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Abstract

Background: We analyzed factors associated with worsened paresis in a large
series of patients with brain lesions located within or near the primary motor
area (M1) to establish protocols for safe, awake craniotomy of eloquent lesions.

Methods: We studied patients with brain lesions involving M1, the premotor
area (PMA) and the primary sensory area (S1), who underwent awake
craniotomy (n=102). In addition to evaluating paresis before, during, and one month
after surgery, the following parameters were analyzed: Intraoperative complications;
success or failure of awake surgery; tumor type (A or B), tumor location, tumor
histology, tumor size, and completeness of resection.

Results: Worsened paresis at one month of follow-up was significantly associated
with failure of awake surgery, intraoperative complications and worsened
paresis immediately after surgery, which in turn was significantly associated with
intraoperative worsening of paresis. Intraoperative worsening of paresis was
significantly related to preoperative paresis, type A tumor (motor tract running in
close proximity to and compressed by the tumor), tumor location within or including Website:

M1 and partial removal (PR) of the tumor. www.surgicalneurologyint.com

Conclusions: Successful awake surgery and prevention of deterioration of ?(?‘::103/2152_7806122003
paresis immedigtely after surgery without intraoperative _complic_ati_ons may hglp duick Response.Code:
prevent worsening of paresis at one month. Factors associated with intraoperative

worsening of paresis were preoperative motor deficit, type A and tumor location in
M1, possibly leading to PR of the tumor.
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INTRODUCTION

Awake craniotomy has been reported to preserve
neurological function in cloquent areas with maximal
removal of brain tumors compared with surgery under
general anesthesia.®!*1%192321 One of the reasons for the
reduced incidence of neurological deficit using awake
surgery is the detection of safe margins for surgical
resection of tumors by brain mapping, but identification
of eloquent areas increases the risk of postoperative
deficit. This presumably occurs because positive mapping
indicates close proximity of functional areas to the
brain tumor, resulting in deterioration of neurological
outcome.™ Thus, for the preservation of neurological
function, brain mapping as well as continuous
monitoring of neurological function during awake surgery
is important.”’ In addition, preoperative functional
magnetic resonance imaging (fMRI) and diffuse tensor
imaging (DTI) can suggest safe approaches to brain
tumors in cloquent areas.*?!

Tumors in eloquent areas include mainly language- and
motor-related lesions. Many investigators have reported
the removal of brain tumors in language-related areas by
awake surgery, but relatively few reports have analyzed
awake surgery for brain tumors located in motor-related
areas.#121%20500 The present study performed preoperative
fMRI and DTI with continuous monitoring of motor
function during awake surgery for brain tumors in
motor-related areas, namely the primary motor area
(M1), premotor area (PMA), and primary sensory area
(S1). Our goal was to analyze factors associated with the
deterioration of motor function in a large series of patients
to establish safe, awake craniotomy for these lesions.

MATERIALS AND METHODS

Patients

A total of 102 patients with brain lesions within or near
M1, who underwent awake surgery between 2003 and
2013 in Komagome Metropolitan Hospital, were analyzed
in the present study. Informed consent to perform awake
surgery was obtained from all patients. Lesions were
in regions including M1, PMA, S1, and combinations
of these arcas. The patients included 55 men and
47 women, with a median age of 61 years (range,
34-80 years). Forty-nine patients had brain lesions on the
left side, whereas the remaining 53 patients had brain
lesions on the right side. The histology of brain lesions
was astrocytoma grade IV in 17 patients, astrocytoma
grade III in 6, astrocytoma grade II in 3, metastasis in
57, meningioma in 16, primary central nervous system
lymphoma in 1, cavernous angioma in 1, and hematoma
in 1. Tumor location was M1 in 24 tumors, PMA in 25,
S1in 17, M1 and PMA in 17, M1 and S1 in 11, PMA and
S1in 1, and M1, PMA and SI in 7.
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Although many surgical teams wuse awake cortical
mapping for low grade gliomas, epileptic heterotopia,
or nonlesional cases where the lesion borders are very
indistinct, it is important to note that there were few of
these types of cases in this series.

