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Abbreviations

AVM Arteriovenous Malformations

DCS Direct Cortical Stimulation

DSA Digital Subtraction Angiography

CTA Computed Tomographic Angiography
ECog Electrocorticography

fMRI Function Magnetic Resonance Imaging
MRI  Magnetic Resonance Imaging

MRA Magnetic Resonance Angiography
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Abstract

Objective While a significant amount of experience has acdatad for awake procedures for
brain tumor, epilepsy and carotid surgery, itstytfior intracranial neurovascular indications
remains largely undefined. Awake surgery, for daetetirovascular cases, offers the advantage
of precise brain mapping and robust neurologicatitoaing during surgery for lesions in
eloquent areas, avoidance of potential hemodynarsiability, and possible faster recovery.
Additionally, it opens the window for perilesiorgileptogenic tissue resection with potentially
less risk for iatrogenic injury.

Methods IRB approval was obtained for a retrospective neva¢ awake surgeries for
intracranial neurovascular indications over the B&smonths from a prospectively maintained
guality database. We reviewed patients’ clinicdications, clinical and imaging parameters,
and postoperative outcomes.

Results 8 consecutive patients underwent 9 intracraniaiovascular awake procedures
conducted by the senior author. A standardized d&etAwake-Sedated” protocol was utilized
in all eight patients. For the two AVM patientdahe three cavernoma patients, awake brain
surface and white matter mapping was performedreefod during microsurgical resection. A
neurological exam was obtained periodically thraughall 5 procedures. There were no intra-
operative or peri-operative complications. Hypotensvas avoided during the two Moyamoya
revascularization procedures in the patient wiklistory of labile blood pressure. Postoperative
imaging confirmed complete AVM and cavernoma raeaest No new neurological deficits or
new onset seizures were noted on 3-month follow-up.

Conclusion Awake surgery appears to be safe for select patigitih intracranial neurovascular

pathologies. Potential advantages include greafetys shorter length of stay and reduced cost.
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I ntroduction

The value of awake surgery has been effectivelyahestnated in several surgical specialties
including plastic surgery, orthopedic surgery, @rdurgery, and thoracic surgery, amongst others.
The benefits of awake procedures in neurosurgerg hiso become apparent, especially for seleat brai
tumors in eloquent locations, epilepsy surgery eardtid diseas&™ The utility of awake surgery for
intracranial neurovascular diseases, however, bialseen well established.

The potential advantages of awake surgery for sglgracranial arteriovenous malformations
and cavernomas include more reliable neurologicalitaring, more accurate brain mapping and the
potential for confidently resecting perilesionalleptogenic tissue with lower risk for neurological
deficit. For Moyamoya disease, more robust neuicédgnonitoring and avoidance of hypotension
induced ischemia are potential benefits of awakgesy. >***>*The main concerns with awake
neurovascular procedures are patient movementhwhight jeopardize delicate microsurgical
maneuvers, and patient discomfort during long ptapes?°2*

In this report we present our preliminary experendth awake surgery for highly selected
patients with intracranial AVMs, cavernomas and Bloypya disease. Our aim is to share our rationale

and establish the feasibility, and safety of awslkeery for these indications.

M ethods

Data Collection
IRB exemption was obtained for this retrospectiasecseries analysis at Mayo Clinic and
Northwestern University. The prospectively maintgimeurovascular databases at the Mayo Clinic

Hospital and Northwestern Memorial Hospital wererigd for patients with intracranial neurovascular
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pathologies who had undergone an awake craniotgntlyebsenior author over the past 36 months. The
indications for awake surgery were: 1) identifioatof eloquent cortex (language, motor) in proxjnbit
the pathology or 2) avoidance of hypotension assediwith general anesthesia in patients with
precarious cerebrovascular reserve. Patients wesegquently stratified into 2 subgroups:

* Group 1 included Cavernomas and AVMs and

» Group 2 included patients with Moyamoya disease.

The rationale for awake surgery differed betweentivo groups (see below). Data points
selected included clinical indications, clinicaépentation, preoperative workup, intraoperativestietic
and mapping techniques, intraoperative hemodynaarameters, preoperative and postoperative
imaging, intraoperative and postoperative comghecet, and clinical outcomes. The data points were

tabulated and subsequently analyzed.

Imaging studies

All patients underwent standard MR imaging (coriteashanced T1, GRE, SWI, DWI), MR
angiography and digital subtraction angiographyAlPD®hen indicated. In addition, patients in group 1
underwent fMRI sequences and DTI studies for piiekamy localization of the functional cortex (motor
and language areas) and the corresponding sulaidrécts. The location of the lesion in relatiorttie

fMRI generated functional areas and DTI generatatis was noted.

