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Abstract. The present systematic review aimed to identify all 
the available literature on awake craniotomy (AC) in patients 
with arteriovenous malformation (AVM) in order to evaluate its 
safety, risks, benefits and effectiveness. All available literature 
on AC in patients with AVM was collected and evaluated in an 
aim to provide a better understanding of its safety, associated 
risks and benefits. A systematic search for studies employing 
AC in patients with AVM was conducted using the PubMed, 
Scopus and ScienceDirect databases without restrictions 
on the year of publication, language, or study design, from 
inception up to May 30, 2021. A total of 11 studies published 
between 2004 and 2021 with 106 patients who underwent ACs 
were considered eligible. The rate of complete resection was 
93% [95% confidence interval (CI), 82 to 100%; I2 0%].  The 
intraoperative complication rate was 21% (95% CI, 1 to 41%; I2 
55%) and the post‑operative complication rate was 33% (95% 
CI, 19 to 48%; I2 40%). During follow‑up, the complication 
rate was 6% (95% CI, 1 to 10%; I2 30%). The post‑operative 
complication rate was higher in the Spetzler‑Martin grade 
(SMG) III‑V group (31%; 95% CI, 21 to 42%; I2 46%) than in 
the SMG I‑II group (12%; 95% CI, 2 to 22%; I2 0%). Similarly, 
the follow‑up complication rate was higher in the SMG III‑V 
group (9%; 95% CI, 2 to 16%; I2 34%) than in the SMG I‑II 

group (0%; 95% CI, 0 to 4%; I2 0%). On the whole, the present 
study provides preliminary evidence to indicate that AC 
is a possible and useful option for the resection of AVM in 
selected patients. Well‑designed future studies with long‑term 
follow‑up are required however, to investigate various aspects 
of safety and provide solid data for AC in patients with AVM.

Introduction

Cerebral vascular malformations present a range of lesions, 
among which arteriovenous malformation (AVM) is the most 
common  (1). The management of AVM involves a multi-
disciplinary approach and often requires a combination of 
treatments, including surgery, embolization and radiosurgery 
(RS) (2,3). The surgical removal of an arteriovenous malfor‑
mation (AVM) can be challenging for any neurosurgeon (1,2). 
Depending on an the anatomic complexity, size and position of 
AVMs with regard to eloquent areas, a long surgical or a multi‑
disciplinary team and numerous sessions may be required to 
achieve maximum resection (3). More specifically, the surgical 
maneuvers required for the resection of an AVM could jeopar‑
dize the neurological integrity of the patient, particularly if it 
is located in an eloquent area (4,5). AVMs are highly variable 
in size, shape and location. However, patterns emerge and 
subtypes with definable anatomy appear, enabling a certain 
degree of classification  (3). The Spetzler‑Martin grading 
(SMG) scale is the most commonly used classification method 
to describe AVMs. It considers the size of the AVM, the loca‑
tion of the nidus and the pattern of venous drainage (3). The 
development of brain mapping techniques, such as functional 
magnetic resonance imaging (fMRI), electrocorticography 
(ECoG), intracranial electroencephalography and electrical 
stimulation during awake craniotomy (AC) could aid in 
the modern neurosurgical treatment of AVMs in eloquent 
areas (3,6). As for the first choice, there is evidence to suggest 
that fMRI may not be helpful during the resection of AVMs 
in eloquent areas (6). To the best of our knowledge, this is the 
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first meta‑analysis to evaluate the role of AC in patients with 
AVM. The main aim of the present study was to assess the 
associated risks and benefits of AC in the resection of AVMs 
by recording all the neurological outcomes. The present also 
aimed to identify the rate of complete resection, intraoperative 
and post‑operative complications, and subgroups of individuals 
who will benefit from AC.

Data and methods

Search strategy. A systematic search and narrative litera‑
ture review were undertaken, compatible with the Preferred 
Reporting Items for Systematic Reviews and Meta‑Analyses 
(PRISMA) guidelines (7), as presented in Fig. 1. A compre‑
hensive electronic bibliographic search was performed in 
order to identify articles published from database inception to 
May 30, 2021. The electronic databases of PubMed, Scopus 
and ScienceDirect were searched using a combination of 
the following terms as either key words or Medical Subject 
Headings (MeSH): (awake) AND [(craniotomy) OR (micro‑
surgery) OR (surgery)] AND [(arteriovenous malformations) 
OR (intracranial arteriovenous malformations) OR (brain 
arteriovenous malformations) OR (AVM)]. No limitations as 
to the year of publication, or study design were applied. The 
complete search strategy used for PubMed was as follows: 
(awake) AND [‘craniotomy’ (MeSH)] OR [‘microsurgery’ 
(MeSH)] OR (surgery) AND [‘Arteriovenous Malformations’ 
(MeSH)] OR [‘Intracranial Arteriovenous Malformations’ 
(MeSH)] OR (brain arteriovenous malformations) OR (AVM).

