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OBJECTIVE Resection of glioma in the nondominant hemisphere involving the motor areas and pathways requires the 
use of brain-mapping techniques to spare essential sites subserving motor control. No clear indications are available for 
performing motor mapping under either awake or asleep conditions or for the best mapping paradigm (e.g., resting or 
active, high-frequency [HF] or low-frequency [LF] stimulation) that provides the best oncological and functional outcomes 
when tailored to the clinical context. This work aimed to identify clinical and imaging factors that influence surgical strat-
egy (asleep motor mapping vs awake motor mapping) and that are associated with the best functional and oncological 
outcomes and to design a “motor mapping score” for guiding tumor resection in this area.
METHODS The authors evaluated a retrospective series of patients with nondominant-hemisphere glioma—located or 
infiltrating within 2 cm anteriorly or posteriorly to the central sulcus and affecting the primary motor cortex, its fibers, and/
or the praxis network—who underwent operations with asleep (HF monopolar probe) or awake (LF and HF probes) mo-
tor mapping. Clinical and imaging variables were used to design a motor mapping score. A prospective series of patients 
was used to validate this motor mapping score.
RESULTS One hundred thirty-five patients were retrospectively analyzed: 69 underwent operations with asleep (HF 
stimulation) motor mapping, and 66 underwent awake (LF and HF stimulation and praxis task evaluation) motor map-
ping. Previous motor (strength) deficit, previous treatment (surgery/radiotherapy), tumor volume > 30 cm3, and tumor 
involvement of the praxis network (on MRI) were identified and used to design the mapping score. Motor deficit, previous 
treatment, and location within or close to the central sulcus favor use of asleep motor mapping; large tumor volume and 
involvement of the praxis network favor use of awake motor mapping. The motor mapping score was validated in a pro-
spective series of 52 patients—35 underwent operations with awake motor mapping and 17 with asleep motor mapping 
on the basis of the score indications—who had a low rate of postoperative motor-praxis deficit (3%) and a high extent of 
resection (median 97%; complete resection in > 70% of patients).
CONCLUSIONS Extensive resection of tumor involving the eloquent areas for motor control is feasible, and when an 
appropriate mapping strategy is applied, the incidence of postoperative motor-praxis deficit is low. Asleep (HF stimula-
tion) motor mapping is preferable for lesions close to or involving the central sulcus and/or in patients with preoperative 
strength deficit and/or history of previous treatment. When a patient has no motor deficit or previous treatment and has a 
lesion (> 30 cm3) involving the praxis network, awake mapping is preferable.
https://thejns.org/doi/abs/10.3171/2020.11.JNS202715
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In brain tumor surgery, preservation of motor function 
is critical because of the limited chance of improve-
ment when severe postoperative motor deficits oc-

cur.1–4 Motor function varies in complexity, ranging from 
simple or multiple muscle contraction to the ability to learn 
a complex motor skill. Physiologically, a motor action re-
quires the interaction of the primary motor area with the 
surrounding networks.5–8 Brain-mapping techniques allow 
identification and preservation of essential cortical and 
subcortical sites during surgery. The surgeon adapts the 
mapping strategy to the circuit(s) and motor functions that 
need to be explored.9 Traditionally, two different motor 
mapping strategies are applied: a resting approach (mostly 
performed on asleep patients), in which, without any pa-
tient collaboration, direct electrical stimulation is applied 
over the investigated site and the obtained motor response 
is evaluated either on the basis of overt movement or with 
electromyography (EMG); or a collaborative approach, in 
which the patient is awake and asked to perform a motor 
task while the observed interference during stimulation is 
evaluated.4,10,11 These two approaches allow the surgeon 
to map different components of the complex network in-
volved in motor control. The resting-asleep setting iden-
tifies the primary motor cortex and its descending fibers 
with high specificity and sensitivity;12 the collaborative-
awake setting mainly investigates the nonprimary motor 
areas and related circuitry.13–16

It is common knowledge that an awake phase is recom-
mended for dominant-hemisphere tumor resection in or-
der to ensure safe resection and preservation of language 
and cognitive functions; in this context, it is possible to 
extend mapping to higher motor cognitive functions.17 On 
the contrary, when a tumor develops in the nondominant 
hemisphere, the decision to perform motor mapping under 
awake or asleep anesthesia is, at the moment, based on 
surgeon preference and/or experience. In addition, most 
available studies have evaluated motor outcome after tu-
mor removal and report just the effect on motor strength, 
which is only a small portion of global motor capacity.1,18–20 
For instance, apraxia could occur, in the absence of mo-
tor strength deficit, when a tumor located within 2 cm of 
the primary motor area is removed and the praxis network 
is not carefully tested intraoperatively with dedicated 
tasks.14,21 Furthermore, it is still unknown which clinical 
or tumor imaging factors favor asleep versus awake mo-
tor mapping. In fact, no clear indication is available for 
patients with glioma in the nondominant hemisphere, and 
there is also a lack of general consensus on the intraopera-
tive anesthesia mapping paradigm that provides the best 
oncological and functional outcomes when tailored to the 
clinical context.22

In recent years, we have operated on patients with tu-
mor in the nondominant hemisphere under either asleep or 
awake conditions, with those in the latter group perform-
ing a hand-manipulation task (hMT) to evaluate the praxis 
network.14 In this work, first we report the functional and 
oncological data of a retrospective series of patients treat-
ed for tumor located within 2 cm anteriorly or posteriorly 
to the central sulcus in the nondominant hemisphere and 
affecting the primary motor cortex, its fibers, and/or prax-
is network. Patients were classified as “asleep” or “awake” 

according to the adopted motor mapping strategy. With 
this analysis, we aimed to identify which clinical or im-
aging features influence surgical strategy and functional 
and oncological outcome (in terms of extent of resection 
[EOR]). Based on these findings, a “motor mapping score” 
was generated to serve as a guide for choosing the most 
appropriate motor mapping strategy. The score was then 
applied to a prospective consecutive series of patients with 
comparable clinical features; again, great attention was 
paid to functional and oncological outcomes. The goal 
of this study was to provide suggestions to help surgeons 
decide to use asleep or awake motor mapping when ap-
proaching a tumor located within 2 cm of the primary mo-
tor cortex.

