct dc shifts and ischaemic neuronal damage in rat. Neuroreport (1993) 4:709–11. doi: 10.1097/00001756-199306000-00027

 16. Obeidat AS, Jarvis CR, Andrew RD. Glutamate does not mediate acute neuronal damage after spreading depression induced by O2/glucose deprivation in the hippocampal slice. J Cereb Blood Flow Metab. (2000) 20:412–22. doi: 10.1097/00004647-200002000-00024

 17. Nakamura H, Strong AJ, Dohmen C, Sakowitz OW, Vollmar S, Sué M, et al. Spreading depolarizations cycle around and enlarge focal ischaemic brain lesions. Brain (2010) 133:1994–2006. doi: 10.1093/brain/awq117

 18. Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A, et al. Transcranial direct current stimulation: State of the art 2008. Brain Stimul. (2008) 1:206–23. doi: 10.1016/j.brs.2008.06.004

 19. Lefaucheur JP. Methods of therapeutic cortical stimulation. Neurophysiol Clin. (2009) 39:1–14. doi: 10.1016/j.neucli.2008.11.001

 20. Ruohonen J, Karhu J. TDCS possibly stimulates glial cells. Clin Neurophysiol. (2012) 123:2006–9. doi: 10.1016/j.clinph.2012.02.082

 21. Nitsche MA, Paulus W. Excitability changes induced in the human motor cortex by weak transcranial direct current stimulation. J Physiol. (2000) 527 (Pt 3):633–9. doi: 10.1111/j.1469-7793.2000.t01-1-00633.x

 22. Richter F, Fechner R, Haschke W. Initiation of spreading depression can be blocked by transcortical polarization of rat cerebral cortex. Int J Neurosci. (1996) 86:111–8.

 23. Peruzzotti-Jametti L, Cambiaghi M, Bacigaluppi M, Gallizioli M, Gaude E, Mari S, et al. Safety and efficacy of transcranial direct current stimulation in acute experimental ischemic stroke. Stroke (2013) 44:3166–74. doi: 10.1161/STROKEAHA.113.001687

 24. Notturno F, Pace M, Zappasodi F, Cam E, Bassetti CL, Uncini A. Neuroprotective effect of cathodal transcranial direct current stimulation in a rat stroke model. J Neurol Sci. (2014) 342:146–51. doi: 10.1016/j.jns.2014.05.017

 25. Liu YH, Liao L De, Chan SJ, Bandla A, Thakor NV. An integrated neuroprotective intervention for brain ischemia validated by ECoG-fPAM. Conf Proc IEEE Eng Med Biol Soc. (2016) 2016:4009–12. doi: 10.1109/EMBC.2016.7591606

 26. Rossi C, Sallustio F, Di Legge S, Stanzione P, Koch G. Transcranial direct current stimulation of the affected hemisphere does not accelerate recovery of acute stroke patients. Eur J Neurol. (2013) 20:202–4. doi: 10.1111/j.1468-1331.2012.03703.x

 27. Sattler V, Acket B, Raposo N, Albucher JF, Thalamas C, Loubinoux I, et al. Anodal tDCS combined with radial nerve stimulation promotes hand motor recovery in the acute phase after ischemic stroke. Neurorehabil Neural Repair (2015) 29:743–54. doi: 10.1177/1545968314565465

 28. Di Lazzaro V, Dileone M, Capone F, Pellegrino G, Ranieri F, Musumeci G, et al. Immediate and late modulation of interhemipheric imbalance with bilateral transcranial direct current stimulation in acute stroke. Brain Stimul. (2014) 7:841–8. doi: 10.1016/j.brs.2014.10.001

 29. Lefaucheur JP. Une base de données complète des études cliniques utilisant la tDCS (2005–2016). Neurophysiol Clin. (2016) 46:319–98. doi: 10.1016/j.neucli.2016.10.002

 30. Schulz KF, Altman DG, Moher D. CONSORT 2010 statement: updated guidelines for reporting parallel group randomised trials. BMC Med. (2010) 8:18. doi: 10.1186/1741-7015-8-18

 31. Albers GW, Marks MP, Kemp S, Christensen S, Tsai JP, Ortega-Gutierrez S, et al. Thrombectomy for stroke at 6 to 16 hours with selection by perfusion imaging. N Engl J Med. (2018) 378:708–18. doi: 10.1056/NEJMoa1713973

 32. Nogueira RG, Jadhav AP, Haussen DC, Bonafe A, Budzik RF, Bhuva P, et al. Thrombectomy 6 to 24 hours after stroke with a mismatch between deficit and infarct. N Engl J Med. (2018) 378:11–21. doi: 10.1056/NEJMoa1706442

 33. Bruno A, Akinwuntan AE, Lin C, Close B, Davis K, Baute V, et al. Simplified modified rankin scale questionnaire reproducibility over the telephone and validation with quality of life. Stroke (2011) 42:2276–9. doi: 10.1161/STROKEAHA.111.613273