The titles and abstracts of all the retrieved articles were 
screened and examined to determine their relevance. Articles 
with titles and abstracts that met the inclusion criteria 
(as described below) were selected for further review. In 
addition, the references to retrieved full‑text articles were 
examined to identify potentially relevant articles that were not 
detected through the electronic search.

Study selection and quality assessment. Two impartial 
reviewers (AH and SC) screened THE titles and abstracts found 
through the initial search strategy to determine eligibility. In 
the case that the title and abstract were unclear regarding the 
inclusion of a study, the full text was obtained and evaluated to 
determine its eligibility. Differences in study eligibility were 
resolved by engaging in discussions with a third reviewer (GH) 
to achieve consensus when necessary. 

For case reports, the quality of the included studies was eval‑
uated using the Appraisal Checklist for case reports proposed 
by The Joanna Briggs Institute (JBI) (8). The tool consisted 
of eight questions to assess different domains of the study 
(clear reports of patient demographics, patient history, clinical 
condition, diagnostic/assessment tests, intervention/treatment, 
post‑intervention clinical condition, adverse events and impor‑
tant takeaway lessons). Each question was answered with ‘yes’, 
‘no’, ‘unclear’, or ‘not applicable’. One point was allocated for 
each ‘yes’ answer and the total score ranged between 0 and 8. 
The studies were categorized as follows: i) Score of 0 to 1 point, 
low quality; ii) score of 2 to 4 points, moderate quality; and 
iii) score of 5 to 8 points, high quality. 

For case series, the quality of the included studies was 
evaluated using the Appraisal Checklist for case series 

proposed by The JBI (8). The tool consisted of ten questions to 
assess different domains of the study (clear reports of inclusion 
criteria, standardized method of measuring, valid methods 
for identification of all participants, consecutive inclusion of 
patients, complete inclusion of patients, patient demographics, 
clinical information, follow‑up results, present sites/clinics 
demographic information and appropriate statistical analysis). 
Each question was answered with ‘yes’, ‘no’ or ‘unclear’. One 
point was allocated for each ‘yes’ answer and the total score 
ranged between 0 and 10. The studies were categorized as 
follows: i) Score of 0 to 3 points, low quality; ii) score of 4 to 
6 points, moderate quality; or iii) score of 7 to 10 points, high 
quality. 

For cohort studies, the quality of the included studies was 
evaluated using the Appraisal Checklist for cohort studies 
proposed by The JBI (8). The tool consisted of 11 questions to 
assess different domains of the study (study groups similarity, 
similar measurements of exposure, valid and reliable measure 
of exposure, identification of confounders, strategies to mini‑
mize confounders, all participants free of outcome at the start 
of the study, valid and reliable measure of outcomes, sufficient 
follow‑up period, follow‑up complete in all participants, strate‑
gies to address incomplete follow‑up and appropriate statistical 
analysis). Each question was answered with ‘yes’, ‘no’ or ‘unclear’. 
One point was allocated for each ‘yes’ answer and the total score 
ranged between 0 and 11. The studies were categorized as follows: 
i) Scored of 0 to 4 points, low quality; ii) score of 5 to 7 points, 
moderate quality; or iii) score of 8 to 11 points, high quality.

Eligibility criteria. The articles were eligible for the system‑
atic review if they: i) Included adult patients; ii) the patients 
included underwent AC for AVM resection; iii)  had any 
outcomes reported during and following AC; iv) were primary 
research articles; and v)  were published in the English 
language. All review articles, commentaries and editorials 
were excluded.

Outcomes of interest. The primary outcome of interest was to 
assess the risk‑benefit of AC in AVM resection by recording 
all the neurological outcomes (complete resection status, 
intraoperative complications and post‑operative neurological 
deficits). The secondary objective was to evaluate the disparity 
in the frequency of post‑operative complications and follow‑up 
complications between SMG I‑II and SMG III‑V.