Methods
Patients and Study Design

Patients who fulfilled the following inclusion cri-
teria were included: a) tumor in the right nondominant 
hemisphere; b) tumor location within 2 cm of the central 
sulcus; c) surgery performed with either intraoperative 
asleep or awake anesthesia; d) availability of full clinical 
and radiological data; and e) availability of neuropsycho-
logical evaluation data, inclusive of praxis function. Pa-
tients were categorized into two groups (Fig. 1 and Table 
1). 1) The retrospective series included all patients con-
secutively treated at our ward between January 2014 and 
July 2018 (Humanitas Research Hospital, Rozzano, Italy). 
This series was used to identify the clinical and imaging 
variables needed to develop the “motor mapping score.” 
2) The prospective series enrolled all patients with tumors 
in similar locations who were prospectively admitted to 
our ward from August 2018 to December 2019 (Humani-
tas Research Hospital). For these patients, the motor map-
ping score determined the motor mapping strategy that 
was applied. All patients gave informed consent to the 
procedure.

Neurological and Neuropsychological Evaluations
Patients were evaluated before surgery and 5 days and 

1–3 months after surgery. Neurological evaluation of mo-
tor (strength) function used the Medical Research Council 
(MRC) grading system. Seizure history and preoperative 
and postoperative seizure control were also recorded.

At the same time points, neuropsychological examina-
tion was performed, inclusive of the ideomotor-apraxia 
task, to detect subtle praxis deficits. The test, based on 
imitations of hand gestures, is considered the gold stan-
dard for detecting apraxia. A neuropsychologist asked the 
patient to imitate 10 intransitive gestures (use of objects 
was not required), and the patient was instructed to use 
both the ipsilateral and contralateral arms of the affected 
hemisphere.14,17 No verbal description of the movements to 
be imitated was provided. When a gesture was not repro-
duced correctly on the first demonstration, a second one 
was allowed. Hand apraxia was determined to be present 
when the patient obtained a pathological score (< 2).

Imaging Analysis
The preoperative MRI protocol, acquired on a 3.0-T 
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Magnetom Verio system (Siemens), included a) axial 3D-
FLAIR imaging; b) post-Gd 3D T1-weighted imaging; 
and c) diffusion-weighted imaging (DWI) and apparent 
diffusion coefficient imaging. Patients underwent both 
immediate (within 48 hours) and 2-month postoperative 
MRI (volumetric FLAIR and post-Gd T1-weighted imag-
ing) to estimate EOR.23 Immediate postoperative diffu-
sion-weighted MRI was performed to evaluate ischemia. 
Preoperative FLAIR and post-Gd T1-weighted imaging 
were used for spatial analysis of tumor location.

Surgical Procedure
Resection was always performed according to func-

tional boundaries. Brain-mapping and brain-monitoring 
techniques were applied. In all cases, neuronavigation 
was available for surgical planning and intraoperative use 
to locate the tumor site and boundaries. However, resec-
tion was guided with intraoperative motor mapping. For 
patients in the retrospective series, the motor mapping 
strategy and related anesthesia setting (asleep vs asleep-
awake-asleep anesthesia) were decided by the surgeon 
(L.B. and M. Rossi) on the basis of the findings of previ-
ous work.1,12,14 All procedures (asleep or awake) were per-
formed by the same surgical team, which included the first 
(M. Rossi) and senior (L.B.) authors. In the prospective 
cohort, the type of mapping was determined with the mo-
tor mapping score.

Type and percentage of postoperative complications 
and perioperative deaths were recorded as well.

Brain Monitoring
EEG and ECoG were continuously used to monitor the 

depth of anesthesia and occurrence of seizures/afterdis-
charges. Free-running EMG activity was monitored from 
the beginning of surgery with a multichannel recording 
setup, and as many as 24 electromyograms were recorded 
from different contralateral and ipsilateral muscles.1 To 
monitor the integrity of the descending motor pathways 
throughout the procedure, the recording system was used 
to monitor 1) free-running background EMG activity, 2) 
motor responses to brain-mapping stimulation, and 3) mo-
tor evoked potentials (MEPs) due to stimulation of M1 
with the train-of-five technique.12 MEPs were recorded 
with transcranial electrodes from incision to closure, and 
with strip electrodes during resection; small 4-contact 
strips were placed very close to the surgical field.

Brain Mapping and Resection
Asleep Setting

For patients undergoing surgery in the asleep setting, 
motor mapping was performed with the high-frequency 
(HF) technique (500-msec monophasic stimulus with 
3-msec interstimulus interval, delivered with a monopo-

FIG. 1. Diagram showing the study design. In both the retrospective and prospective series, patients who fulfilled the inclusion 
criteria were categorized according to the adopted anesthesia mapping protocol as asleep or awake. The unmatched patient group 
in the prospective series included those patients for whom the adopted anesthesia mapping protocol differed from that indicated 
by the mapping score. Figure is available in color online only.
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TABLE 1. Clinical and imaging variables of the patients included 
in the retrospective and prospective series

Variable
Retrospective 

(n = 135)
Prospective  

(n = 52) p Value

Preop
 Anesthesia mapping  
 protocol
  Awake 66 (49) 35 (67)

0.241
  Asleep 69 (51) 17 (33)
 Sex
  Male 73 (54) 34 (65)

0.161
  Female 62 (46) 18 (35)
 Age, mean (range), yrs 44.2 (18–75) 44.0 (20–74) 0.937
 1st surgery
  Yes 84 (62) 31 (60)

0.743
  No 51 (38) 21 (40)
 RT 14 (10) 9 (17) 0.196
 Seizure
  Yes 107 (79) 41 (79)

0.784
  No 28 (21) 11 (21)
 Seizure control
  Yes 83 (78) 35 (85)

0.277
  No 24 (22) 6 (15)
 MRC grade
  5/5 112 (83) 49 (94)

0.244  4/5 18 (13) 3 (6)
  ≤3/5 5 (4) 0 (0)
 Hand apraxia 3 (2) 1 (2) 0.317
 Lobe
  Frontal 106 (78) 34 (65)

