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OBJECTIVE Although the right prefrontal region is regarded as a silent area, chronic deficits of the executive function,
including working memory (WM), could occur after resection of a right prefrontal glioma. This may be overlooked by
postoperative standard examinations, and the disabilities could affect the patient’s professional life. The right prefrontal
region is a part of the frontoparietal network and is subserved by the superior longitudinal fasciculus (SLF); however, the
role of the SLF in spatial WM is unclear. This study investigated a persistent spatial WM deficit in patients who under-
went right prefrontal glioma resection, and evaluated the relationship between the spatial WM deficit and the SLF.

METHODS Spatial WM was examined in 24 patients who underwent prefrontal glioma resection (right, n = 14; left, n =
10) and in 14 healthy volunteers using a spatial 2-back task during the long-term postoperative period. The neural cor-
relates of spatial WM were evaluated using lesion mapping and voxel-based lesion-symptom mapping. In addition, the
spatial 2-back task was performed during surgery under direct subcortical electrical stimulation in 2 patients with right

prefrontal gliomas.

RESULTS Patients with a right prefrontal lesion had a significant chronic spatial WM deficit. Voxel-based lesion-
symptom mapping analysis revealed a significant correlation between spatial WM deficit and the region that overlapped
the first and second segments of the SLF (SLF | and SLF II). Two patients underwent awake surgery and had difficulties
providing the correct responses in the spatial 2-back task with direct subcortical electrical stimulation on the SLF I, which
was preserved and confirmed by postoperative diffusion tensor imaging tractography. These patients exhibited no spatial
WM deficits during the postoperative immediate and long-term periods.

CONCLUSIONS Spatial WM deficits may persist in patients who undergo resection of the tumor located in the right
prefrontal brain parenchyma. Injury to the dorsal frontoparietal subcortical white matter pathway, i.e., the SLF I or SLF |
and II, could play a causal role in this chronic deficit. A persistent spatial WM deficit, without motor and language deficits,
could affect the professional life of the patient. In such cases, awake surgery would be useful to detect the spatial WM
network with appropriate task during tumor exploration.

http://thejns.org/doi/abs/10.3171/2015.10.JNS1591

KEY WORDS direct electrical stimulation; right prefrontal glioma; spatial working memory; superior longitudinal
fasciculus; voxel-based lesion-symptom mapping; oncology

ABBREVIATIONS DES = direct electrical stimulation; DTI = diffusion tensor imaging; DW = diffusion weighted; FDR = false discovery rate; MNI = Montreal Neurological
Institute; SLF = superior longitudinal fasciculus; VLSM = voxel-based lesion-symptom mapping; VOI = volume of interest; WM = working memory.

SUBMITTED January 25, 2015. ACCEPTED October 23, 2015.

INCLUDE WHEN CITING Published online February 19, 2016; DOI: 10.3171/2015.10.JNS1591.

* Dr. Kinoshita and Ms. Nakajima contributed equally to this work.

1024  J Neurosurg Volume 125 « October 2016 ©AANS, 2016

Unauthenticated | Downloaded 08/24/22 03:10 PM UTC



ecutive function for goal-oriented behaviors.2!4162!

It requires the ability to actively retain visuospatial
information and is primarily localized in the right hemi-
sphere 2633414 Deficits in spatial WM are associated with
behavioral disorders and affect social activities. Several
studies have indicated that the prefrontal and parietal cor-
tices are involved in spatial WM in both monkeys and
humans.!!1222283141 White matter subcortical association
fiber tracts connecting the prefrontal and parietal regions,
including the superior longitudinal fasciculus (SLF), play
an important role in spatial WM processing.20323643 A]-
though the dorsal attentional network, including the pre-
frontal cortex, is recruited to control the spatial orientation
of attention and the second segment of the SLF (SLF II)
is important in its processing,**’4 few anatomical studies
have focused on the relationship between spatial WM and
specific dorsal subcortical pathway.