Data extraction. Using an extraction form in an Excel® 
spreadsheet (Microsoft Corporation), AH and SC extracted the 
data. The data extracted included the following: Primary study 
author, year of publication, country, study design, population 
size undergoing AC, sex, mean age (in years), AVM location, 
hemorrhage or seizure at presentation, preoperative imaging, 
intraoperative neuromonitoring (IONM) method, SMG, 
follow‑up duration (in months) and the aims of each study. 
Data on intraoperative complications, intraoperative airway 
difficulties or lack of cooperation, post‑operative complica‑
tions, postoperative neurological deficit, complete resection 
status and imaging outcomes were also extracted.

Statistical analysis. Data processing and statistical analysis 
were stored and conducted on Microsoft Excel® and R‑Studio 
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version 2024.4.0.735, respectively  (9). Overall proportion 
with their 95% confidence intervals (CIs) were calculated 
for the categorical variables. The heterogeneity between the 
included studies was evaluated with I2 and P‑values. In the 
case of P>0.05 and/or I2≤50%, the difference in heterogeneity 
between studies was considered statistically insignificant; 
hence, the meta‑analysis was performed using a fixed‑effects 
model. On the contrary, in the case of P≤0.05 and/or I2>50% 
the statistical heterogeneity between studies was considered 
significant, and the meta‑analysis was performed using a 
random‑effects model. Finally, when sufficient outcomes were 
available, subgroup analyses of proportions were conducted, 
regardless of heterogeneity, in studies with specific outcomes 
for SMG I‑II and SMG III‑V. 

Results

Literature search results. Based on the search strategy, 1,261 
titles and abstracts were retrieved (PubMed, 37; ScienceDirect, 

1,181; Scopus, 43), and the subsequent screening process 
is presented in Fig. 1. Subsequently, 16 potentially relevant 
full‑text articles were obtained for a detailed evaluation. In 
addition, two more potentially relevant articles were identified 
from the reference lists of the 16 full‑text articles. Of note, 
four of the articles had missing information as regards the 
location, type, or treatment of the AVMs, and for another three 
articles, the retrieval of the full text was not achievable, despite 
multiple efforts being made; therefore, they were excluded. Of 
the 18 articles, 11 articles met the inclusion criteria and were 
selected for analysis in the present systematic review.

Study and patient characteristics. A total of 11 studies with 
106 patients who underwent AC were included in the present 
systematic review (1,4,10‑18). More specifically, of the eligible 
studies included, six studies were conducted in the USA, 
two studies were conducted in China, and three studies were 
conducted in Japan, Pakistan, and Switzerland. The character‑
istics of the included studies are summarized in Table I. Out 

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta‑Analyses (PRISMA) flowchart (7) used for study selection.

https://www.spandidos-publications.com/10.3892/mi.2024.166
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of the 11 studies, eight studies were case series (72.7%), two 
studies were case reports (18.2%), and one study was a cohort 
study (9.1%). Of note, nine studies reported follow‑up dura‑
tions, and the pooled mean follow‑up duration was 18 months 
(range, 3‑56.4 months). In addition, eight studies (72.7%) had 
a low risk of bias, while three studies (27.3%) had a moderate 
risk of bias (Table I). 

As regards the patient characteristics (presented in Table II), 
it was found that among the 106 patients, 57 patients were male 
and 49 patients were female, with a mean age ranging from 
23.5 to 67.1 years. Grade 3 AVMs were the most prevalent type 
of AVM, accounting for 35 cases (33.0%), and grade 2 AVMs 
accounted for 29 cases (27.4%), according to the preoperative 
analysis of the AVM and staging using the SMG. Preoperative 
imaging was performed in 99 patients (93.4%) and preopera‑
tive embolization was performed in 10 patients (9.4%). Only 
four studies (36.4%) reported the awake protocol employed, all 
of which used the asleep‑awake‑asleep technique.