0.099
  Parietal 18 (13) 15 (29)
  Frontoparietal 6 (5) 1 (2)
  Other 5 (4) 2 (4)
 Tumor vol, cm3

  Mean (range) 39.7 (1.4–159) 49.4 (1–229) 0.003
  Median 25.2 26.2
 Praxis network  
 involvement
  Yes 67 (50) 30 (58)

0.130
  No 68 (50) 22 (42)
 SMA involvement
  Yes 27 (20) 2 (4) 0.006
  No 108 (80) 50 (96)
Periop morbidity* 2 (1) 1 (3) 0.323
Postop
 MRC grade
  At 5 days
   5/5 54 (40) 32 (61)

0.013   4/5 53 (39) 12 (23)
   ≤3/5 28 (21) 8 (16)

» CONTINUED FROM PREVIOUS COLUMN

TABLE 1. Clinical and imaging variables of the patients included 
in the retrospective and prospective series

Variable
Retrospective 

(n = 135)
Prospective  

(n = 52) p Value

 MRC grade (continued)
  At 1–3 mos
   5/5 110 (81) 46 (88)

0.494   4/5 22 (16) 5 (10)
   ≤3/5 2 (3) 1 (2)
 Apraxia
  At 5 days
   Yes 21 (16) 8 (15)

0.977
   No 114 (84) 44 (85)
  At 1–3 mos
   Yes 12 (10) 2 (4)

0.231
   No 121 (90) 50 (96)
 SMA syndrome
  Yes 4 (15) 0 (0)

0.963
  No 23 (85) 2 (100)
 Engel class
  I 94 (70) 48 (92)

0.015  II 31 (23) 4 (8)
  III 3 (2) 0 (0)
  IV 2 (2) 0 (0)
 Residual tumor vol, cm3

  Mean (range) 2.3 (0–53) 1.7 (0–19)
0.643

  Median 0 0
 EOR
  Mean, % 95 97 0.337
  100% 99 (73) 37 (71)
  90–99% 16 (12) 13 (25)
  <90% 20 (15) 2 (4) 0.264
 Alteration on DWI
  Eloquent site 20 (15) 3 (6)

0.435  Not eloquent site 23 (17) 13 (23)
  No 92 (68) 36 (71)
 Histologic diagnosis
  LGG 48 (54) 34 (65)

0.007  HGG 73 (35) 16 (31)
  Other† 14 (10) 2 (4)
 RT
  Yes 62 (46) 17 (33)

0.163  No 73 (54) 35 (67)

HGG = high-grade glioma; LGG = low-grade glioma; RT = radiotherapy.
Values are shown as number (percent) unless indicated otherwise. Boldface 
type indicates statistical significance (p < 0.05). 
* In the retrospective series, 1 patient died of pulmonary embolism, and 1 
patient completely recovered from a postoperative hematoma that was im-
mediately evacuated. In the prospective series, 1 patient died of pulmonary 
embolism.
† Includes 6 patients with metastasis, 4 with cortical dysplasia, 4 with cavern-
ous malformation, and 2 with gliosis.

Unauthenticated | Downloaded 11/08/21 01:19 PM UTC



J Neurosurg June 18, 2021 5

Rossi et al.

lar probe). After opening the dura mater, cortical mapping 
was used to identify the primary motor cortex, where a 
strip electrode was placed for continuous MEP monitor-
ing at the cortical motor threshold. Hence, cortical motor 
mapping was used to identify the safe entry zone where 
corticectomy was performed. Next, HF stimulation was 
continuously applied at the subcortical level to identify 
the M1 originating fibers as the functional boundary of 
resection, until a subcortical motor threshold of 3 mA was 
reached.12 To ensure continuous subcortical mapping, the 
assistant surgeon placed and kept the monopolar probe in 
the surgical field very close to the site of resection, thus 
detecting any motor response. When a motor response 
was identified, a current-intensity curve was obtained to 
estimate the distance from the M1 originating fibers. Re-
section was continued until a subcortical motor threshold 
of 3 mA was reached.

Awake Setting
In this setting, along with identification and preservation 

of the M1 fibers with HF stimulation (as described above), 
patients were asked to perform hMT, with low-frequency 
(LF) stimulation (1-msec, 60-Hz biphasic stimulation, de-
livered with a bipolar probe) used to identify the praxis cir-
cuit. Patients were awakened for this purpose. The lowest 
current intensity that interfered with hMT execution was 
applied throughout the task. At the cortical level, sites iden-
tified with either hMT or HF stimulation (resting condition) 
were preserved. At the subcortical level, sites identified 
with both hMT (praxis circuit) and HF stimulation (rest-
ing condition) were considered the functional boundaries 
where resection should stop.14 Again, to ensure continuous 
subcortical mapping and detection of any motor interfer-
ence or response, the bipolar (for LF stimulation) or mono-
polar (for HF stimulation) probes were placed and kept in 
the surgical field very close to the site of resection by the 
assistant surgeon. For LF stimulation, the same current in-
tensity that had been established cortically was delivered at 
the subcortical level. For HF stimulation, the same protocol 
described for asleep motor mapping was used.

Extent of Resection
EOR was calculated on 48-hour (volumetric post-Gd 

T1-weighted images for enhancing lesions [target of re-
section]) or 2-month (volumetric FLAIR for nonenhanc-
ing lesions [target of resection]) postoperative MR images. 
FLAIR-hyperintense or T1-weighted Gd-enhanced signal 
abnormalities were included in the lesion load for noncon-
trast-enhancing lesion or high-grade glioma, respectively, 
and were reported in cubic centimeters.23 Volumes were 
calculated with Elements SmartBrush software (Brainlab) 
by four blinded investigators (M. Rossi, L.G., M.C.N., and 
T.S.). EOR was classified according to the percentage of 
resection and residual tumor volume (RTV). The first cor-
responds to percentage of volume resected with respect 
to preoperative volume ([preoperative volume − postoper-
ative volume]/preoperative volume) and was classified as 
gross-total resection (EOR = 100%), near-total resection 
(EOR > 90%–99%), or subtotal resection (EOR < 90%). 
The volume of any residual abnormality was measured 
and reported in cubic centimeters.