Preoperative evaluation of location of M1 by
fMRI

All imaging studies were performed using a 1.5°1" Signa
Horizon Lx imager (General Electric, Tokyo, Japan). The
fMRI and image analysis were performed as described
previously.”! Briefly, the fMRI acquisition sequence
consisted of a gradient echo-Echo Planar Imaging
(EPI) (echo time (TE), 82.5 ms; repetition time (TR),
3000 ms; matrix, 128 x 128; field of view, 24 X 24 cm;
block design, 30-s intervals). The reconstructed voxel size
was 1.88 x 1.88 x 2.3 mm’. Slices of 5-mm thickness
were obtained with 70 repetitions. The patient was asked
to make a fist repetitively (hand clenching), or alternating
backward and forward swings of the arm around the
shoulder (shoulder swing) during imaging approximately
7 days before surgery. The fMRI acquisition time
was approximately 3.5 min. Anatomical images were
acquired using a 3D-fast spoiled gradient echo (FSPGR)
sequence (TE, 2.4 ms; TR, 26.0 ms; flip angle, 30
bandwidth, 31.25 kllz; image matrix, 256 X 256; slice
thickness, 2.3 mm). After reconstruction, EPI images
were aligned to correct for head motion and coregistered
with anatomic images. EPI images were smoothed using
isotropic Gaussian kernels of 4 mm and statistically
analyzed using SPM software (free software written by
the Wellcome Department of Imaging Neuroscience
at University College London)."!" Activations showing
values of P < 0.05 were considered significant.

Quantitative histological examination of specimens from
autopsy cases have demonstrated that localization of M1
in both cerebral hemispheres is symmetrical.®*! Thus,
using the principles of symmetry, fMRI characterization
of M1 on the contralateral normal side can yield
valuable information regarding the localization of MI
on the affected side, even in the face of anatomical
reorganization due to a brain tumor. To confirm this
principle, we compared the results of fMRI with
intraoperative brain mapping of M1, and found that
this principle of symmetry in fMRI totally agreed with
the results of brain mapping.’") We therefore used this
principle of symmetry in fMRI for the localization of M1
instead of brain mapping.

DTI and image analysis of motor tracts

DTI and image analysis were performed as described
previously.””) Briefly, standard imaging gradients were
used with a maximum strength of 23 m'T/m and a slew
rate of 50 mT/m/ms. The DTI acquisition sequence
used single-shot, spin-echo echo-planar imaging with
the following parameters: TE, 127.6 ms; acquisition
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matrix, 128 X 128; and field of view, 24 X 24 cm.??
Contiguous 5>-mm-thick slices were acquired, covering
the entire brain, with a b value of 1000 mm?s in 30
noncollinear directions. The reconstructed voxel size
was 1.88 x 1.8§ x 4.00 mm’. DTI acquisition time
for a total of 61 images was approximately 10 min.
Diffusion tensor eigenvalues (A, A,, A,) and cigenvectors
(€, &, &) were calculated from DTTI data, and fractional
anisotropy (FA) maps/? were generated according to the
Tensorlines (TL) algorithm, as a combination of the
Tensor Deflection (TEND) algorithm at low FAU and
streamlines tracking (STT) at high FA.! These data were
obtained with DTT Analyzer software (IDL version 5.6;
Research  Systems, Boulder, CO), and a termination
criterion (threshold of 0.1) was used for the analysis.

To visualize individual motor tracts by DTI, the areas
activated by corresponding motor functions were used
as seed points in fMRI. Motor tracts were constructed
using the following three ROls: The activated area within
or near M1, the posterior limb of the internal capsule,
and the cerebral peduncle. The relationship between
motor tracts and brain tumors was categorized as either
type A [Figure la], indicating that motor tracts were
in close proximity to and compressed by the tumor or
type B, indicating that motor tracts were distant to the
tumor [Figure 1b].