Intraoperative and post‑operative findings. Among the 
common intraoperative guidance methods (Table II), cortical 
stimulation, cortical mapping and continuous ECoG were 
the most frequently used methods. As regards intraoperative 
complications (Table III), it is evident that no major complica‑
tions hindered the operations, and the majority were associated 
with intracranial hemorrhage during the operation or speech 
arrest, which was resolved gradually during follow‑up. The 
rates of intraoperative complications ranged from 0 to 75%, 
with a summary estimate rate of 21% (95% CI, 1 to 41%; I2 
55%) (Fig. 2). Other post‑operative complications (Table III) 
varied from mild facial weakness, aphasia and cranial nerve 
dysfunction to hemiplegia. The rates of post‑operative compli‑
cations ranged from 17 to 100% with a summary estimate rate 
of 33% (95% CI, 19 to 48%; I2 40%) (Fig. 3). These complica‑
tions were resolved in follow‑up in almost all cases described. 
The rates of follow‑up complications ranged from 0 to 100%, 
with a summary estimate rate of 6% (95% CI, 1 to 10%; I2 
30%) (Fig. 4).

Resection status. The resection status of 74 patients (69.8%) 
was unreported (13,18). The rates of complete resection ranged 
from 60 to 100% with a summary estimate rate of 93% (95% 
CI, 82 to 100%; I2 0%) (Fig. 5). Cannestra et al (18) included 
2 patients who had AVMs that were deemed unresectable at 
the time of AC (no resection attempts were made), and they 
were referred for RS. Gabarrós et al (16) had 1 patient who 
could not achieve a complete resection and was also referred 
for RS. Wang et al (10) had 1 patient that required repeat AC 
to achieve complete resection.

Subgroup analysis. The rates of post‑operative complications 
among SMG I‑II ranged from 0 to 50%, with a summary esti‑
mate rate of 12% (95% CI, 2 to 22%; I2 0%) and among SMG 
III‑V, these ranged from 0 to 100%, with a summary estimate 
rate of 31% (95% CI, 21 to 42%; I2 46%) (Fig. 6). There was 
significant heterogeneity found between different dosage 
subgroups (P‑value=0.01). The rates of follow‑up complica‑
tions among SMG I‑II ranged from 0 to 20%, with a summary 
estimate rate of 0% (95% CI, 0 to 4%; I2 0%) and among SMG 
III‑V, these ranged from 0 to 100%, with a summary estimate 
rate of 9% (95% CI, 2 to 16%; I2 34%) (Fig. 7). There was 
significant heterogeneity found between different dosage 
subgroups (P‑value=0.04).

Discussion

The significance of identifying the eloquent areas during brain 
surgery has been well‑established, and currently, AC is the gold 
standard for identifying these regions during glioma resec‑
tion (19). The present systematic review aimed to highlight the 
importance of awake craniotomy during AVM surgery and to 
identify the subgroups of patients that would benefit from such 
an intervention. Previously published data suggest that motor 
or language function may shift to an adjacent gyrus or to a 
contralateral hemisphere (20,21). This shift could occur due to 
brain plasticity in the presence of long‑standing lesions, such 
as AVMs (20,21). Monitoring brain function and preventing 

Table I. Characteristics of the included studies.							     

	 Year of			   Population size	 Mean follow‑up
Authors	 publication	 Country	 Study design	 for AC	 duration (months)	 Risk of bias	 (Refs.)

Wang et al 	 2020	 USA	 Case series	 6	 56.4	 9/10	 (10)
Ghaffar et al	 2019	 Pakistan	 Case series	 2	 NR	 5/10	 (1)
Chan et al	 2018	 China	 Case series	 6	 45	 9/10	 (11)
Zhou et al 	 2017	 China	 Cohort study	 73	 12	 5/11	 (12)
Tolly et al	 2017	 USA	 Case report	 1	 3	 8/8	 (13)
Aoun et al	 2017	 USA	 Case series	 2	 9a	 9/10	 (4)
Nimmannitya et al	 2015	 Japan	 Case report	 1	 5	 8/8	 (14)
Gamble et al	 2015	 USA	 Case series	 4	 NR	 9/10	 (15)
Gabarrós et al	 2011	 USA	 Case series	 5	 25.9a	 9/10	 (16)
Yonekawa et al 	 2005	 Switzerland	 Case series	 1	 3	 5/10	 (17)
Cannestra et al	 2004	 USA	 Case series	 5	 3	 7/10	 (18)

aCalculated from the data available in the studies. AC, awake craniotomy; NR, not reported.
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mistargeting during AVM surgery is critical for optimizing 
outcomes  (12). The precise identification and localization 
of the language function appear to be feasible only with 
the patient is in an awake condition (20,21). Additionally, it 
allows surgeons to determine the extent of the resection that 
can be performed safely without causing functional loss (14). 
The evaluation of the outcome following AVM surgery was 
performed using the modified Rankin Scale (mRS) (22). This 
scale assesses functional independence on a seven‑grade scale. 
Chan et al (11) and Gabarrós et al (16) reported that 5 patients 
(83%) and 3 patients (60%), respectively, exhibited an improve‑
ment in their functional outcome after AC in terms of mRS.