Variables Considered for Analysis
Clinical, imaging, and tumor variables were analyzed. 

Clinical variables included age, sex, seizure history and 
control, presence of preoperative motor deficit (evaluated 
with MRC grade), presence of preoperative hand apraxia, 
and previous treatment (surgery, chemotherapy, radiother-
apy). 

Imaging variables included tumor volume, lobe, praxis 
network involvement, and abnormalities on DWI. Tumor 
volume was evaluated on volumetric FLAIR images for 
noncontrast-enhancing lesions and on volumetric post-
Gd T1-weighted images for contrast-enhancing lesions. 
Praxis network involvement was defined on preopera-
tive MRI (T1-weighted imaging for enhancing lesion or 
FLAIR for nonenhancing lesion) as tumor infiltration of 
the white matter a) under the premotor and supplemen-
tary motor area (SMA) in the frontal lobe and/or b) under 
the inferior parietal lobule/primary sensitive area, where 

FIG. 2. Examples of tumors with or without praxis involvement (as 
evaluated with preoperative MRI). A: Representative axial post-Gd T1-
weighted image (left) of a nondominant, presumptive high-grade glioma 
located in the mesial parietal lobe. The tumor mass (target of resection) 
is located in the mesial portion of the postcentral gyrus, extends toward 
the parietal lobe, and has limited involvement of the praxis network. 
The histological diagnosis was grade IV IDH1–wild-type glioblastoma. 
Representative preoperative axial FLAIR image (right) of a frontal, pre-
sumptive lower-grade glioma located in the ventral premotor area (target 
of resection), showing extensive infiltration into the white matter and 
possible involvement of the anterior portion of the praxis network. The 
histological diagnosis was grade II IDH1-mutated astrocytoma without 
chromosome 1p/19q codeletion. B: Model of the praxis network, re-
ported in an MNI model. The cortical (left) and subcortical (right) areas 
involved with the praxis network are highlighted in green, to serve as a 
reference for establishing possible praxis network involvement. Figure is 
available in color online only.
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the praxis circuits are generally located (Fig. 2).7,8, 13, 14, 16,21 
Ischemia was evaluated on postoperative DWI. DWI re-
striction was categorized as present when > 2 cm3. The 
location of the abnormality on DWI and involvement of 
eloquent subcortical sites for motor control were docu-
mented. A subcortical site was considered eloquent when 
located within the course of a tract mediating motor or 
praxis functions. Tumor variables included histomo-
lecular diagnosis and tumor grade according to the 2016 
WHO classification.24

Spatial Analysis of Tumor Location
Preoperative T1-weighted and FLAIR images of each 

patient were coregistered to the standard Montreal Neu-
rological Institute (MNI) template by using the enantio-
morphic normalization process of the MR-Segment-Nor-
malize function of the Clinical Toolbox of SPM12. The 
reliability of the normalization process was visually in-
spected on a case-by-case basis and corrected if needed. 
Tumor segmentation was then performed on coregistered 
Gd-enhanced MR images for high-grade glioma, or coreg-
istered FLAIR images for low-grade glioma, with semiau-

tomated segmentation software (ITK-SNAP). Segmented 
lesions were grouped by approach (asleep or awake). The 
amount of overlap among lesions was evaluated by pro-
ducing a map of the tumor locations. The two groups were 
compared by creating two overlapping maps on the MNI 
template (MRIcron software) (Fig. 3).

Statistical Analysis
A scoring system was built to predict use of the awake 

motor mapping approach on the basis of clinical and imag-
ing factors that were statistically associated with the awake 
approach, as defined by the analysis of the retrospective 
series (Fig. 4A and B). A specific weight was given to each 
significant factor on the basis of both the statistical and 
clinical data analysis. The ability of the scoring system 
and the best cutoff value were then tested with receiver 
operating characteristic analysis and Youden’s statistic in 
order to design the “motor mapping score” (Fig. 4C). The 
chi-square and Fisher exact tests were used to evaluate the 
associations among factors. The exact McNemar’s test was 
used for matched comparisons. No multivariable models 
were fitted because of the descriptive nature of this study. 

FIG. 3. Spatial analysis of tumor location. The tumor maps of the patients who underwent asleep motor mapping or awake motor 
mapping in the retrospective or prospective series were grouped together. Patients in the awake motor mapping group had tumor 
mainly in the frontal and/or parietal areas and involvement of the praxis network to a variable extent (premotor cortex, primary 
sensitive area, inferior parietal lobe, and underlying white matter). Patients in the asleep motor mapping group had tumor mainly in 
the pre- and/or postcentral gyrus, with limited involvement of the praxis network. Figure is available in color online only.
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FIG. 4. Examples of the motor mapping score. A: Two examples of tumor in the frontal lobe. Representative axial FLAIR image (left) 
of a presumptive lower-grade glioma involving the dorsal premotor area. To determine the motor mapping score, the tumor volume, 
presumptive involvement of the praxis network, and clinical and neurological condition of the patient were evaluated. Tumor volume was 
measured on volumetric FLAIR with semiautomatic segmentation (iPlan, Brainlab). The volume was 45 cm3 (score = 1). The patient had 
no motor deficit (score = 2) or previous treatment (score = 1). Analysis of the preoperative MR images and model of the praxis network 
indicated involvement of the praxis network (score = 2). The total score was 6, supporting use of the awake motor mapping protocol. 
Representative axial post-Gd T1-weighted image (right) of a presumptive high-grade glioma involving the precentral gyrus. To determine 
the motor mapping score, the tumor volume, presumptive involvement of the praxis network, and clinical and neurological condition of 
the patient were evaluated. Tumor volume was measure on volumetric post-Gd T1-weighted images with semiautomatic segmentation 
(iPlan, Brainlab). Tumor volume was 15 cm3 (score = 0). At admission, the patient had mild paresis (4/5 MRC grade) involving the right 
hand (score = 0). No previous treatment was reported (score = 1). Analysis of the preoperative MR images and model of the praxis net-
work did not indicate involvement of the praxis network (score = 0). The total score was 1, supporting use of the asleep motor mapping 
protocol. B: Motor mapping scores of these 2 patients. Score > 3 favors adoption of the awake motor mapping protocol. C: Receiver 
operating characteristic (ROC) curve of the proposed motor mapping score. Figure is available in color online only.
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IBM SPSS version 24 (IBM Corp.) was used to perform 
the analysis.