Right prefrontal brain tumors are regarded as nonelo-
quent lesions. Therefore, little attention has been paid to
deficits in higher cognitive functions, including spatial
WM, without apparent motor and language deficits dur-
ing the postoperative period. Nonetheless, many patients
complain of a mild decline in their quality of life, which
could be due to disturbance of cognitive functions, includ-
ing spatial WM, after brain tumor resection."'” Taken to-
gether, this suggests that resection of the tumor located
in the prefrontal brain parenchyma (i.e., intrinsic tumor
resection) may lead to persistent spatial WM deficits as-
sociated with a frontoparietal network disturbance during
the long-term postoperative period.

The present study aimed to investigate whether chronic
spatial WM deficits were present during the postoperative
period in patients who underwent resection of the tumor
located in the right prefrontal brain parenchyma. Further-
more, we assessed which pathway within the frontopari-
etal network, subserved by the SLF, could be implicated in
spatial WM processing. Spatial WM was assessed using
the spatial 2-back task. Affected brain regions were evalu-
ated with lesion overlap and voxel-based lesion-symptom
mapping (VLSM) analysis during the long-term postop-
erative period in patients who underwent right prefrontal
glioma resection. Furthermore, responses to the spatial
2-back task were evaluated during awake surgery in 2 pa-
tients with right prefrontal low-grade gliomas during di-
rect electrical stimulation (DES) of the area correspond-
ing to the SLF. The stimulated region was confirmed by
pre- and postoperative diffusion tensor imaging (DTI)
tractography.

Methods

Patients and Healthy Volunteers

Twenty-four patients with a glioma localized to the
frontal lobe participated in this study. They had all under-
gone craniotomies at Kanazawa University Hospital and
were > 6 months postsurgery. Participants’ demographic
data are shown in Table 1. The study population consisted
of 3 groups: 14 patients with right-hemisphere lesions (11
men and 3 women; mean age 46.8 = 9.7 years), 10 patients
with left-hemisphere lesions (7 men and 3 women; mean

S PATIAL working memory (WM) is an essential ex-
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TABLE 1. Demographic data of 34 study participants

Group
Rt Lt
Variable Hemisphere  Hemisphere  Control

Age in yrs, mean £ SD 46.8+£9.7 46.2+9.8 471+£6.5
Sex

M " 7 9

F 3 3 5
Handedness

Rt 13 9 14

Lt 1 1 0
Mos after surgery, mean  39.9+320 31.3+18.2 NA

+SD
WHO grade

| 8 4 NA

I 4 5 NA

1l 2 1 NA

NA = not applicable.

age 46.2 + 9.8 years), and 14 healthy volunteers (9 men
and 5 women; mean age 47.1 = 6.5 years). Exclusion cri-
teria included the following: the extraction cavity extend-
ing into other lobes, a Mini-Mental State Examination
score < 23, and insufficient information obtained from
the medical records. Five patients were excluded based on
the last criterion. Two patients who were recruited under-
went tumor resection under local anesthesia, and spatial
WM was evaluated in each patient intraoperatively. In ad-
dition, pre- and postoperative DTI tractography was per-
formed to determine the position of the SLF I. The pro-
files of the 2 patients who underwent awake surgery are
shown in Table 2. Written informed consent for the use
of the patient’s images and neuropsychological data was
obtained from all patients in the study, and all data were
collected retrospectively from their medical records. The
study was performed according to the guidelines of the
institutional review board of Kanazawa University Hos-
pital.

Spatial 2-Back Task for Assessing Spatial WM

The spatial 2-back task was performed pre-, intra-, and
postoperatively using a 3 x 3 panel of circles (Fig. 1). Ev-
ery 3 seconds, a closed circle stimulus appeared in 1 of
9 possible locations on a computer monitor. The patient

TABLE 2. Preoperative and postoperative spatial 2-back task
responses for 2 patients with right prefrontal glioma*

Spatial 2-Back Task, % Correct Responses

Case  Age (yrs),

No. Sex Preop 7 Days Postop
1 37, F 96.9 100 (not worsened)
2 61, M 56.3 70.8 (improved)

* Both patients presented with seizure and had oligodendroglioma. SLF 1 was
visualized in each patient pre- and postoperatively, and both patients had posi-
tive intraoperative responses during the spatial 2-back task.
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FIG. 1. A schematic representation of the spatial 2-back task. The locations of the solid circles are shown in the boxes. In this
series, the locations of the first and third circles are different; therefore, the correct answer is “no” in the third screen and the blue
button should be pushed. The second and fourth locations are the same; therefore, the correct answer is “yes” in the fourth screen
and the red button should be used. Figure is available in color online only.