Awake tumor resection

Both mapping and awake tumor resection were performed
as previously described. ! Briefly, patients were positioned
supine or in a half-sitting position and given rigid head

Figure |: (a) A 61-year-old male with metastatic brain tumor (arrow)
located in the right M1 and PMA.Axial DTl images were constructed
during left-hand clenching (green), left-foot flexion (blue),
right-hand clenching (yellow) and right-foot flexion (orange)
during fMRI. Motor tracts were constructed using the following
three ROIs: Activated area in the M| on fMRI, posterior limb of
the internal capsule, and the cerebral peduncle. Arrows indicate
the motor tract of the foot running in close proximity to the brain
tumor (arrowhead), identifying this case as type a. (b) A 34-year-old
male with metastatic brain tumor located in the right M| and PMA.
Axial DTI images were constructed by left-hand clenching (blue),
elbow flexion (yellow), right-hand clenching (red), and elbow
flexion (green) as described previously. Motor tracts of the left hand
and elbow (arrow) run distant to the brain tumor (arrowhead),
identifying this case as type b
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fixation (Sugita headrest; Mizuho Medical, Tokyo,
Japan) after administration of a local anesthetic agent
(1% xylocaine with epinephrine and 0.75% anapain)
at the pin sites and regional field block sites. Under
general anesthesia with propofol, dexmedetomidine, or
remifentanil, a laryngeal mask was placed with or without
intubation, the skin was infiltrated with the same local
anesthetic agent and incised, and neuronavigated
craniotomy and incision of the dura was performed.

After removal of the laryngeal airway or suspension
of anesthetic agent, oxygen was administered via the
laryngeal mask, and cortical mapping was performed
by stimulating the cortex with a modified Ojemann
stimulator.® To avoid inducing intraoperative seizure, a
low stimulus intensity was used (3-5 mA, 60-Hz biphasic
square-wave pulse of 1 ms/phase for 4 s duration). The
tumor was removed in the usual fashion. Adequacy of
motor function such as tongue swinging, eye closing,
hand clenching, elbow flexion, knee flexion, and foot
flexion were continuously assessed during tumor
removal ) In the sensory-related area, sensory functions
such as tactile sensation and deep sensation were
continuously evaluated. Tumor removal was assisted by
a neuronavigation system (Stealth, Medtronic Sofamor
Danck, Osaka, Japan). We started the resection away
from cloquent cortex, moving progressively closer. If
necurological deficit occurred at any point during the
resection, the operation was interrupted, and neurological
function was assessed over the next 5 min. If the
neurological deficit did not recover, the operation was
terminated. Following completion of tumor resection,
intravenous anesthesia was administered using propofol.
After closure of the dura, the bone flap was replaced, and
the skin was closed in the usual manner.

When awake surgery could not be continued due to
complications such as epilepsy or severe somnolence,
which indicated failure of awake surgery, surgery was
performed under general anesthesia with intubation
through the laryngeal mask. The tumor was removed by
repeated internal decompression and dissection of the
tumor margins. Following completion of tumor resection,
the dura was closed, the bone flap replaced, and the
skin closed in the usual manner. The degree of resection
of brain tumors was categorized as either gross total
removal (GTR) or partial removal (PR).

Evaluation of paresis
Paresis was evaluated intraoperatively, immediately after
surgery and one month after surgery, and the results were
compared with preoperative motor deficit. Deterioration
of paresis during surgery included both transient and
permanent deterioration.

Statistical analysis
Chi-square and univariate logistic regression analysis were
used to evaluate clinical and intraoperative parameters
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related to worsened paresis at one month after surgery.
These parameters consisted of the following: Outcome
of awake surgery (success or failure); intraoperative
deterioration of paresis; intraoperative complications;
immediate worsened postoperative paresis; preoperative
motor deficit; extent of resection (GTR or PR); and tumor
location, histology and size. Multivariate logistic regression
analysis was performed to evaluate significant independent
factors of worsened paresis at one month after surgery
to develop a predictive model regarding tumor histology
and location. Odds ratios with 95% confidence intervals
were computed. A value of P < 0.05 was considered
significant. Statistical analyses were performed using JMP
8.0 statistical software (SAS Institute, Tokyo, Japan).

RESULTS

Worsened paresis one month after surgery
Worsened paresis was defined as deteriorated motor
deficit immediately and one month after awake surgery
compared with the baseline preoperative status. For
worsened paresis during surgery, both unresolved and
transient deterioration of motor function compared with
preoperative status were included.