Results
Retrospective Series
Patients

Of 352 patients with nondominant tumors located 
within 2 cm of the central sulcus, 135 patients fulfilled the 
criteria. Clinical and imaging features are shown in Table 
1. Sixty-nine patients were treated under general anesthe-
sia (asleep group) and 66 under asleep-awake-anesthesia 
(awake group).

Preoperative Clinical Variables and Mapping Strategy
The two groups differed in terms of preoperative mo-

tor deficits, seizure control, and previous treatments (Table 
2). Fewer patients in the awake group had preoperative 
motor deficits (58 [88%] had 5/5 MRC grade deficit vs 54 
[78%] in the asleep group, p = 0.003), but more patients in 
the asleep group had poor seizure control than patients in 
the awake group (19 [44%] vs 5 [10%], respectively; p = 
0.023) or had received radiotherapy (11 [16%] vs 3 [5%], p 
= 0.012) or undergone previous surgery (51% vs 24%, p = 
0.002). Other clinical factors, and particularly the presence 
of preoperative hand apraxia, were comparable.

Imaging Variables and Mapping Strategy
Preoperative tumor volume was greater in the awake 

group than in the asleep group (median 39.7 cm3 vs 16.1 
cm3, respectively; p < 0.001) (Table 2). A greater percent-
age of patients in the awake group (86%) had involvement 
of the praxis network than the asleep group (15%) (p < 
0.001). In the asleep group, tumor was mainly located in 
the precentral gyrus and/or its descending pathways, but 
involvement of the premotor or postcentral areas was lim-
ited. In 27 (20%) patients, the SMA was involved. In the 
awake group, tumor was mostly located in premotor areas, 
in either dorsomedial prefrontal white matter or white/
gray matter toward the insula or basal ganglia (Fig. 3).

Functional Outcome and Mapping Strategy
Perioperative morbidity was low and comparable be-

tween the two groups (1 patient died in each group, p = 
0.545). Patients with a previous motor (strength) deficit 
who underwent awake operations experienced difficul-
ties performing hMT during surgery, and this interfered 
with our ability to identify the praxis circuits. No operative 
deaths were recorded.

Functional outcome was evaluated in terms of motor 
strength and apraxia, immediately and at follow-up at 1–3 
months. Immediately after surgery, the rates of apraxia were 
comparable between the two groups (12% of awake group 
and 19% of asleep group, p = 0.2822) (Table 2), whereas 
the proportion of patients with severe strength deficit was 
greater in the asleep group (28% of patients had ≤ 3/5 MRC 
grade deficit) than the awake group (14%) (p = 0.005) (Ta-
ble 2). SMA syndrome developed in 2 (18%) patients in the 
asleep group and 2 (14%) patients in the awake group. Most 
deficits resolved at 1–3 months after surgery, and the pro-
portions of patients with permanent strength deficits (4% 

of awake group vs 0% of asleep group) or apraxia (6% of 
awake group vs 12% of asleep group) were comparable. 
However, patients with tumor larger than 30 cm3 involving 
the praxis network who underwent asleep motor mapping 
had a higher rate of permanent apraxia (18.75%). 

Rates of postoperative seizure control were also simi-
lar, and most patients were seizure free (Engel class I). A 
greater proportion of patients in the awake group had ab-
normalities on immediately postoperative DWI scans than 
patients in the asleep group (48% vs 16%, p = 0.001). Most 
of these alterations were small (< 1 cm3), were located in 
both eloquent and noneloquent areas, and resolved on sub-
sequent MR images.

Oncological Outcome and Mapping Strategy
EOR, when expressed in terms of percentage of re-

sected tumor, was similar between groups (mean EOR 
94% for the awake group vs 96% for the asleep group, p = 
0.254); complete resection was achieved in 82% of patients 
in the asleep group versus 64% of the awake group (Ta-
ble 2). However, RTV was larger in patients in the awake 
group than in patients in the asleep group (mean 3.7 cm3 vs 
1.16 cm3, respectively; p = 0.029), which is consistent with 
the fact that preoperative tumor volume was greater in the 
awake group. Subtotal resection was documented in 36% 
of patients in the awake group and 18% of patients in the 
asleep group. Identification of primary motor fibers and/or 
praxis circuits was the main reason for stopping resection.

Tumor Variables and Mapping Strategy
Tumor grade and histomolecular diagnosis were com-

parable (Table 2). Low-grade tumor was diagnosed in 53% 
of patients in the awake group and in 55% of patients in 
the asleep group.

Motor Mapping Score
Absence of preoperative motor deficit, absence of pre-

vious treatment (radiotherapy and surgery), tumor volume 
(> 30 cm3), and involvement of the praxis network were 
associated with the use of awake motor mapping and used 
to design a predictive mapping score for the use of awake 
motor mapping. On the basis of the intraoperative findings, 
clinical outcome data generated from our analysis of the 
retrospective series, and previously published evidence,12,14 
involvement of the praxis network, and absence of pre-
operative motor deficits were weighted as highly relevant 
variables (score = 2); the other two variables, i.e., tumor 
volume (> 30 cm3) and absence of previous treatment, were 
weighted as moderately relevant variables (score = 1). The 
absence of any of these variables was scored as 0. An ex-
ample of the scoring system is shown in Fig. 4A and B. The 
discriminative power of the score was validated in a pro-
spective series with receiver operating characteristic analy-
sis, resulting in a high discriminative value (area under the 
curve = 0.890; 90% sensitivity; 74.3% specificity) (Fig. 4C). 
The best cutoff value to discriminate use of the awake pro-
cedure was > 3, as calculated with Youden’s index.