compared the location of the current stimulus with the
location of the stimulus presented in the previous 2 tri-
als and pressed a blue or a red button when a matched
or a nonmatched location was presented, respectively. An
occupational therapist evaluated whether the answer was
correct or incorrect. There were 6 trials per set and each
set was performed at least 3 times. The percentage of cor-
rect answers was recorded as a measure of spatial WM
function. In 6 patients with right prefrontal lesions, spatial
WM was evaluated preoperatively. In these instances, pre-
operative spatial WM was compared with postoperative
spatial WM.

Intraoperative Spatial 2-Back Task

All surgical procedures were performed using an
asleep-awake-asleep technique with direct stimulation
mapping.*34 After the dural incision, the motor cortex
was evaluated and preserved, with DES delivered via a
bipolar probe with a 5-mm tip that delivered a biphasic
current (pulse frequency, 60 Hz; single-pulse phase dura-
tion, 1 msec; amplitude, 1-4 mA). The posterior limiting
border of the tumor resection was evaluated under con-
tinuous cortical and subcortical stimulation that evalu-
ated the movement of the left upper and lower extremities.
With the assistance of a neuronavigation system with in-
tegrated preoperative DTI tractography images and gross
anatomical information in the surgical field, we evaluated
the inferomedial proximity of the resection procedure to
the SLF I. Spatial WM and awareness were evaluated with
DES using the spatial 2-back task and the line bisection
task, respectively. The intraoperative spatial 2-back task
was performed with a 3 x 3 panel of circles, as described
above (Fig. 1). There were 6 trials per set and each set
was performed 3 times. Incorrect responses observed in
2 or all 3 sets (66% or 100% incorrect responses) were
evaluated as positive intraoperative responses. The intra-
operative line bisection task was performed as described
previously.*®
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Postoperative Evaluations

The postoperative assessment was performed 1 month
after surgery to avoid mistakenly assessing very early
postoperative surgical damages, including edema. Postop-
erative MRI, including DTI tractography, was performed
within 48 hours after surgery. In the 2 patients who un-
derwent awake surgery and did not present with an intra-
operative spatial WM deficit, postoperative assessment
was performed only approximately 7 days after surgery
to confirm preserved spatial WM function during, and
shortly after, the surgical procedure.

Parameters for DTI Tractography

Diffusion-weighted (DW) MR images were acquired
both pre- and postoperatively using a 3.0-T MRI scanner
(Signa Excite HDx 3.0T, General Electric Medical Sys-
tems). A series of axial DW images with (b-value = 1000
sec/mm?) and without (b-value = 0) a diffusion-sensitizing
gradient along 30 directions was obtained. The other dif-
fusion parameters were as follows: TR 14,000 msec, TE
69.6 msec, number of excitations 2, 60 axial slices and
slice thickness 2.5 mm with no interslice gap, and field
of view 220 x 220 mm with a matrix 88 x 88 resulting in
an effective resolution of 2.5-mm? isotropic voxels. The
DW MR images were transferred to a PC workstation us-
ing iPlan Stereotaxy 3.0 software (BrainLab), which gen-
erated qualitative maps. Regions of interest targeting the
SLF I were chosen manually by referring to the DTI trac-
tography atlas and previous studies. The multiple regions
of interest approach, including dorsal prefrontal, superior
parietal, and regions parallel to the cingulum, was used to
identify the targeted fiber tract.”18:23

Lesion Mapping

Structural MR images were also acquired during the
6-month postoperative period. The lesion resection cavity
in 14 patients with right frontal glioma was reconstructed
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in standardized Montreal Neurological Institute (MNI)
space (resolution of 1 x 1 x 1 mm) by M.K. using SPM 8
implemented in a MATLAB environment (R2010a, ver-
sion 7.10; The MathWorks, Inc.) with cost function mask-
ing® and MRIcron software (Chris Rorden, MRIcron 2013,
http://www.mccauslandcenter.sc.edu/mricro/mricron/
install.html). The reconstructed volume of interest (VOI)
was compared with the non-normalized image and opera-
tive record.