Preoperative patient preparation

Preoperative evaluation of patients included spreaitention to obstructive sleep apnea (OSA),
ischemic heart disease (IHD) and previous adversete related to local anesthesia and sedation. All
patients were extensively counseled on the stefisegirocedure. Special emphasis was placed on
educating them on the portions of surgery wheri gwative co-operation would be required. We were

careful to obtain informed consent regarding theimeof awake surgery.
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Technique for anesthetic management

The asleep-awake-asleep technique, described petyjavas used in all respective surgeffes.
Analgesia was achieved with a combination of aoegji scalp block with local anesthetic mixture (6ml
of 1% tetracaine is mixed with 30 ml of 1% lidooaiznd 1:200,000 epinephrine) and infusion of
intravenous remifentanil (2000 mcg in 50 ml). Sedatvas achieved with an infusion of Propofol
titrated to clinical effect (10mg/mljFigure 1) Strategic discontinuation of sedation was empldged

ensure that patients were awake and cooperativbdanapping and assessment phases of the surgery.

Patient Positioning

All patients were positioned supine or lateral vathse attention to comfort, optimization of
venous drainage, and pressure point padding. A ieldyfiead fixation device (Integra LifeSciences,
Plainsboro, NJ) with pin site local anestheticlirdtion was used for patients in group 1 whilecaut or
horseshoe device sufficed for those in group 2.rémpate monitoring devices were placed. Care was
taken during draping to allow a direct line of gigletween the patient’s face, and the anesthesi@nd
neuro-monitoring teams. Constant periodic reasseraras quintessential for attending to patients’
concerns and decreasing their anxiety. Anothertadaogirategy was playing their favorite music pktyl

or movie during the operation.

Awake phase monitoring

Patients in group 1 underwent direct cortical station and mapping using an Ojemann cortical
stimulator (Integra LifeSciences, Plainsboro, NJ%{10 ma is delivered by a constant current stioul
in 4-second trains at 60 Hz across 1-mm bipolasteddes separated by a 5-mm gap), or a grid eldetro
array. Motor areas were identified with concomitamovement of the face/upper limb/lower limb
occurring after cortical stimulation. For languagapping, patients were asked to count numbers from
to 50, name objects presented as pictures andvetats presented on a screen. Speech areas were

identified by stimulation-induced speech arrestrsrin naming or word reading for lesions neaespe
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areas. Electrocorticography (ECoG) signals wererdeEm mainly for Group 1 patients to discern
epileptogenic foci from silent brain tissue. Adlitally white matter stimulation was used where
relevant. Negative responses were seen as cdytieassuring. Awake procedures for Group 2 were
carried out with the main aim of preventing blogdgsure lability with general anesthesia. A seconda
benefit was the ability to monitor their generaliriogical status. Hence direct cortical stimulatand
mapping was not essential. Monitoring of somatosgnsvoked potentials (SSEP) and
Electroencephalography (EEG) changes was standl@altipatients. Clinical or electrocorticographic

seizure activity was suppressed with irrigatioficefcold Ringer solution over the brain.

Results

A total of nine awake neurovascular surgeries werformed in eight patients. Demographics
and indications for surgery are summarizedable 1. Two patients had arteriovenous malformations,
three had cavernous malformations and three patiextt Moyamoya disease (bilateral surgeries in one
patient). Consequently, group 1 consisted of fiwake procedures and group 2 consisted of four
procedures. Seven patients were female, and onenalas Age range was 21 to 64 years. All patients
were fluent with the English language. No intergretas needed. All patients underwent postoperative

MRI; follow up angiography was performed in additifor patients with AVM or Moyamoya disease.

Group 1.

A total of 2 AVM patients were included in groupHatient 1 had a grade 2 AVM located in the
posterior left temporal lobe and Patient 2 a gia#&/M in the right parietal lobe. A total of 3 cam®ma
patients were included in this group as well; Rat®had a cavernoma located in the right frorataé|
Patient 4 in the right parietal lobe and Patiehta# multiple cavernomagl able 2) All lesions were

located in or adjacent to eloquent regions. Palen&VM and Patient 3 and 4’s cavernomas were
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197 intimately related to the motor area, Patient IN4VAto the language area and Patient 5’s cavernoma t
198  both. Four cases (Patients 1, 2, 4 and 5) presavitedeizures and Patient 3 presented with focal

199  neurological deficit. Table 2)

200 All patients underwent successful awake proced@emoth transition from asleep to awake

201 phases and back to asleep was achieved in all. dde&x mapping and language mapping, in additon t
202 ECoG, were accomplished in all patients while i dlwake phase. Correspondence between preoperative
203 fMRI and intraoperative awake direct cortical maygpias seen in patients 2, 3 and 4. These three

204  patients had functional cortex in close proximaydsions. On the other hand, in patients 1 and 5,

205 intraoperative mapping revealed non-functionaleoftom a motor and language standpoint surrounding
206 the target lesiorn(Table 3) Subsequently, both positive and negative mapptige/ed strategic

207  dissection around the targeted pathologies and mtenesection in all cases. Patient 5 had a pavital

208  epileptogenic focus detected on ECoTGalfle 3) The involved tissue was consequently removed with
209  non-obvious neurological sequelae. No cases weraed due to issues with patient comfort or

210 cooperation. There were no adverse events suchtiaeable brain swelling, desaturation or vomiting

211 (Table4) Patients 1, 3 and 4 had one episode of seizuteceaing the mapping process. All seizures
212  abated promptly with ice-cold Lactated Ringer iatign.