Prospective Series
Patients

Fifty-two patients were prospectively enrolled in this 
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TABLE 2. Clinical and imaging variables of the patients included 
in the retrospective series according to the adopted anesthesia 
mapping protocol

Variable
Awake Group 

(n = 66)
Asleep Group 

(n = 69) p Value

Preop
 Sex
  Male 31 (47) 42 (61)

0.105
  Female 35 (53) 27 (39)
 Age, mean (range), yrs 41.9 (18–68) 45.5 (18–75) 0.119
 1st surgery
  Yes 50 (76) 34 (49) 0.002
  No 16 (24) 35 (51)
 RT 3 (5) 11 (16) 0.012
 Seizure
  Yes 49 (75) 58 (84)

0.160
  No 17 (25) 11 (16)
 Seizure control
  Yes 44 (90) 39 (66) 0.023
  No 5 (10) 19 (44)
 MRC grade
  5/5 58 (88) 54 (78)

0.003  4/5 5 (8) 13 (19)
  ≤3/5 3 (4) 2 (3)
 Hand apraxia 2 (3) 1 (1) 0.501
 Lobe
  Frontal 51 (77) 55 (80)

0.051
  Parietal 9 (13) 9 (13)
  Frontoparietal 1 (2) 5 (7)
  Other 5 (8) 0 (0)
 Tumor vol, cm3

  Mean (range) 39.7 (1.7–159.6) 16.1 (1.4–149.8) <0.001
  Median 30.98 12.35
 Praxis network  
 involvement
  Yes 57 (86) 10 (15) <0.001
  No 9 (14) 59 (85)
 SMA involvement
  Yes 14 (21) 13 (20)

0.731
  No 52 (79) 56 (80)
Periop morbidity* 1 (1) 1 (1) 0.545
Postop
 MRC grade
  At 5 days
   5/5 34 (52) 20 (29)

0.005   4/5 23 (35) 30 (43)
   ≤3/5 9 (14) 19 (28)
  At 1–3 mos
   5/5 50 (76) 60 (87)

0.504   4/5 13 (20) 9 (13)
   ≤3/5 3 (4) 0 (0)

CONTINUED IN NEXT COLUMN »

» CONTINUED FROM PREVIOUS COLUMN

TABLE 2. Clinical and imaging variables of the patients included 
in the retrospective series according to the adopted anesthesia 
mapping protocol

Variable
Awake Group 

(n = 66)
Asleep Group 

(n = 69) p Value

Postop (continued)
 Apraxia
  At 5 days
   Yes 8 (12) 13 (19)

0.2822
   No 58 (88) 56 (81)
  At 1–3 mos
   Yes 4 (6) 8 (12)

0.2379
   No 62 (94) 61 (88)
 SMA syndrome
  Yes 2 (14) 2 (18)

0.560
  No 12 (86) 11 (82)
 Engel class
  I 54 (82) 43 (62)

0.053
  II 11 (17) 22 (32)
  III 0 (0) 3 (4)
  IV 1 (1) 1 (2)
 RTV, cm3

  Mean (range) 3.7 (0–53.86) 1.16 (0–29) 0.029
  Median 0 0
 EOR
  Mean, % 94 96 0.254
  100% 42 (64) 57 (82)
  90–99% 10 (15) 6 (9)
  <90% 14 (21) 6 (9) 0.071
 Alteration on DWI
  Eloquent site 14 (21) 6 (9) 0.001
  Not eloquent site 18 (27) 5 (7)
 Histologic diagnosis
  LGG 35 (53) 38 (55)

0.808  HGG 25 (38) 23 (33)
  Other† 6 (9) 8 (12)
 RT
  Yes 29 (44) 33 (48)

0.329  No 37 (56) 36 (52)

Values are shown as number (percent) unless indicated otherwise. Boldface 
type indicates statistical significance (p < 0.05). 
* One patient died of pulmonary embolism, and 1 patient completely recovered 
from a postoperative hematoma that was immediately evacuated.
† Includes 8 patients with metastasis, 4 with cortical dysplasia, 2 with cavern-
ous malformation, and 2 with gliosis.
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series. Clinical and imaging features are shown in Table 
1. For each patient, the four variables (see Motor Map-
ping Score) were evaluated and scored. Patients under-
went awake or asleep operations according to the indica-
tion of the mapping score: 17 were treated while asleep 
because their score was < 3, and 35 were treated while 
awake because their score was > 3 (Table 3). The map of 
tumor locations showed that patients in the awake group 
had larger tumor volume and tumor involving the frontal 
and/or parietal lobe; only 1 patient had SMA involvement. 
Patients in the asleep group had smaller tumor and tumor 
involving the precentral gyrus, and SMA involvement 
was very limited (1 patient) (Fig. 3). Three patients in the 
awake group and 2 in the asleep group were “unmatched” 
for at least one criterion of the motor mapping score, and 
these patients were treated with a different motor map-
ping protocol than that indicated by the motor mapping 
score.

Functional Results
The proportions of patients with immediate motor defi-

cits were comparable between groups (46% of patients in 
the awake group vs 24% of the asleep group), as were the 
proportions of patients with permanent deficits (12% of 
patients in the awake and asleep groups; 3% of patients in 
the awake group had severe permanent deficits vs 0% of 
the asleep group) (Table 3). No patients developed SMA 
syndrome. Praxis deficits were observed immediately 
after surgery in 14% of patients in the awake group and 
18% of patients in the asleep group; no permanent apraxia 
developed in the asleep group, and only 2 patients in the 
awake group developed permanent apraxia (Table 3). Sei-
zure control was comparable and high in both groups.

Small alterations were recorded on immediately post-
operative DWI scans in both groups (29% of patients in 
the awake group vs 35% of the asleep group), and most 
resolved in 3 months (Table 3).