Voxel-Based Lesion-Symptom Mapping

To demonstrate the putative relationship between the
spatial 2-back task scores and location of the resection
cavity, VLSM was performed using NPM software*® pro-
vided in the MRIcron package. A parametric t-test was
chosen to compare the resulting statistical maps. A false
discovery rate (FDR) correction, which corrects for mul-
tiple comparisons and spatial dependence, with a thresh-
old of g = 0.05, was systematically applied to avoid false-
positive results (Type I error). The software automatically
computed this correction. The identified significant rela-
tionships were presented as Z scores at MNI coordinates,
with and without the lesion resection volume. To demon-
strate the potential roles of SLFs I, II, and III, a standard-
ized white matter atlas was used.* The VOI of the VLSM
analysis was overlapped with the regions encompassing
more than 50% of SLF I (blue), IT (green), and III (yellow)
on an MNI template.

Statistical Analysis

Data are presented as the mean percentage of cor-
rect responses * SD for the spatial 2-back task. One-way
ANOVA with a post hoc Tukey-Kramer test was used to
compare groups. Differences were considered significant
when p < 0.05. All data were analyzed using the statisti-
cal analysis software JMP (Version 10.0.0; SAS Institute,
Inc)).

Results

Use of the Spatial 2-Back Task to Evaluate a Chronic
Spatial WM Deficit

Although there was no significant difference between
patients and the healthy control group preoperatively, a
significant decline was observed postoperatively in the
patients who did not undergo awake surgery (p = 0.013;
preoperative, 93.8 = 6.5; postoperative, 88.5 + 12.3; con-
trol, 98.7 = 3.3) (Fig. 2). The mean percentage of correct
responses was significantly lower in the patients with
right-hemisphere lesions when compared with the healthy
control group (p = 0.02; right, 90.0 = 6.5; left, 91.7 = 5.0;
control, 98.7 = 3.3) (Fig. 3).

Intraoperative Spatial 2-Back Task and DTI Tractography
in 2 Patients

Figure 4 shows neuroradiological images and an intra-
operative photograph from Case 1. When the stimulation
probe was located at a deep medial site of the resection
cavity, intraoperative DES reproducibly caused difficulty in
providing the correct responses in the spatial 2-back task.

Spatial working memory and right prefrontal glioma surgery

p<0.05
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FIG. 2. Results of spatial 2-back task in patients with right prefrontal
lesions. The comparison is between the pre- and postoperative periods.

However, the patient provided the correct responses with-
out DES. No reproducible deviations were observed in the
line bisection task during intraoperative DES of the same
site. The surgical procedure was terminated when a posi-
tive response in the spatial 2-back task was elicited. Post-
operative MRI and DTT tractography revealed gross-total
resection of the tumor lesion and preservation of the SLF
I, respectively. Postoperative spatial WM did not worsen.
Figure 5 shows neuroradiological images and an in-
traoperative photograph from Case 2. When the stimula-
tion probe was located at a lower anterior region of the
resection cavity, intraoperative DES reproducibly caused
difficulty in providing the correct responses in the spatial
2-back task. This site did not elicit a positive response in
the line bisection task. The surgical procedure was termi-
nated when a positive response in the spatial 2-back task
was elicited. This patient had a mild deficit in spatial WM
preoperatively (43.7% incorrect responses on the spatial
2-back task) but had reproducible 100% incorrect respons-
es with stimulation intraoperatively. In addition, the pa-
tient reproducibly provided the correct responses without
DES in the positive response area. Postoperative MRI and
DTI tractography revealed partial resection of the lesion

p<0.05
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FIG. 3. Results of spatial 2-back task. The comparison is between the
right prefrontal and left prefrontal lesions.
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FIG. 4. Neuroradiological images and an intraoperative photograph from Case 1 are shown. A: Preoperative tractography (3D
image) showing the SLF | (blue tract indicated by a white arrow). B: Preoperative tractography (coronal image) showing the SLF
| (blue section indicated by a white arrow). C: Intraoperative photograph showing positive site mapping during the intraoperative
spatial 2-back task (tag numbers 6 and 7). D: Postoperative tractography (3D image) showing the preserved SLF | (blue tract
indicated by a white arrow). E: Postoperative tractography (coronal image) showing the SLF | (blue section indicated by a white
arrow). The red asterisk indicates the site of DES over the SLF |, corresponding to the tags in panel C. Figure is available in color