213 Postoperative courses were uneventful in all petiévio new or worsened deficit was observed.
214  All patients reported positive experiences withaleke procedures and were willing to undergo amoth
215 awake surgery should the need arise in the fuRo¥ow up imaging consisted of postoperative MRI in
216 cases with cavernomas and follow up angiograp®MiM patients. Total resection was achieved in all

217 cases(Table4)

218
219 Group 2
220 Three patients with Moyamoya disease underwentdmake procedures. Patient 6 underwent

221  Dbilateral awake indirect bypass three months apaeging demonstrated bilateral disease in allepdsi

222  (Table2) Patients were kept hypertensive during surgery) &8P maintained between 160-190 mmHg.
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There were no episodes of significant blood presfluctuations during surgery in any of the pasent

There was no requirement of increasing blood presstuany point during surgery since no motor nor
language deficits were noted during monitoringideic evaluation of contralateral motor movements
was carried out during these procedures. No adesesets were noted during surgery. Postoperative

course was uneventful without new or worseningaisfi(T able 4)

Caseillustrations

Case 1 (Patient 1)

A 36-year-old female with a new onset seizure athial exam was found to have an AVM in
the left superior temporal gyrus with evidence wbiphemorrhage on MRFigure 2A-B). Angiography
showed a Spetzler-Martin grade 2 AMMigure 2C). fMRI showed the lesion in close relation to
Wernicke’s area. Microsurgical resection was chadter discussion of the options with the patiast,
we felt it had the added benefit of mapping andctsg epileptogenic tissue. During surgery, awake
language mapping revealed that the perinidal cavgexnon eloquent and the AVM was resected along
with perilesional hemosiderin laden tissue with @it CoG(Figure 2D-E). An intraoperative seizure
occurred that was easily controlled with ice-coldder solution. The patient remained intact
postoperatively. Postoperative angiography confific@mplete AVM resection. She remained seizure

free and without any deficits at one year follow up

Case 2 (Patient 2)

A 56-year-old female presented with left faciattjgh seizures and upper extremity paresis from
a right parietal hematoma within the post centyalig(Figure 3A) Angiography revealed a Spetzler-
Martin grade 2 AVM fed by a right middle cerebraieay branch with a single draining vein to the
sagittal sinus, just posterior to the hand k(feilgur e 3B) fMRI revealed right sided hand, lip, and tongue

sensorimotor activity abutting this ar@dagur e 3C) Surgical resection was performed with awake
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248  cortical and subcortical motor mapping and comphat®! excision was achieved. Post operatively she
249  remained without motor deficits but had an episoideft faciobrachial focal motor seizure that resd
250  promptly. Postoperative angiography showed no uasididus and she remained seizure free at 6 month

251  follow up.

252
253 Case 3 (Patient 6)
254 A 64-year-old female presented with bilateral upgdremity sensory TIAs, left more than right

255  (Figure4A). Digital subtraction angiography revealed bilatenayamoya diseag&igure 4B-C). Right-
256  sided indirect bypass (encephaloduroarteriomyosyinais- EDAMS) was performed with the patient
257  awake to avoid hypotension related to general hasi&t. Adequate blood pressure was consistently
258 maintained during surgery and no adverse intrgonet operative neurological events were observed. S

259  was symptom free at 1-month follow up.

260
261 Case 4 (Patient 5)
262 A 21-year-old male presented with intractable seigand multiple cerebral cavernomas on

263  MRI. (Figure5A) Video EEG determined possible ictal origin fromght frontal or a right temporal
264  lesion. fMRI revealed close proximity of the rigdsterior frontal cavernoma subcortical motor samt
265  DTI.(Figure5B-C) Surgical resection of the right frontal and tempoevernomas was undertaken with
266  awake cortical and subcortical motor mapping wigtocorticographic recordingf-igur e 5D)

267  Perilesional hemosiderin stained tissue was regedtboth locations safely without any intra- nosp
268  operative deficits. He was seizure free on baselosage of anticonvulsants and was at neurological
269  baseline at 6-month follow up. Follow-up postopeeaMRI showed complete resectidfrigur e 5E)

270

271

272 Discussion

10
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History of Awake Neurological Surgeries