Among the patients who experienced worsening imme‑
diately post‑operatively, the majority of the patients had 
improved and only 6 patients had neurological deficits since 
the surgery. The rate of neurological deficit is higher compared 
with cases where AC is used for glioma surgery (~5.5%) (23); 
however, it should be noted that AC is a standard procedure in 
glioma surgery, while it was recently utilized in AVM surgery. 
Additionally, the data used in the present study were derived 
from different institutions with different methods of IONM 
and a lower number of patients, which may have affected the 
outcome.

A total of four studies included in the present system‑
atic review revealed that immediate postoperative 
neurological deficits can arise despite an uneventful intraop‑
erative course (1,11,14,17). Cerebral edema, vascular injury, 
or damage to areas with significant inputs to eloquent regions 
can all result in deficits (24). Although the majority of patients 
with post‑operative deficits recover, a subset may suffer from 
a permanent loss of function. The predictors of long‑term 
functional outcome include age, location, SMG, pre‑operative 
deficits, surgical complications and new post‑operative defi‑
cits (25). High‑SMG AVM tends to have a more complicated 
post‑operative and follow‑up course  (26). This was also 
reflected in the present study, as the majority of the patients 
who did have permanent neurologic deficits had a SMG ≥III. 
High‑grade AVMs are large and can extend deep into the white 
matter, making surgical resection difficult and posing a greater 
risk for the post‑operative neurological deficit (27). Therefore, 
one of the subgroups that can potentially benefit from AC 
are patients with an SMG <III. Further studies are required 
to determine whether AC is beneficial and safe for AVMs 
with SMG ≥III compared to other treatment modalities. It is 
also worth noting that all the studies included in the present 
systematic review had no reported mortality (1,4,10‑18).

The majority of the patients (55.6%) presented with either 
seizure or hemorrhage, highlighting that AC was performed in 
individuals with ruptured AVM. This could target the second 
subgroup that can benefit from AC: Individuals with ruptured 
AVM  (3,11). A previous randomized trial demonstrated 
that medical management was superior to interventional 
management (neurosurgical, radiosurgical or endovascular 
procedures) for unruptured AVMs in the short term (28). Of 
note, that trial ended early due to significant mortality in the 
surgical group (28,29). AC could potentially facilitate safer 
resection, and a new trial could be conducted using AC in the 
armamentarium for the surgical treatment of AVMs.

Currently, to the best of our knowledge, there are no 
publications available in the literature for AVM that directly 
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Table III. Intra‑operative and post‑operative findings.						    

				    Follow‑up
	 Intraoperative		  Post‑operative	 neurological
Authors, year	 complications	 Complete	 complications	 deficits	 Postoperative
of publication	 (no. of patients)	 resection	 (no. of patients)	 (no. of patients)	 angiogram	 (Refs.)

Wang et al,  	 Seizures (n=1), 	 6/6	 Hemorrhage requiring	 Mild facial weakness, 	 No residual	 (10)
2020	 blood transfusion 		  transfusion and mild	 which recovered in	 malformation after 1st
	 (n=1), anxiety and 		  facial weakness, which	 3 days (n=1); 	 surgery (n=5); no
	 nausea (n=1)		  recovered in 	 left‑sided	 residual malformation
			   3 days (n=1); left‑sided 	 weakness; recovered	 after 2nd surgery (n=1)
			   weakness; recovered 	 completely in
			   completely in 	 7 days (n=1)
			   7 days (n=1)
Ghaffar 	 None	 2/2	 Aphasia (n=1)	 Aphasia resolved 	 No residual	 (1)
et al, 2019				    completely in 	 malformation
				    48 h (n=1).
Chan et al,  	 None	 5/6	 Hemorrhage with	 Improvement in	 NR	 (11)
2018			   neurological 	 functional outcome
			   deficit (n=1)	 (n=5); no re‑bleed or 
				    new neurological 
				    deficit (n=6)
Zhou et al,  	 NR	 NR	 Neurologic	 Hemiplegia, cranial	 NR	 (12)
2017			   dysfunction (n=15)	 nerve dysfunction, 
				    hemianopia, or 
				    aphasia (n=4)
Tolly et al,  	 Hypoxemiaa	 NR	 Onyx pulmonary	 No new	 NR	 (13)
2017			   arterial embolism 	 complaints (n=1)
			   (n=1)a