online only.
(tumor remnant in the motor area) and preservation of the The overlap results indicated that the maximal resection
SLF I, respectively. Spatial WM improved postoperatively. cavity overlap falls in the prefrontal white matter, where
] . several intrahemispheric association fiber tracts are pres-
Lesion Mapping ent. We then performed a VLSM analysis to evaluate the
The overall distribution of the resection cavity in all anatomical correlates of the spatial WM deficits and spe-
patients with right prefrontal glioma is shown in Fig. 6. cific association fibers.
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FIG. 5. Neuroradiological images and an intraoperative photograph from Case 2 are shown. A: Preoperative tractography (3D
image) showing the SLF | (blue tract indicated by a white arrow). B: Preoperative tractography (coronal image) showing the SLF |
(blue section indicated by a white arrow). C: Intraoperative photograph showing a positive mapping site during the intraoperative
spatial 2-back task (tag number 9). D: Postoperative tractography (3D image) showing the preserved SLF I (blue tract indicated
by a white arrow). E: Postoperative tractography (coronal image) showing the SLF | (blue section indicated by a white arrow). The
red asterisk indicates the site of DES over the SLF |, corresponding to the tag in panel C. Figure is available in color online only.
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FIG. 6. Overlay map of the resection cavities of patients with a right frontal lobe lesion (n = 14). The red color shows the region
where the resection cavities overlap by more than 50%. L = left; R = right. Figure is available in color online only.

The VLSM and Its Relation to the SLF

Figure 7A shows the statistical map from the VLSM
analysis performed with the spatial 2-back task scores.
The largest cluster of significant voxels was located in the
deep white matter region of the right frontal lobe (Z max
= 1.74; p = 0.05 FDR corrected; cluster size = 35 voxels;

P ;o = 0.05

B

ol / -

and MNI coordinates of center [x =22,y =0, z = 39]). Fol-
lowing this, the VOI of significant voxels was overlaid with
the VOIs of SLFs I, II, and III on an MNI template (Fig.
7B). The result showed that the statistically significant (p <
0.05) cluster from the VLSM was localized in a region that
overlapped the middle of SLFs I and II.

Z=251
P rpr = 0.01

FIG. 7. The results of the VLSM. A statistically significant cluster (red voxels) of the resection cavity analyzed with the spatial
2-back task scores (A) was overlapped with SLFs | (blue), Il (green), and IIl (yellow) (B). The statistical map shows only significant
voxels with an FDR-controlled threshold (p = 0.05; z = 1.74). The MNI coordinates of each section are shown (x = sagittal, y =

coronal, z = axial). Figure is available in color online only.
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Discussion

Spatial WM is part of a central executive storage system
that requires the ability to actively represent visuospatial
information.2'¢ Deficits in spatial WM can significantly
interfere with daily life activities. In the present study, we
found that a chronic spatial WM deficit, without motor and
language deficits, could persist postoperatively in patients
following a prefrontal intrinsic glioma resection. Classi-
cally, a right prefrontal lesion is regarded as noneloquent
because apparent motor and language deficits usually do
not occur following tumor resection. Nonetheless, a per-
sistent spatial WM deficit after right prefrontal intrinsic
tumor resection could affect a patient’s professional life.
Therefore, patients with right prefrontal intrinsic tumors
should be informed about the possibility of a chronic spa-
tial WM deficit.

In such cases, awake surgery with an appropriate task to
detect the spatial WM network during tumor exploration
could be used for tumor resection in this region. Although
a chronic spatial WM deficit could often occur after right
prefrontal intrinsic tumor resection, it is not clear from the
present study how this deficit actually affects the quality
of life of each patient. A study that evaluates the relation-
ship between spatial WM deficits and a patient’s quality of
life should be performed in the future.