Initial descriptions of awake brain surgery datelbt early 19 th century. G. Fritsh , E. Hitzig
and D. Ferrier experimented with electrically stiating the cerebrum of live animals and eliciting
specific contralateral movemerit$* In 1874, R. Barthalow followed with the discoverfylocalized
brain functional maps by stimulating a human btaiough a skull perforation secondary to an eroding
tumor?® With the start of the 2Dcentury, neurosurgeons recognized the potentiebwibined awake
surgery and brain mapping, especially in epilepsgery?®?” O. Foerster was one of the first to map the
brain’s eloquent areas through direct electric glation allowing for functional delineation befaiee
epileptogenic foci were removétiStimulation was noted to have the potential toitetiinical seizures
and auras, thus aiding in the localization of gqidgenic focii.?’ In the 1980s, M. Berger and G.
Ojemann championed awake procedures and brain nfipi brain tumor surgery. This allowed the

meticulous removal of primary brain tumors whilegerving eloquent areas and functional sttus.

Outcomes of Awake Surgery for Primary Brain Tumors and Epilepsy

A meta-analysis conducted by Brown et al. demotestrthat awake tumor resection, as opposed
to general anesthesia, led to a decrease in hbsfaita post-operative neurological deficit andgscal
time. Extent of resection was, additionally, noyadhhanced.De Wit Hamer et al. in another meta-
analysis demonstrated the added value of intratipefarain functional mapping for glioma resection.
They concluded that intraoperative mapping wascatsal with less severe neurological deficits and a
more extensive glioma resecti@fiMillian et al. conducted a systematic review tadstthe psychological
sequela of awake surgery on patients. The majofitlye patients stated that they were well prepéoed
their surgeries and overall satisfaction after sgygvas very high. The majority indicated they wbul
have the procedure performed again if it were iaigid, even though up to 30% of them had reported

remembering moderate to severe pain during suayeiyl4% reported anxiety during surg&ry.

11
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298 As for epilepsy surgery, an awake approach mayé&feped over general anesthesia for two
299  primary reasons; anesthetic interference with aménaial electrocorticography (ECoG) recordings tred
300 potential benefit of awake cortical functional maggp**°*! This in turn has led to possible improved
301 seizure outcome$.To our knowledge there has been no direct congrans seizure outcomes with
302 awake resections versus non-awake proceduresl@pspisurgery. Though it has been suggested that
303 awake mapping enables more aggressive resectiesiohal tissué® Moreover, greater extent of

304 resection in lesional epilepsy is known to coreelaith improved seizure outcom&s?

305

306

307 Rational and Concerns of Neurovascular Awake Surgery

308 The benefits of awake procedures for neurovasaudidcations may be extrapolated from other
309 neurosurgical disciplines, as outlined above, dube scarcity of existing published data pertajrim
310 awake cranial neurovascular procedures and abséacg randomized trials. These benefits most
311 importantly include the potential for preservatameurological function, delineating epileptogefdci,
312  improving the sensitivity of neuromonitoring andtigmting the side effects of general anesthesidoAs
313 moyamoya disease, hemodynamic volatility, a poaésgquela of general anesthesia, has been shown to
314  contribute to perioperative stroke in up to 3.8%4609% of cases. There is increased incidence of
315  perioperative stroke in patients who are experi@ndilA preoperatively and may occur after

316  disconnecting collaterals from dura to the braif{.The patients in our cohort were experiencing simil
317  preoperative hypotension associated TIAs and negicdl deficits. Thus, application of awake

318 procedures in these patients mitigates the vdiatfiintraoperative blood pressure and may deereak
319  of perioperative stroke.

320 The paucity of experience with awake surgery farraeascular indications reflects several
321 commonly held concerns. The first is concern wikignt motion given the delicate needs of vascular
322  micro-neurosurgery and the decreased ability taxrée brain when the patient is conscious. Therskc

323 s the potential need for burst suppression fomptanary occlusion purposes. Awake surgeries do not

12
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permit the utilization of burst suppression essgmt several neurovascular procedures. Hence, the
metabolic state of the brain cannot be alteredhiateempt to protect the brain from ischemia duthegse
surgical procedures. A third is the potential faaib swelling particularly as one might expect wahge
AVMs. Such barriers may not apply in cases invajvémall AVMs, cavernomas and moyamoya disease,
particularly with indirect bypass procedures.

When functional mapping is required, awake directical functional stimulation (DCS) remains
the gold standard. Throughout the years, severdhiiti@s of non-invasive functional imaging, like
fMRIs, PET and DTI, have augmented but not yet Rmipd this more invasive procedure. These
modalities remain limited by suboptimal sensitivdiyd specificity in localizing brain function when
compared to DCS functional mappirfg:° The hemodynamics of vascular lesions, moreovertathe
uncertainty of fMRI imaging. The area of functiorcaktex may be overestimated secondary to an

increase in flow/**?