Of the 102 cases of awake surgery, worsened paresis at
one month of follow-up occurred in eight cases. Whereas
4 of 96 cases (4%) of successful awake surgery showed
worsened paresis at one month, 4 of 6 cases (67%)
of failed awake surgery showed worsened paresis at
one month. Worsened paresis after one month was
significantly associated with failure of awake surgery ()%
P < 0.0001; Tablel). Causes of failure in the six failed
cases were as follows: Air embolism in two cases, epilepsy
in one, motor neglect in one, severe somnolence in one,
and no wakeup in one.

Seven of 32 cases (22%) with intraoperative complications
showed worsened paresis at one month of follow-up,
although 1 of 70 cases (1%) without intraoperative
complications showed worsened paresis at one month
Worsened paresis after one month was significantly

associated  with  intraoperative  complications (7,
P = 0.0005; Table 1).

Eight of 42 cases (19%) with worsened paresis
immediately after surgery showed worsened paresis at
one month; however, no cases without worsened paresis
immediately after surgery showed worsened paresis at
one month. Worsened neurological deficit after one
month was significantly associated with worsened paresis
immediately after surgery (x?, P < 0.0001; Table 1).

Intraoperative  deterioration of paresis, preoperative
neurological deficit, and extent of resection were not
significantly associated with worsened paresis at one
month after surgery [Table 1].
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Table 1: Neurological outcome based on clinical
parameters

Parameters Worsened Worsened P?
postoperative  postoperative
paresis paresis
(1-month (1-month
follow-up), follow-up),
Yes n (%) No n (%)
Awake surgery <0.0001
Success 4 (4) 92 (96)
Failure 4(67) 2(33)
Intraoperative 0.7447
deterioration of paresis®
Yes 3(5) 62 (95)
No 1(3) 30(97)
Intraoperative 0.0005
complications
Yes 7(22) 25 (78)
No 1(1) 69 (99)
Immediate worsened <0.0001
postoperative paresis
Yes 8(19) 34 (81)
No 0(0) 60 (100)
Preoperative motor 0.2832
deficits
Yes 5(6) 75 (94)
No 3(14) 19 (86)
Extent of resection 0.8623
GTR 4(7) 50 (93)
PR 4(8) 44 (92)

GTR: Gross total removal, PR: Partial removal. *x? analysis, "Analyzed in cases of
successful awake surgery

Worsened neurological deficitimmediately after
surgery

Of the 102 cases of awake surgery, worsened paresis
immediately after surgery occurred in 42 cases. Although
33 of 65 cases (51%) with intraoperative deterioration of
paresis showed worsened paresis immediately after surgery,
5 of 31 cases (16%) without intraoperative deterioration
of paresis showed worsened paresis immediately after
surgery. Worsened paresis immediately after surgery was

significantly associated with intraoperative deterioration
of paresis (%%, P = 0.0007; Table 2).

Failure of awake surgery, intraoperative complications,
preoperative neurological deficit, and extent of resection
were not significantly associated with worsened paresis
immediately after surgery [Table 2].

Worsened paresis during surgery

Among the 102 cases of awake surgery, worsened paresis
during surgery occurred in 65 cases. Whereas 56 of
76 cases (74%) with preoperative motor deficit showed
worsened paresis during surgery, nine of 20 cases (45%)
without preoperative motor deficit showed worsened
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Table 2: Neurological outcomes bhased on clinical
parameters

Parameters Worsened Worsened P?
postoperative postoperative
paresis paresis
(immediate), (immediate),
Yes n (%) No n (%)
Awake surgery 0.1944

Success 38 (40) 58 (60)

Failure 4 (67) 2(33)
Intraoperative deterioration 0.0007
of paresis®

Yes 33 (51) 32 (49)

No 5(16) 26 (84)
Intraoperative complications 0.7214

Yes 14 (44) 18 (56)

No 28 (40) 42 (60)
Preoperative motor deficits 0.6027

Yes 34 (43) 46 (58)

No 8 (36) 14 (64)

Extent of resection 0.1919

GTR 19 (35) 35 (65)

PR 23 (48) 25 (52)

GTR: Gross total removal, PR: Partial removal. *x? analysis, "Analyzed in cases of
successful awake surgery

paresis during surgery. Worsened paresis during surgery
was significantly associated with preoperative motor

deficit (%%, P = 0.0175; Table 3).