Frontoparietal connections of the human and nonhu-
man primate brain are similarly organized. The SLF, a
major intrahemispheric fiber tract, is composed of 4 com-
ponents. Among these, SLFs I, I, and III connect frontal
and parietal regions.’®2*2> The SLF I connects the supe-
rior parietal and superior frontal regions in humans and
extends to the dorsal premotor and dorsolateral prefrontal
regions. The SLF II is located in the central core of the
white matter above the insula and extends from the angu-
lar gyrus to the caudal dorsolateral prefrontal regions. The
SLF III occupies the ventral frontoparietal pathway and
extends from the supramarginal gyrus to ventral prefron-
tal regions.

Based on these anatomical features, the potential func-
tional roles of the frontoparietal networks of the SLF can
be hypothesized as follows: the SLF I is activated during
voluntary orienting of spatial attention and is related to
top-down spatial attention processing; the SLF II provides
a pathway for direct communication between the dorsal
and ventral networks; and the SLF III overlaps the ventral
pathway, which is activated during the automatic capture
of spatial attention.>?'5 Therefore, spatial WM, which
is associated with top-down attention processing, can be
modulated by the SLF I or 11, or by both.

In contrast, visuospatial awareness, which is related
to automatic spatial attention and spatial neglect, can be
modulated by the SLF II or III, or by both. Several re-
cent reports have indicated that visuospatial neglect oc-
curs with lesions located in the SLF I1.4374042 n the pres-
ent study, lesion-symptom analysis indicated that a region
overlapping SLFs I and II contained the main subcortical
white matter lesion that caused the spatial WM deficit in
our patients. These findings are supported by recent stud-
ies that indicate that a region associated with spatial WM
has been identified around the superior frontal sulcus in
humans.'®* This may be the same region as the one that
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we found overlapping SLFs I and II in the human brain. It
is possible that cortical lesions are responsible for a spatial
WM deficit; i.e., both frontal and parietal terminations of
the SLFI and 11, including the dorsolateral prefrontal cor-
tex (which is connected by the subcortical pathway), could
be more specifically associated with spatial WM. !122:2841

Nonetheless, taking into account the brain plasticity po-
tential in cortical lesions and the crucial role of the white
matter pathway as the “minimal common brain” (which
has reduced potential for plasticity and is more important
for preservation of function), white matter pathway inju-
ries are likely to lead to long-standing functional deficits
without compensation.*'7 Elucidating which cortical or
subcortical region is more specifically associated with
chronic spatial WM deficits is beyond the scope of this
study and could not be evaluated with the specific meth-
ods used. Future studies designed to compare cortical and
subcortical functions would be necessary.

We found that intraoperative DES on the SLF I led to
incorrect responses in the spatial 2-back task. To the best
of our knowledge, this is the first report to provide direct
evidence that the SLF I subserves spatial WM processing
in humans. We were able to visually confirm the presence
of the SLF with DTI tractography in these patients, and
postoperative spatial WM was preserved or improved. In
contrast, DES at a deep lateral site of the resection cavity,
most likely corresponding to the SLF II, did not elicit a
positive response in the spatial 2-back task.

These findings indicated that spatial WM processing is
mediated by a more dorsal SLF pathway, such as the SLF
I—not the SLF II. However, we could not evaluate the SLF
II in these patients because the tumors were located in the
dorsolateral prefrontal region, within which the SLF II is
located. Therefore, we were unable to visualize the SLF
IT with DTI tractography. Several recent studies, which
have included an intraoperative line bisection task, have
indicated that the SLF II is the main pathway associated
with the spatial neglect found in spatial awareness distur-
bances.*¥7384042 In addition, spatial WM may have a close
interaction with spatial awareness.*

Interestingly, several patients who were recruited in
this study revealed spatial neglect on the line bisection
test (data not shown). The region associated with chronic
spatial WM deficit in patients with right prefrontal glioma
resection was located in a region overlapping SLFs I and
II. However, we could not reproducibly elicit a positive re-
sponse in an intraoperative line bisection task during DES
to the SLF I and other sites. These results could be due
to the following reasons: 1) The tumor invaded the SLF
II and its function was being compensated for by other
regions; 2) spatial WM and spatial awareness informa-
tion are processed independently by different pathways
(as found in intraoperative DES, a more dorsal pathway of
the SLF, such as the SLF I, could be a causative pathway
for the postoperative chronic spatial WM deficit); and 3)
the line bisection task is inappropriate for intraoperative
detection of spatial neglect in some cases. It is beyond the
scope of this study to elucidate the relationship between
spatial WM deficit and spatial neglect. Future intraopera-
tive evaluation of the SLF II in humans using DES, as well
as the 2-back task and other appropriate tasks for detect-
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ing spatial neglect, is necessary to elucidate its functional
roles in spatial WM and awareness.