TheLiteratureon Awake surgery for AVM, cavernoma and M oyamoya disease

Pubmed was queried using the following terms: awe@ovascular, awake cavernoma, awake
arteriovenous malformation, awake moyamoya, awaksus general anesthesia, functional mapping
cavernoma, functional mapping AVM, and functionapping Moya Moya. Our search yielded 285
results of which, 19 publications were relevanvtio literature review. The current published litara
pertaining to awake neurovascular procedures isditio small case series and case repbfté*®°
Seven of these publicatiofis"***'encompassed a total of 33 patients who underwesitea AVM

surgery and eleven of these publicatf6i%**®°

encompassed 32 patients who underwent awake
cavernoma surgery{T able 5) To the best of our knowledge, there have beenparted cases on awake
Moyamoya disease revascularization surgery. Oneregort, however, has been reported on an awake

STA-MCA bypass for hemodynamic insufficiency rethte vertebral and right ICA occlusion. The

indication for awake surgery in this case was wigany hypotension induced by general anestii&sia

13
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Earlier attempts at awake AVM procedures, as cedliny Burchiel et al., involved awake
surgical functional mapping, followed by resectaira later date under general anesthés@@abarros et
al., on the other hand, kept their patients awaked language functional mapping while subjecting
them to general anesthesia for motor functionalpimpand subsequent resectfdin our cohort, both
language and motor functional mapping were perfdringhe awake phase with subsequent surgical
resection of the pathology.

Cannestras et al. proposed a classification sysfekivMs that relates preoperative language
function fMRI findings to theoretic operative cheitbetween awake or asleep) and postoperative
outcome®® They categorized AVM patients into 3 groups; Grdufow risk, included AVMs which were
at least one gyrus removed from areas of languetjgtion, Group 2, high risk, are the AVMs thag ar
intimately associated with language functional ar@ad Group 3, intermediate risk are the AVMs #rat
adjacent to functional areas. Group 1 undergo psergery, Group 2 undergo radiosurgery due to
proximity and Group 3 undergo awake surgery.

We found several reports which included one oramwake procedures for cavernomas. There
were two larger reports by Zhou (n=17), who usatical mapping to locate the primary motor cortex,
and Matsuda (n=9), who performed sensory motordamgliage cortical mapping, as well as sub-cortical
mapping during the surgical approaéf® Matsuda reported two incidents of discovering lsage areas
using sub cortical mapping in the pericavernomagiasis. These incidents prevented the full renhova
resection of gliosis and spared eloquent braindisg/hat is of note in both these studies is that a

patients were free of neurological deficits at kbagn followup.

Patient Selection and I ndications

Rigorous selection criteria and an experiencedisalrgeam ensure optimal outcomes for awake
cranial neurovascular surgery. General contraitidica for awake procedures are uncooperative gatien
patients with severe language disabilities (suciaask Wernicke's aphasia), very young patients or

patients with significant language barriers. Pdteclinical presentation is also important. Patsen

14
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presenting with hemorrhage associated with hemigleghasia or a comatosed state may not be good
candidates for awake mappifighnesthetic contraindications include severe olssitre sleep apnea.
Specific relative neurovascular contraindicatiomdude large and deep AVMSs, posterior fossa

cavernomas or AVMs and possibly patients undergdirggrt bypasses for Moyamoya dised3&ble 6)

Our Casesin Perspective

In Group 1, utilization of intraoperative functidmaapping with direct cortical stimulation
(DCS) allowed functional delineation of tissue sumding the AVMs and cavernomas. This permitted
the surgeon to more confidently remove the corneding pathologies. Patients in this group had no
permanent neurological deficits postoperativelyrédwer, none of the cases exhibited any postoperati
residual pathology on post surgical or follow-upmging. In Group 2, patients experienced preoperativ
TIAs and neurological deficits induced by hypoterstpisodes, which as mentioned previously, is
associated with increased incidence of perioperatiroke. Intraoperative hemodynamic instabiligoal
increases perioperative stroke risk. The awakeguha@ prevented the lability in blood pressure, a
potential sequela of general anesthesia, thusiagemy cerebral ischemia related events intra-
operatively and post-operatively. Moreover, it pitteal better intraoperative neuromonitoring in this
group of patients by means of more robust seriataiegical exams. The postoperative courses okthes
patients were uneventful. Noted, however, arentradperative clinical and subclinical seizureshwit
Group 1 patients. This is a relatively common sffect of direct cortical stimulation. The involved
surgeons equated their experience in these 9 taséwer established awake procedures in terms of
difficulty and ease of operation. They also noteat the operative times of awake procedures inioala
to non-awake surgeries were comparable.

Success with this approach requires muliipis@ry collaboration between anesthesia, the
neurosurgical and the neuromonitoring team. Opgyabom nurses play a critical role as well.
Seamless communication and a calm intraoperativiecenment are important for a successful outcome.