 34. Gandiga PC, Hummel FC, Cohen LG. Transcranial DC stimulation (tDCS): a tool for double-blind sham-controlled clinical studies in brain stimulation. Clin Neurophysiol. (2006) 117:845–50. doi: 10.1016/j.clinph.2005.12.003

 35. Antal A, Alekseichuk I, Bikson M, Brockmöller J, Brunoni AR, Chen R, et al. Low intensity transcranial electric stimulation: Safety, ethical, legal regulatory and application guidelines. Clin Neurophysiol. (2017) 128:1774–809. doi: 10.1016/j.clinph.2017.06.001

 36. Hassen WB, Tisserand M, Turc G, Charron S, Seners P, Edjlali M, et al. Comparison between voxel-based and subtraction methods for measuring diffusion-weighted imaging lesion growth after thrombolysis. Int J Stroke (2016) 11:221–8. doi: 10.1177/1747493015616636

 37. Greve DN, Fischl B. Accurate and robust brain image alignment using boundary-based registration. Neuroimage (2009) 48:63–72. doi: 10.1016/j.neuroimage.2009.06.060

 38. Soize S, Tisserand M, Charron S, Turc G, Ben Hassen W, Labeyrie MA, et al. How sustained is 24-hour diffusion-weighted imaging lesion reversal?: Serial magnetic resonance imaging in a patient cohort thrombolyzed within 4.5 hours of stroke onset. Stroke (2015) 46:704–10. doi: 10.1161/STROKEAHA.114.008322

 39. Labeyrie MA, Turc G, Hess A, Hervo P, Mas JL, Meder JF, et al. Diffusion lesion reversal after thrombolysis: a MR correlate of early neurological improvement. Stroke (2012) 43:2986–91. doi: 10.1161/STROKEAHA.112.661009

 40. Tisserand M, Malherbe C, Turc G, Legrand L, Edjlali M, Labeyrie MA, et al. Is white matter more prone to diffusion lesion reversal after thrombolysis? Stroke (2014) 45:1167–9. doi: 10.1161/STROKEAHA.113.004000

 41. O'Keeffe AG, Ambler G, Barber JA. Sample size calculations based on a difference in medians for positively skewed outcomes in health care studies. BMC Med Res Methodol. (2017) 17:157. doi: 10.1186/s12874-017-0426-1

 42. Dirnagl U, Iadecola C, Moskowitz MA. Pathobiology of ischaemic stroke: an integrated view. Trends Neurosci. (1999) 22:391–7. doi: 10.1016/S0166-2236(99)01401-0

 43. Cambiaghi M, Velikova S, Gonzalez-Rosa JJ, Cursi M, Comi G, Leocani L. Brain transcranial direct current stimulation modulates motor excitability in mice. Eur J Neurosci. (2010) 31:704–9. doi: 10.1111/j.1460-9568.2010.07092.x

 44. Lefaucheur JP, Antal A, Ayache SS, Benninger DH, Brunelin J, Cogiamanian F, et al. Evidence-based guidelines on the therapeutic use of transcranial direct current stimulation (tDCS). Clin Neurophysiol. (2017) 128:56–92. doi: 10.1016/j.clinph.2016.10.087

 45. Kuo MF, Paulus W, Nitsche MA. Therapeutic effects of non-invasive brain stimulation with direct currents (tDCS) in neuropsychiatric diseases. Neuroimage (2014) 85:948–60. doi: 10.1016/j.neuroimage.2013.05.117

 46. Fregni F, Boggio PS, Nitsche MA, Marcolin MA, Rigonatti SP, Pascual-Leone A. Treatment of major depression with transcranial direct current stimulation. Bipolar Disord. (2006) 8:203–4. doi: 10.1111/j.1399-5618.2006.00291.x

 47. Boggio PS, Rigonatti SP, Ribeiro RB, Myczkowski ML, Nitsche MA, Pascual-Leone A, et al. A randomized, double-blind clinical trial on the efficacy of cortical direct current stimulation for the treatment of major depression. Int J Neuropsychopharmacol. (2008) 11:249–54. doi: 10.1017/S1461145707007833

 48. Klauss J, Penido Pinheiro LC, Silva Merlo BL, de Almeida Correia Santos G, Fregni F, Nitsche MA, et al. A randomized controlled trial of targeted prefrontal cortex modulation with tDCS in patients with alcohol dependence. Int J Neuropsychopharmacol. (2014) 17:1793–803. doi: 10.1017/S1461145714000984

 49. Fregni F, Thome-Souza S, Nitsche MA, Freedman SD, Valente KD, Pascual-Leone A. A controlled clinical trial of cathodal DC polarization in patients with refractory epilepsy. Epilepsia (2006) 47:335–42. doi: 10.1111/j.1528-1167.2006.00426.x