Oncological and Histomolecular Results
The median EOR was 97% in both groups. Complete 

resection was achieved in 69% of patients in the awake 
group versus 76% of those in the asleep group, without 
statistical difference. The median RTV was 0 cm3 in both 
the asleep and awake groups, with greater mean RTV in 
the awake group (1.8 cm3 vs 0.6 cm3) because of the larger 
preoperative tumor volume, but without statistical differ-
ence (Table 3). The histomolecular diagnoses were similar 
between groups (Table 3).

Clinical and Imaging Features of the Unmatched Patients
Details are reported in Table 4. Three patients without 

involvement of the praxis network who underwent awake 
operations had presumptive lower-grade glioma. For these 
patients, the intention of treatment was to achieve supra-
total resection,25 and therefore intraoperative testing of 
the praxis and cognitive networks was relevant because 
these networks were close to the planned limit of resec-
tion on preoperative MRI. Two patients underwent asleep 
operations despite involvement of the praxis network and 
indication for awake mapping based on the mapping score. 
Both patients refused to undergo awake operation, and 

both developed mild praxis deficit that was persistent at 
postsurgical evaluation at 1–3 months.

Discussion
Preservation of motor function relies on intraopera-

tive identification of areas and pathways involved in ide-
ation, planning, execution, and control of movements.4,14,17 
The available neurophysiological paradigms (LF and HF 
stimulation) allow the surgeon to precisely recognize the 
primary motor cortex and its descending fibers in patients 
under both asleep and awake anesthesia.4 A patient with 
a tumor in the dominant hemisphere would probably un-
dergo awake surgery in an effort to preserve language and 
cognitive functions; however, for a patient with a lesion 
in the nondominant hemisphere, the choice of the anes-
thesia regimen and motor mapping strategy is, at the mo-
ment, based on surgeon preference.22 Generally, there is 
no consensus regarding the best anesthesia and mapping 
strategy to apply to routine clinical practice. The choice 
of the anesthesia regimen depends on various factors, such 
as the patient’s clinical and neurological condition, tumor 
size and location, type of neurophysiological paradigm, 
anesthesiological constraints, and surgeon preference/ex-
perience.17,22 In recent years, we have operated on several 
patients with tumors involving the motor pathways by us-
ing either an awake or asleep motor mapping strategy.12,14 
These patients had tumors involving motor areas and 
pathways to variable extent and had various clinical condi-
tions. From this past work, we learned the importance of 
adapting the neurophysiological paradigm to the clinical 
context in order to enhance resection and decrease postop-
erative motor (strength) morbidity.1,12 Similarly, our work 
also questioned the clinical relevance of extending map-
ping to nonprimary motor areas and circuits14 to avoid the 
occurrence of apraxia.

In the present study, we initially reviewed the strate-
gies applied to patients with tumor in the nondominant 
hemisphere, with the aim of identifying which clinical and 
imaging factors are better correlated with motor and on-
cological outcomes in this specific set of patients. We re-
stricted the analysis to patients with tumors located within 
2 cm in front of or behind the central sulcus and involv-
ing M1, its originating fibers, and the praxis network. Mo-
tor outcome was analyzed in terms of motor strength and 
praxis, and oncological outcome was analyzed in terms 
of EOR. Ideally, the best protocol, according to clinical 
context, should provide patients with no additional motor 
deficits and extensive tumor resection. 

Among the variables analyzed, the presence of a pre-
vious motor (strength) deficit, previous treatment (surgery 
and/or radiotherapy), large tumor volume (> 30 cm3), and 
possible anatomical involvement of the tumor in the praxis 
network on preoperative MR images were associated with 
asleep or awake motor mapping. We designed a motor 
mapping score by combining these factors, and each vari-
able was given a score based on the findings of the retro-
spective series and previous data generated by our group. 
Involvement of the praxis network and absence of preop-
erative motor deficits were weighted as highly relevant 
variables (score = 2) that favor use of awake motor map-
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TABLE 3. Clinical and imaging variables of patients enrolled in 
the prospective series according to adopted anesthesia mapping 
protocol

Variable
Awake Group 

(n = 35)
Asleep Group 

(n = 17) p Value

Preop
 Sex
  Male 21 (60) 13 (77)

0.242
  Female 14 (40) 4 (23)
 Age, mean (range), yrs 40.7 (25–63) 57.0 (50–62) <0.001
 1st surgery
  Yes 22 (63) 9 (53)

0.494
  No 9 (37) 8 (47)
 RT
  Yes 6 (17) 3 (18)

0.652
  No 29 (83) 14 (82)
 Seizure
  Yes 27 (77) 14 (82)

0.768
  No 8 (23) 3 (18)
 Seizure control
  Yes 24 (88) 11 (79)

0.388
  No 3 (12) 3 (21)
 MRC grade
  5/5 35 (100) 14 (82)

0.010  4/5 0 (0) 3 (18)
  ≤3/5 0 (0) 0 (0)
 Hand apraxia
  Yes 0 (0) 1 (2)

0.457
  No 35 (100) 16 (98)
 Lobe
  Frontal 25 (71) 9 (53)

0.079
  Parietal 10 (29) 5 (29)
  Frontoparietal 0 (0) 1 (6)
  Other 0 (0) 2 (12)
 Tumor vol, cm3

  Mean (range) 56.7 (1–229) 31.9 (2–80) 0.020
  Median 14.6 23.5
 Praxis network  
 involvement
  Yes 27 (77) 3 (16) 0.003
  No 8 (23) 14 (84)
 SMA involvement
  Yes 1 (3) 1 (6)

0.595
  No 34 (97) 16 (94)
Periop morbidity* 1 (3) 0 (0) 0.389
Postop
 MRC grade
  At 5 days
   5/5 19 (54) 13 (76)

0.257   4/5 9 (26) 3 (18)
   ≤3/5 7 (20) 1 (6)

CONTINUED IN NEXT COLUMN »

» CONTINUED FROM PREVIOUS COLUMN

TABLE 3. Clinical and imaging variables of patients enrolled in 
the prospective series according to adopted anesthesia mapping 
protocol