Music selection and a reassuring environment caterfa a very smooth experience for the patient.
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This is fundamental especially when transitioniranf the sedated to the awake and back to the sedate

phase.

Conclusion

Our experience with this cohort adds to the bdditerature on awake surgery for intracranial
neurovascular diseases and may help clarify neigatidns and rationale. Awake surgery, includinghbo
awake language and motor functional mapping, agEe for microsurgical resection of select small
superficial AVMS, and superficial cavernomas. Moobust neurological monitoring, cortical and white
matter mapping and aggressive resection of pesilesiepileptogenic tissue appear to be important
advantages. Awake indirect bypass for MoyaMoyaake also appears safe and may shield the patient
from hemodynamic induced ischemia. Moving forwardarger cohort and randomized controlled studies

are suggested to further validate this favorabiiminary experience.
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626 FigurelLegend

627

628 Figurel Visual Schematic of Awak&nesthesia Protocol

629

630 Figure2A Axial view GRE MRI sequence demonstrating hemosidaurrounding the AVM (red circle).
631

632  Figure 2B Lateral view left carotid artery angiogram demoaisiig posterior temporal AVM with venous
633  stenosis (red arrow).

634

635 Figure2C Axial view fMRI demonstrating proximity of AVM téanguage centers (red arrow)
636

637  Figure 2D Surgeons performing direct cortical stimulatiodizitig an Ojemman bipolar
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639  Figure 2E Direct cortical stimulation mapping with corresporgllegend.
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643  Figure 3A Axial T2 Magnetic Resonance imaging of a latemghtiPost central gyrus hemorrhage
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645  Figure3B AP and lateral angiography delineating the righitgtal AVM.
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647  Figure 3C Axial fMRI demonstrating lip motor function in proxity to the AVM
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651 FiguredA Axial FLAIR sequence Magnetic Resonance Imagingaestrating areas of hypodensities
652  concomitant with ischemia (String of Pearl sign).
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654  Figure4B AP view angiography demonstrating Moymoya vessaiasis.
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656  Figure4C Lateral view angiography demonstrating Moymoya gestgenosis.
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660  Figureb5A Axial T2 Magnetic Resonance imaging of the frolernoma.
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662  Figure5B Axial view T2 fMRI demonstratingroximity of cavernoma to motor area.
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664  Figure5C Digital tractography imaging demonstrating proxiyrof the cavernoma to the subcortical
665 tracts.
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667  Figure5D Intraoperative grid array used in DCS functionappiag.
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669  Figure5E Sagittal view Post-operative Follow-up Magneticomence imaging demonstrating resolution
670  of the frontal cavernoma.
671
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Group 1 CT/A MRI/A MRI Tractography f MRI Angiography
Group 1 Age Presenting Sx Pathology Location Indication for Awake Surgery
Patient 1 36 New Onset Seizure AVM Posterior left . Nearby eloquent language function

No focal deficit temporal lobe . Evidence of prior hemorrhage, possible cause of
Subjective Speech Impediment intractable seizure
Partial seizure with speech arrest . Superficial location
Patient 2 56 Partial Seizure; Left face and Left AVM Right parietal . Nearby eloquent motor function
Upper extremity post central
Left partial motor seizures gyrus behind
hand knob
Patient 3 23 Several weeks of bilateral motor and Cavernoma Right posterior . Cavernoma anterior to motor area
sensory symptomatology. frontal lobe
Patient 4 38 Intractable seizure secondary to Cavernoma Right parietal . Proximity to motor cortex
residual/recurrence of cavernoma. lobe
(Prior cavernoma resected asleep)
Patient 5 21 Intractable seizures Multiple Right frontal . Right frontal cavernoma in proximity to
Cavernomas lobe, Right subcortical motor fibers
parietal lobe and . Intractable seizure
Left occipital
lobe
Group 2
Patient 6-1 64 Right Upper Extremity Numbness Moyamoya Diffuse . Avoidance of Hypotension
. Better Neuromonitoring
Patient 6-2 64 Previous right sided Moyamoya Diffuse . Avoidance of Hypotension
encephaloduroarteriomyosynangiosis . Better Neuromonitoring
Patient 7 43 Intermittent left arm numbness, Moyamoya Diffuse . Avoidance of Hypotension
episodic aphasia and complicated . Better Neuromonitoring
headaches
Patient8 41 Multifocal ischemic strokes 14 months Moyamoya Diffuse . Avoidance of Hypotension

PTP associated with episodic aphasia
and paresthesias

Table 1 Patient Demographics and Indications for Surgery

. Better Neuromonitoring



Patient 1

Patient 2

Patient 3

Patient 4

Patient 5

Group 2

CT Right posterior
fronto-parietal
intraparenchymal
hematoma

CTA Negative

CT: Right frontal
hematoma

. Small left temporal AVM with
surrounding T2 signal change
. Evidence of prior hemorrhage

. Resolving hemorrhage in lateral right
post central gyrus

. Early AV shunting in the region of the
previous hematoma with a prominent
right frontoparietal cortical vein
draining into the superior sagittal
sinus

. Right frontal cavernoma

. Evolving residual or recurrent right
parietal cavernoma in close proximity
to the motor cortex

. Right frontal lobe 9 mm cavernoma
with adjacent parenchymal
hemosiderin staining

. Right lateral temporal lobe
approximately 8 mm cavernoma with a
small amount of adjacent parenchymal
hemosiderin.