Aoun et al, 2017 	 Seizure (n=1)	 2/2	 Transient left facial	 No seizures, normal	 No residual	 (4)
			   droop and arm 	 neurologic	 malformation nor AV
			   twitching (n=1)	 examinations and no 	 shunting
				    speech impediments 
				    (n=2)
Nimmannitya 	 None	 1/1	 Speech difficulty (n=1)	 Speech difficulty	 No residual	 (14)
et al, 2015				    resolved (n=1); 	 malformation
				    neuropsychological 
				    tests: No deterioration
				    of cognitive or 
				    language 
				    functions (n=1)
Gamble 	 Speech arrest (n=2); 	 4/4	 Dysphasia (n=1)	 Dysphasia	 No residual	 (15)
et al, 2015 	 hemorrhage (n=1)			   resolved (n=1)	 malformation
Gabarrós	 ICH (n=1); 	 4/5	 Temporal seizure (n=1)	 Temporal seizure	 Residual malformation	 (16)
et al, 2011)	 EDH (n=1)			   continued persisting; 	 in one patient with
				    improvement in 	 incomplete resection
				    functional 
				    outcome (n=3)
Yonekawa 	 None	 1/1	 Right‑side hemiparesis	 Right side	 No residual	 (17)
et al, 2005			   appearing after	 hemiparesis	 malformation
			   48 h (n=1)	 subsided almost 
				    completely (n=1)
Cannestra 	 None (AVMs	 3/5	 Word generation deficit	 Word generation	 NR	 (18)
et al, 2004	 deemed 		  at one month (n=2)	 deficit resolved (n=1)
	 unresectable, n=2)b

aComplications were related to a prior procedure performed and not directly to awake craniotomy; bAVMs deemed unresectable during awake crani‑
otomy and thus resection was not attempted. NR, not reported; MINORS, methodological index for nonrandomized studies; AVMs, arteriovenous 
malformations; AV, arteriovenous ICH, intracerebral hematoma; EDH, epidural hematoma.
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compare AC with other treatment modalities. Extrapolating 
data from brain tumor resection surgery, AC is said to be 
economically advantageous from a cost and resource perspec‑
tive due to the reduced need for post‑operative intensive care 
and shorter hospital stays (23,30). It is important to acknowl‑
edge that there are substantial risks not to be underestimated 
when resecting AVM with AC. The main concerns are loss 
of airway patency, significant or unexpected hemorrhage, and 

hemodynamic instability (16). Mild hypoxemia can impair 
brain relaxation and surgical exposure (16). Controlling the 
airway could be challenging, particularly in a patient with rigid 
pin fixation (16). Other concerns include patient movement, 
which might jeopardize delicate microsurgical maneuvers 
and patient discomfort or fatigue during long procedures (4). 
It should be noted that the success of AC is largely dependent 
on anesthetic experience and patient cooperation (4). In the 

Figure 2. A proportional metanalysis of the rates of intraoperative complications. The studies analyzed are listed. The numbers in the parentheses indicate the 
year of publication and the relevant reference number. CI, confidence interval. 

Figure 4. A proportional metanalysis of the rates of follow‑up complications. The studies analyzed are listed. The numbers in the parentheses indicate the year 
of publication and the relevant reference number. CI, confidence interval.

Figure 3. A proportional metanalysis of the rates of post‑operative complications. The studies analyzed are listed. The numbers in the parentheses indicate the 
year of publication and the relevant reference number. CI, confidence interval.
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present systematic review, the patients in the included studies 
who had airway difficulties or were unable to co‑operate 
received immediate anesthetic management and/or oxygen 
supplementation, aiding procedure completion. Sleep apnea 
was a prevalent risk factor among patients who encountered 
airway difficulties, which may have contributed to the airway 
obstruction experienced during AC (10). However, this was 
managed without the need for general anesthesia and subsided 
after inserting bilateral nasal airways (10). Of note, 1 patient 
experienced arterial desaturation during AC that was respon‑
sive to oxygenation via a standard face mask and persistent 

encouragement for the patient to continue deep breathing (13). 
However, it is important to note that this complication arose 
due to onyx migration from arterial embolization  (13). 
Intraoperative anesthetic management should include vigi‑
lance for sudden hemodynamic changes that might require 
massive fluid resuscitation and pharmacological manipulation 
of the circulation (16).