Variable
Awake Group 

(n = 35)
Asleep Group 

(n = 17) p Value

 MRC grade (continued)
  At 1–3 mos
   5/5 31 (88) 15 (88)

0.738   4/5 3 (9) 2 (12)
   ≤3/5 1 (3) 0 (0)
 Apraxia
  At 5 days
   Yes 5 (14) 3 (18)

0.753
   No 30 (86) 14 (82)
  At 1–3 mos
   Yes 2 (6) 0 (0)

0.315
   No 33 (94) 17 (100)
 SMA syndrome
  Yes 0 (0) 0 (0)

NA
  No 1 (100) 1 (100)
 Engel class
  I 31 (89) 17 (0)

0.207
  II 4 (11) 0 (0)
  III 0 (0) 0 (0)
  IV 0 (0) 0 (0)
 RTV, cm3

  Mean (range) 1.8 (0–19.3) 0.6 (0–4.2)
0.138

  Median 0 0
 EOR
  Mean, % 97 97 0.841
  100% 24 (69) 13 (76)
  90–99% 9 (26) 4 (23)
  <90% 2 (5) 0 (0) 0.530
 Alteration on DWI
  Eloquent site 2 (6) 1 (5)

0.368  Not eloquent site 8 (23) 5 (30)
  No 25 (71) 11 (65)
 Histologic diagnosis
  LGG 26 (74) 8 (47)

0.043  HGG 7 (20) 9 (53)
  Other† 2 (6) 0 (0)
 RT
  Yes 11 (32) 6 (35)

0.834
  No 24 (68) 11 (65)

NA = not applicable.
Values are shown as number (percent) unless indicated otherwise. Boldface 
type indicates statistical significance (p < 0.05). 
* Patient died of status epilepticus. 
† Includes 2 patients with breast metastasis and 1 with ganglioglioma. 
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ping. Involvement of the praxis network is associated with 
the need to map and preserve the praxis circuits in order 
to avoid the occurrence of apraxia, which is very difficult 
to treat and severely impairs patients’ quality of life.14 In 
the retrospective series, patients with tumors involving the 
praxis network who underwent operations with the asleep 
mapping protocol developed permanent apraxia. In addi-
tion, the existence of a previous strength deficit interfered 
with proper execution of the praxis task, making its evalu-
ation difficult in the awake setting and interfering with our 
ability to identify and preserve the praxis circuit. Large 
tumor volume (> 30 cm3) and absence of previous treat-
ment were scored as moderately relevant factors (score = 
1), again favoring adoption of the awake motor mapping 
protocol. The presence of large tumor volume and/or (con-
sequent) involvement of the praxis network to any extent 
makes the use of awake anesthesia and a wide motor map-
ping strategy preferable, to decrease the risk of inducing 
motor and praxis impairment. 

Previous treatment, and radiotherapy in particular, may 
alter the excitability of motor areas or fibers or interfere 
with the proper functional assets of associative motor net-
works, making mapping (with HF stimulation) easier in 
asleep patients. The best cutoff value, score > 3, for iden-
tification of the average awake procedure was calculated 
with Youden’s index. This score was then validated in a 
prospective series, in which patients with tumor located 
within 2 cm behind or above the central sulcus were ad-
mitted during a 6-month period and underwent an awake 
or asleep motor mapping surgical procedure according to 
the indication suggested by the motor mapping score. For 
each patient, four variables (see Motor Mapping Score) 
were evaluated and scored. Of 52 patients enrolled, 17 un-
derwent asleep operations because they had a score < 3, 
and 35 underwent awake operations because they had a 
score > 3. The functional and oncological outcomes were 
comparable between groups and with those of the ret-
rospective cohort, supporting the clinical validity of the 
proposed score. Very few patients were unmatched, i.e., 
underwent an operation with a different motor mapping 
approach than that suggested by the score. Analysis of 
these patients also highlighted the clinical limitations of 
the proposed score.

Limitations
The data presented here are related to the use of the 

HF stimulation paradigm for asleep motor mapping and 
the LF stimulation paradigm for awake motor mapping. 
HF stimulation has been shown to be the most effective 
paradigm to elicit motor responses in most clinical con-
ditions and the best for use in the asleep setting.1 On the 
contrary, LF stimulation has been shown to have limita-
tions in patients with altered excitability and works better 
in the awake setting.1,20 Consequently, when LF stimula-
tion is the preferred paradigm or the only one available for 
motor mapping, the awake anesthesia regimen is recom-
mended.20 Evaluation of tumor volume and involvement of 
the praxis network takes into consideration the spatial re-
lationship between tumor location, resection margins, and 
the locations of the circuits subserving praxis.6,14 However, 
when resection larger than the visualized tumor volume TA
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is planned (as in supratotal resection), the circuits mediat-
ing praxis may be encountered during resection; in these 
cases, an awake anesthesia regimen is preferred to allow 
testing and preservation of praxis along with other func-
tions.26,27 When awake motor mapping is recommended, 
patient preference or anesthesiological constraints may 
drive the strategy toward the asleep setting; in this case, 
the surgeon should be ready to adapt the intraoperative 
strategy to the clinical context. Use of HF stimulation in 
the asleep setting requires a complex intraoperative moni-
toring machine, a trained neurophysiology technician/neu-
rophysiologist in the operating room, and an intraoperative 
neurosurgeon trained in neurophysiology, which may limit 
its widespread use in all surgical rooms.

Conclusions
Surgery for tumors located near the eloquent area for 

motor control is feasible, and when an appropriate map-
ping strategy is applied, has a low incidence of postop-
erative motor and praxis deficits. Asleep motor mapping 
with an HF paradigm is preferable for patients with le-
sions close to or involving the central sulcus and/or pa-
tients with preoperative strength deficit and/or history of 
previous treatment; when, instead, the patient has no mo-
tor deficit or previous treatment and has a lesion extending 
to or involving the praxis network, awake motor mapping 
is preferable. Clinical application of the motor mapping 
score should be tailored to the stimulation paradigms in 
use, intention to treat, patient preferences, and anesthesio-
logical constraints.
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