In addition, among 72 cases in which the relationship
between motor tract and the tumor type was analyzed, 27
of 33 cases (81%) of type A and 19 of 39 cases (49%) of
type B showed worsened paresis during surgery. Worsened
paresis during surgery was significantly associated with
type A tumor (x?, P = 0.0029; Table 3).

While 43 of 56 cases (77%) with the tumor located within
or including M1 showed worsened paresis during surgery, 22
of 40 cases (66%) with the tumor at other locations showed
worsened paresis during surgery. Worsened paresis during

surgery was significantly associated with the brain tumor
located within or including M1 (x?, P = 0.024S; Table 3).

Although 26 of 48 cases (54%) of GTR showed worsened
paresis during surgery, 39 of 48 cases (81%) of PR
displayed worsened paresis during surgery. Worsened
paresis during surgery was significantly associated with

use of PR (y%, P = 0.0041; Table 3).

Tumors located in PMA or S1 were not significantly
assoclated with worsened paresis during surgery [Table 3].

Relationship between worsened paresis one
month after surgery and tumor histology,
location, and size

Multivariate logistic regression analysis showed that
tumor histology, including glioma, meningioma, and
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metastatic brain tumor, was not significantly associated
with worsened paresis at one month of follow-up.
Similarly, tumor locations including M1, PMA, and Sl
were not significantly associated with worsened paresis
at one month of follow-up [Table 4]. Furthermore, there
was no significant association between worsened paresis
after one month and tumor size.

DISCUSSION

The present study demonstrated that worsened paresis at
one month follow-up was significantly related to failure
of awake surgery, intraoperative complications, and
worsened paresis immediately after surgery [Table 1].
Worsened paresis immediately after surgery was, in turn,
significantly associated with worsened paresis during
surgery [Table 2]. Worsened paresis during surgery was
significantly related to preoperative motor deficit, type A
tumor [Figure 1], brain tumor located within or including
M1 and PR [Table 3]. Neither tumor histology, location
nor size was significantly associated with deterioration
of paresis at one month [Table 4]. It is to be noted that
awake craniotomy for brain lesions within or near MI
might improve survival of patients, because the survival
of patients with astrocytoma Gr IV in this series was
23 months on average, whereas typical survival in these
patients is about one year (data not shown).

Failure of awake surgery was significantly associated
with deterioration of paresis at one month of follow-up
in awake surgery for brain tumors within or near MI.
Failure of awake craniotomy has been reported to
increase postoperative morbidity, in agreement with our
findings.""”’ Causes of failure of awake surgery in our study
were severe somnolence, epilepsy, air embolism, no wake
up, and motor neglect. To prevent the complications of
severe somnolence or no wake up, more stringent patient
selection, and procedures of the awake surgery protocol
would be required.”’ Since anticonvulsive drugs such as
phenytoin may cause somnolence, we load the patient
with such drugs 2 weeks before surgery and check for
drug side effects.”! As for epilepsy, adequate loading
of anticonvulsive drug before surgery would prevent
epilepsy during surgery, although epilepsy was not easily
controllable during tumor removal when the tumor was
located within or including M1 or when the patient
experienced epilepsy before surgery according to our
experience.'l Air embolism appears to be closely related
to the sitting position. %> The half-sitting position
was needed to prevent deterioration of motor function
when the tumor was located near the falx, possibly
because the sitting position avoided compression of M1
located between the tumor and falx.*”! In this position,
care should be taken regarding signs of air embolism, such
as hypoxia, reduction in end-tidal CO, and persistent
cough in patients in a sitting position. When such signs
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Table 3: Neurological outcomes bhased on clinical
parameters