. Medial left occipital lobe 1.5 cm
cavernoma with adjacent parenchymal
hemosiderin staining

AVM and or associated
hemosiderin possibly
intersected the left temporal
components of the arcuate
fasciculus and the left
interior longitudinal
fasciculus

Frontal lesion in proximity
to motor subcortical fibers

Frontal lesion in close
proximity to subcortical
motor fibers

Reading paradigm elicited
strong activation in the left
ventral temporal lobe in
extremely close proximity
to the AVM, with some
areas of activation
immediately posterior and
others immediately ventral
to the AVM

Chronic hemosiderin
staining and mild volume
loss of the right post
central gyrus. Right sided
hand, lip, and tongue
sensorimotor activity
abutting this area.
Language function not in
proximity.

Primary motor cortex
posterior to cavernoma

Activation in the hand
region, just anterior to the
lesion. No language
function within proximity

. Motor: The activation was
several gyri away from the
area of signal change on T2

1x1.2 cm superficial left posterior
temporal AVM with a single feeder off
a temporal MCA branch. The draining
vein into the sigmoid sinus was
ectatic and stenotic

Right post central gyrus micro-AVM

fed by middle cerebral artery branch
with one superficial draining vein to
the sagittal sinus

None

None

None



Patient 6-1

Patient 6-2

Patient 7

Patient 8

CTA bilateral ICA
stenosis and
prominent
collateralization

CTA bilateral ICA
stenosis and
prominent
collateralization

CTA bilateral M1
stenoses, greater
on the left

CTA small caliber
bilateral internal
carotid arteries,
extending from the
cervical segments
to the supraclinoid
segments. Nearly
complete
obliteration of the
lumina at the
supraclinoid
segments. There
are extensive
lenticulostriate
collateral vessels

MRI bilateral small strokes

MRI bilateral small strokes

MRA Bilateral MCA territory cortical
and white matter infarcts. Severe,
preocclusive stenosis of the
supraclinoid internal carotid artery
bilaterally

Table 2 Preoperative Imaging

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Bilateral ICA stenosis with
collateralization from ECA branches

Bilateral ICA stenosis with
collateralization from ECA branches

Progression of the disease with
greater collateral and hypertrophy of
the lenticulostriate

Bilateral high-grade supraclinoid
carotid artery stenosis. Leash of
moyamoya vessels replacing the right
supraclinoid carotid artery.
Extracranial to intracranial collateral
via the left middle meningeal artery
supplying the right ACA distribution.
Hypertrophy of the right
lenticulostriate arterial system.



Patient ECOG; Yesor ECoG Findings Intraoperative Type of Language/Motor Intraoperative Direct Cortical Mapping
No Brain Functional Cortical Mapping Findings
Mapping (Y/N) Mapping

Patient 1 Yes No Yes Direct Bipolar Both Language Cortex around the AVM nidus appeared
Epileptogenic Stimulation and Motor non functional from a language standpoint
foci (negative mapping)

Patient 2 Yes No Yes Direct Bipolar Both Language In the post-central gyrus, the sensory
epileptogenic Stimulation and Motor cortex for left lip, left tongue, left thumb
foci and index finger were mapped. In the

precentral gyrus, the motor cortex for left
face and left hand were mapped. Utilizing
this information, dissection was initiated
within the post central sulcus to address
the underlying AVM.

Patient 3 Yes No Yes Direct Bipolar Both language Hand area is one gyrus away from cortical
epileptogenic Stimulation and motor incision
foci

Patient 4 Yes No Yes Grid Array Both language Left lower face, left mouth and left lower
epileptogenic and motor lip were within close proximity from
foci cortical lesion

Patient 5 Yes Singular frontal Yes Grid Array Both language Cortex around frontal cavernoma is quite
epileptogenic and motor from a motor and language perspective

focus detected

Table 3 Intraoperative Mapping Parameters in Group 1

(negative mapping)