 50. Hummel F, Celnik P, Giraux P, Floel A, Wu WH, Gerloff C, et al. Effects of non-invasive cortical stimulation on skilled motor function in chronic stroke. Brain (2005) 128:490–9. doi: 10.1093/brain/awh369

 51. Fregni F, Marcondes R, Boggio PS, Marcolin MA, Rigonatti SP, Sanchez TG, et al. Transient tinnitus suppression induced by repetitive transcranial magnetic stimulation and transcranial direct current stimulation. Eur J Neurol. (2006) 13:996–1001. doi: 10.1111/j.1468-1331.2006.01414.x

 52. Fregni F, Boggio PS, Mansur CG, Wagner T, Ferreira MJ, Lima MC, et al. Transcranial direct current stimulation of the unaffected hemisphere in stroke patients. Neuroreport (2005) 16:1551–5. doi: 10.1097/01.wnr.0000177010.44602.5e

 53. Fregni F, Boggio PS, Lima MC, Ferreira MJ, Wagner T, Rigonatti SP, et al. A sham-controlled, phase II trial of transcranial direct current stimulation for the treatment of central pain in traumatic spinal cord injury. Pain (2006) 122:197–209. doi: 10.1016/j.pain.2006.02.023

 54. Fregni F, Boggio PS, Santos MC, Lima M, Vieira AL, Rigonatti SP, et al. Noninvasive cortical stimulation with transcranial direct current stimulation in Parkinson's disease. Mov Disord. (2006) 21:1693–702. doi: 10.1002/mds.21012

 55. Quartarone A, Morgante F, Bagnato S, Rizzo V, Sant'Angelo A, Aiello E, et al. Long lasting effects of transcranial direct current stimulation on motor imagery. Neuroreport (2004) 15:1287–91. doi: 10.1097/01.wnr.0000127637.22805.7c

 56. Rogalewski A, Breitenstein C, Nitsche MA, Paulus W, Knecht S. Transcranial direct current stimulation disrupts tactile perception. Eur J Neurosci. (2004) 20:313–6. doi: 10.1111/j.0953-816X.2004.03450.x

 57. Nitsche MA, Nitsche MS, Klein CC, Tergau F, Rothwell JC, Paulus W. Level of action of cathodal DC polarisation induced inhibition of the human motor cortex. Clin Neurophysiol. (2003) 114:600–4. doi: 10.1016/S1388-2457(02)00412-1

 58. List J, Lesemann A, Kübke JC, Külzow N, Schreiber SJ, Flöel A. Impact of tDCS on cerebral autoregulation in aging and in patients with cerebrovascular diseases. Neurology (2015) 84:626–8. doi: 10.1212/WNL.0000000000001230

 59. Harston GWJ, Carone D, Sheerin F, Jenkinson M, Kennedy J. Quantifying infarct growth and secondary injury volumes: comparing multimodal image registration measures. Stroke (2018) 49:1647–55. doi: 10.1161/STROKEAHA.118.020788

 60. Bucker A, Boers AM, Bot JCJ, Berkhemer OA, Lingsma HF, Yoo AJ, et al. Associations of ischemic lesion volume with functional outcome in patients with acute ischemic stroke: 24-hour versus 1-week imaging. Stroke (2017) 48:1233–40. doi: 10.1161/STROKEAHA.116.015156

 61. Dohmen C, Sakowitz OW, Fabricius M, Bosche B, Reithmeier T, Ernestus RI, et al. Spreading depolarizations occur in human ischemic stroke with high incidence. Ann Neurol. (2008) 63:720–8. doi: 10.1002/ana.21390

 62. Drenckhahn C, Winkler MK, Major S, Scheel M, Kang EJ, Pinczolits A, et al. Correlates of spreading depolarization in human scalp electroencephalography. Brain (2012) 135:853–68. doi: 10.1093/brain/aws010

 63. Hofmeijer J, van Kaam CR, van de Werff B, Vermeer SE, Tjepkema-Cloostermans MC, van Putten MJAM. Detecting cortical spreading depolarization with full band scalp electroencephalography: an illusion? Front Neurol. (2018) 9:17. doi: 10.3389/fneur.2018.00017

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Pruvost-Robieux, Calvet, Ben Hassen, Turc, Marchi, Mélé, Seners, Oppenheim, Baron, Mas and Gavaret. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fneur-09-00816-g003.gif





OPS/images/fneur-09-00816-g004.gif
e . "o
o | SRy
- IE N,






OPS/images/fneur-09-00816-g001.gif
L srmpomoma |

i L i o

1530 B R iEonpce
el e— e oo s
Revwauiaon e 1V Sk e o)

rcmbotn o A b o oty f i e






OPS/images/fneur-09-00816-g002.gif





OPS/images/cover.jpg
, frontiers
in Neurology

Design and Methodology of a Pilot
Randomized Controlled Trial of
Transcranial Direct Current
Stimulation in Acute Middle Cerebral
Artery Stroke (STICA)









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