Parameters Intraoperative Intraoperative P:
deterioration  deterioration
of paresis, of paresis,
Yes n (%) No n (%)
Preoperative deficits 0.0175
Yes 56 (74) 20 (26)
No 9 (45) 11 (55)
Relationship between 0.0029
motor tract and tumor®
Type A 27 (81) 6(18)
Type B 19 (49) 20 (51)
Tumor location 0.0248
M1 (alone or including) 43 (77) 13 (23)
Other 22 (66) 18 (45)
Tumor location 0.1953
PMA 13 (58) 10 (43)
Other 52 (71) 21(29)
Tumor location 0.1606
S1 9(53) 8 (47)
Other 56 (71) 23 (29)
Extent of resection 0.0041
GTR 26 (54) 22 (46)
PR 39 (81) 9(19)

GTR: Gross total removal, PR: Partial removal. *x? analysis, "Analyzed in cases of
successful awake surgery

Table 4: Neurological outcomes based on clinical
parameters

No. of Worsened 0dds P?
patients postoperative paresis  ratio
(1-month follow-up),

Values

n (%)

Tumor histology
Glioma 26 2(8) 0.87 0.8697
Meningioma 16 1(6) 0.69 0.7467
Others 4 5(9) 0.0004 0.9339
Mets 57 0(0) 1.0

Tumor location
M1 60 6 (10) 0.85 0.0767
PMA 25 2(8) 3.67 0.1433
S1 17 0(0) 1.0

*Multivariate logistic regression analysis. Mets: Metastatic brain tumor

are noted, the position of the patient’s head should be
lowered and compression of the cervical vein performed
to Increase venous pressure. With proper positioning
of the patient and anesthetic adjustment, most of the
complications discussed earlier can be avoided.

As for motor neglect, this finding was noted in a case
with brain tumor located between the right M1 and SI,
possibly due to the damage to the nerve fibers connecting
M1 with S1.2% In this case, we switched from monitoring
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of motor function to motor-evoked potentials. In
summary, a meticulous protocol and careful procedures
for awake craniotomy may help prevent the failure of
awake surgery. Regarding intraoperative complications,
in addition to the causes of failure described earlier,
vomiting sometimes occurred. This can be controlled
using antiemetic drugs.

Worsened  paresis  immediately — after  surgery  was
significantly associated with worsened paresis at one
month of follow-up. To prevent the deterioration of motor
function immediately after surgery, preoperative fMRI
and DTI, intraoperative neuronavigation and cortical
and subcortical mapping for motor function may be
important.[6*1*21253132) Kim et al. reported that negative
mapping of eloquent areas resulted in a low incidence of
neurological deficit, whereas positive mapping of eloquent
areas was associated with increased postoperative deficits
due to the close proximity of the tumor to the functional
cortex."! To improve this problem, continuous clinical
evaluation by a professional neurocognitive team during
awake surgery is recommended, since awake surgery
can be suspended immediately upon deterioration of
function, potentially allowing recovery and preservation of
function.”15%1 A team comprising a neuropsychologist,
speech therapist, neuroradiologist, and neurosurgeon
thus evaluates patients before, during, and after awake
craniotomy in our hospital.

Worsened paresis immediately after surgery, as one of
the factors significantly associated with worsened paresis
at one month of follow-up, was significantly associated
with worsened paresis during surgery. Worsened paresis
during surgery was significantly related to preoperative
motor deficit, type A tumor, brain tumor located
within or including M, and use of PR. In cases with
preoperative motor deficit, type A tumor, or brain tumor
located within or including M1, important motor-related
nerve cells such as the pyramidal cells of Betz in layer
V of M1 or the pyramidal tract that runs from MI
may sustain damage or undergo severe compression by
the tumor (type A), resulting in preoperative motor
deficit. PR was significantly related to intraoperative
worsening of motor function, possibly because we
stopped removing the tumor when deterioration of
motor function during surgery occurred and did not
improve within 5 min, resulting in PR.®! Therefore,
in cases with type A tumor, meticulous care should be
taken to remove the brain tumor, and the surgery should
be stopped immediately upon deterioration of motor
function.

In conclusion, successful awake surgery and prevention of
deterioration of paresis immediately after surgery without
intraoperative complications may help prevent worsened
paresis at one month of follow-up. Factors associated
with worsening of motor function during awake surgery
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were preoperative motor deficit, type A tumor and tumor
location in M1, possibly leading to PR of the tumor.
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