Intraoperative Complications = Postoperative Clinical Outcome/Postop Imaging Outcome
Complications Neurological Deficits
Patient 1 One brief episode of seizure None No seizures. Normal neurological exam Postop angiogram: Total resection of AVM without residual
during direct stimulation, treated No speech impediments nidus or AV shunting
with cold Ringer solution
Patient 2 None Transient left facial droop Normal neurological exam Postop angiogram: Complete resection of the AVM without
and arm twitching No speech impediments residual nidus or AV shunting
No seizures
Patient 3 One brief episode of seizure None No seizures. Normal neurological exam Postop MRI: total resection of cavernoma
during direct stimulation. No speech impediments
Managed with Cold Ringer
solution
Patient 4 Brief subclinical seizure episode = None No seizures. No speech impediments. Postop MRI: total resection of residual cavernoma
managed by lactated ringer No new neurological deficit.
Patient 5 None None No seizures. No speech impediment. Postop MRI: total resection of both cavernomas
No new neurological deficit
Group 2
Patient 6-1 None None Normal neurological exam -
No speech impediments
Patient 6-2 None None Normal neurological exam Followup MRI and MRA show no evidence of new onset
No speech impediments stroke
Patient 7 None None Normal neurological exam Followup angiogram: good collateral to the underlying
No speech impediments brain related to the superior left indirect bypass.
Hypertrophied meningeal arteries are seen in relation to
this area as well as a brain capillary stain with venous
drainage
Patient 8 None Multiple clinical episodes = Normal neurological exam Postoperative angiogram: excellent EC-IC collateralization

of ipsilateral
hypoperfusion, resolved
post HHH therapy

Table 4 Intraoperative and Postoperative Clinical Course

No speech impediments

through indirect bypass



Study Y ear Awake Procedure # of
Patients

Burchid et al. 1989 AVM 8
Gorecki €t al. 1992 AVM 2
Zamorano et a. 1998 AVM 6
Cannestra et a. 2004 AVM 5
Y onekawa et al. 2005 AVM 3
Gabarros et al. 2012 AVM 5
Gambleet a 2015 AVM 4
Coppenset al. 2008 Bypass 1
Zamorano et al. 1997 Cavernomas 7
Daffau et a. 2005 Cavernomas 1
Mikuni et al. 2006 Cavernomas 2
Sakurada et al. 2007 Cavernomas 1
Shinouraet al. 2008 Cavernomas 1
Zhou et al. 2009 Cavernomas 17
Leal et 4. 2010 Cavernomas 1
Chang et al. 2011 Cavernomas 3
Matsuda et al. 2012 Cavernomas 8
Delion et al. 2015 Cavernomas 2
Joswig et al. 2016 Cavernomas 2

Table 5 Published awake neurovascular surgery cases




ACCEPTED MANUSCRIPT

Specific Neurovascular Indications for Awake

General Factors to Consider for Awake Neurovascular Surgery
Surgery

Most superficial cavernomas Experienced surgical and anesthesia team

All Moyamoya disease except when direct bypass is

needed Well equipped Center
Superficial small AVMs Adequate patient cognition
Small unruptured MCA bifurcation aneurysms Patient willingness and psychological status

Table 6 Specific and General Neurovascular Indications



Awake Anesthesia Protocol

Lidocaine 30ml of 1%

Local Anesthesia 6ml of 1%
Epinephrine 1,200,000

Remifentanil 2000 mcg in 50 ml
Sedation Propofol IV
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Highlights

. Awake surgery is an established modality for select neurosurgical procedures, including
neurooncol ogy, epilepsy surgery and carotid surgery, but is still not well established for
neurovascul ar indications.

. Hindrances to adopt awake surgery for neurovascular indications include patient motion
in adelicate microsurgical procedure, the need for burst suppression and the potential
brain edemawith large AVMs.

. We present a cohort of awake neurovascular procedures; we are one of thefirst to
implement both awake AVM motor and language functional mapping, and the first to
publish an awake Moyamoya procedure.

. With an experienced surgical team and stringent patient selection criteria, awake surgery
for neurovascular indications is feasible, efficacious and safe with potentially lower
intraoperative and postoperative squea ae.



Abbreviations

AVM Arteriovenous Malformations

DCS Direct Cortical Stimulation

DSA Digital Subtraction Angiography

CTA Computed Tomographic Angiography
ECog Electrocorticography

fMRI Function Magnetic Resonance Imaging
MRI Magnetic Resonance Imaging

MRA Magnetic Resonance Angiography



MAYO
CLINIC Bernard R. Bendok, MD

Chair, Neurological Surgery in Arizona
William J. And Charles H. Mayo Professor
Professor of Neurosurgery
5777 East Mayo Boulevard
Phoenix, AZ 85054
Edward C. Benzel
World Neurosurgery Chairman
Department of Neurological Surgery
Cleveland Clinic
9500 Euclid Avenue/ S-40,
Cleveland OH 44195

Dear Dr. Benzdl,

This research did not receive any specific grant from funding agenciesin the
public, commercial, or not-for-profit sectors.

Sincerely,

A

Bernard R. Bendok, MD

Chair, Neurological Surgery in Arizona
William J. and Charles H. Mayo Professor
Professor of Neurosurgery

5777 East Mayo Boulevard

Phoenix, Arizona 85054