AC has also maximized the extent of surgical resection. 
Surgeons can resect with more confidence in non‑eloquent 
areas and avoid eloquent regions (31). Increasing the extent of 
resection can provide potential benefits, such as symptom relief 

Figure 5. A proportional metanalysis of the rates of complete resection. The studies analyzed are listed. The numbers in the parentheses indicate the year of 
publication and the relevant reference number. CI, confidence interval.

Figure 6. A subgroup proportional metanalysis of the rates of post‑operative complications between SMG II and III‑V. The studies analyzed are listed. The 
numbers in the parentheses indicate the year of publication and the relevant reference number. CI, confidence interval; SMG, Spetzler‑Martin grade.

https://www.spandidos-publications.com/10.3892/mi.2024.166


HARIKRISHNA et al:  AWAKE CRANIOTOMY IN PATIENTS WITH ARTERIOVENOUS MALFORMATION10

and neurological improvement (32,33). The majority of the 
patients in the studies included in the present systematic review 
achieved complete resection. These findings suggest that AC 
could potentially be a safe procedure that can be undertaken for 
AVM resection, particularly in eloquent areas and in patients 
with a SMG I‑II. The findings presented herein are consistent 
with those of a previous systematic review that indicated that 
AC may allow for the precise excision of eloquent AVMs, 
while preserving crucial brain functions (34). Additionally, 
significant flow reduction in AVM does not protect against 
hemorrhage, and treatment must continue until it is obliterated 
completely (16). Thus, complete resection is vital in providing 
protection from re‑hemorrhaging, and AC allows for this by 
providing an opportunity to achieve maximal resection safely. 
Other forms of management, such as RS, do not provide this 
immediate protection (35,36). Endovascular embolization also 
plays a role in the management of cerebral AVM in eloquent 
areas (36). It has been employed as an adjuvant to surgery in 
the management of cerebral AVMs, particularly those >3 cm 
in size  (10,37). However, endovascular embolization does 
carry specific risks. In the case report by Tolly et al (13), the 
patient first underwent onyx embolization followed by AC, 
and it was found that the patient later developed hypoxemia 
intraoperatively due to an onyx pulmonary artery embolism. 
Other complications of AVM embolization include intraopera‑
tive or post‑operative hemorrhage, cerebral ischemia, transient 
or permanent neurologic deficit and mortality (38‑40).

The limitations of the present systematic review include 
the small population size, limited data concerning follow‑up, 

and marked conceptual heterogeneity among the included 
studies. This reduced the value of the interpretation of the 
statistical analysis conducted. The present systematic review 
has also highlighted the low number of studies currently 
available and the absence of studies directly comparing AC 
with asleep surgery (and other treatment modalities) in the 
resection of AVM. Thus, further studies comparing other 
treatment modalities with asleep microsurgery are warranted 
in order to determine its overall benefits, including the neuro‑
logical outcome, length of hospital stay and effectiveness of 
the technique. It should also be highlighted that approxi‑
mately half of the studies included herein had a follow‑up 
period of ≤6 months. Therefore, any shortcomings observed 
during these periods could either be enduring or part of 
an ongoing developmental process. As a result, long‑term 
follow‑up studies are required to assess the impact of AC on 
AVM resection.

In conclusion, to date at least to the best of our knowledge, 
this is the first meta‑analysis assessing the role of AC in AVM 
resection. The results suggest that AC could potentially be a 
useful tool in resecting AVMs, specifically in patients with 
eloquence involvement, SMG <3, and unruptured AVMs. 
However, the present systematic review was based on studies 
with marked heterogeneity in patient selection, AVM location, 
resection techniques, surgical team, equipment, field strength 
and follow‑up information. Farther well‑designed observa‑
tional studies with longer follow‑up periods are thus required 
to provide integrated information regarding the safety and 
benefits of AC in patients with AVM.

Figure 7. A subgroup proportional metanalysis of rates of follow‑up complications between SMG II and III‑V. The studies analyzed are listed. The numbers in 
the parentheses indicate the year of publication and the relevant reference number. CI, confidence interval; Spetzler‑Martin grade.
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