No significant difference was found on the spatial
2-back task between patients with left prefrontal lesions
and healthy volunteers. However, patients with a left pre-
frontal lesion showed a tendency to carry a small spatial
WM deficit when compared with healthy volunteers (p =
0.10). Although the possibility that brain tumor pathology
or its treatment may influence these results could not be
ruled out, we speculate that these results indicated that
both hemispheres are implicated in spatial WM process-
ing with right lateralization. This result is supported by
right lateralization theories in spatial cognitive process-
ing. The first theory is related to the competence of the 2
hemispheres to deal with the left and right sides of space.
According to this theory, the left hemisphere can represent
only the right space, whereas the right hemisphere is able
to represent both right and left space.'>?” Therefore, the
right hemisphere can deal with the entire horizontal space
in a left-hemisphere injury, but not vice versa.

The second theory is based on a multiple-region net-
work that is lateralized to the right hemisphere.® This spa-
tial processing network includes the inferior parietal, pos-
terior superior temporal, inferior and middle frontal, and
frontal operculum regions. In contrast to simple attentional
processes, WM processing is a higher cognitive function;
therefore, it is associated with a functional network that
includes multiple regions connected by association fiber
tracts. This theory may explain the right lateralization of
the chronic spatial WM deficit in our study.

Finally, despite the small number of patients recruited
in the present study and the heterogeneity of tumor pa-
thology (including different tumor grades), our findings
showed that resection of a right prefrontal glioma (i.e.,
glioma diagnosed postoperatively) caused a postoperative
chronic spatial WM deficit. The n-back tasks, including
the spatial 2-back task, are representative tests used to
detect WM disturbances. Nonetheless, another task may
be more sensitive and suitable for use intra- and postop-
eratively. In addition, the relationship between the spatial
WM deficit and spatial neglect is yet to be elucidated. Fur-
thermore, VLSM during the long-term period has its own
methodological limitations: the damage to a particular
voxel is independent of damage to other voxels, plastic-
ity in brain functional networks would make it difficult
to infer the original function of the healthy brain, and so
on.>? We acknowledge these limitations. However, to the
best of our knowledge, we have demonstrated for the first
time that dorsal frontoparietal pathway injuries subserved
by the SLF may play an important role in the occurrence
of postoperative chronic spatial WM deficits in patients
with right prefrontal glioma.

Conclusions

Right prefrontal lesions are regarded as noneloquent,
and postoperative deficits of the higher cognitive function
have been overlooked by standard motor and language ex-
aminations. Nonetheless, we demonstrated that right pre-
frontal glioma resection could result in a chronic spatial
WM deficit. One of the causative factors for the deficit

Spatial working memory and right prefrontal glioma surgery

could be an impairment of the dorsal frontoparietal sub-
cortical white matter pathway subserved by the SLF. An
analysis performed using VLSM revealed that among the
segments of the SLF, SLFs I and II could be candidates.
Furthermore, intraoperative DES of the SLF I elicited
transient disturbance of the spatial WM processing.

To the best of our knowledge, this is the first direct evi-

dence indicating the relationship between the spatial WM
and the SLF in humans. Even in the absence of motor and
language deficits, chronic spatial WM deficit could lead
to an impediment to continuation of a patient’s profes-
sional activities. Awake surgery with DES to detect the
pathway during the tumor exploration would be useful in
such patients. To confirm the usefulness of intraoperative
mapping for spatial WM preservation, more surgical cases
with spatial WM tasks will be necessary in the future. Fi-
nally, some patients with prefrontal lesions may choose to
undergo a more limited resection under awake surgery,
aimed at the preservation of normal functioning at the
known risk of a shorter lifespan. Alternatively, patients
may choose the more radical tumor resection, aimed at the
preservation of life with the potential cost of lost neural
function, which could affect the patient’s lifestyle. Cus-
tomized surgical strategies should be developed according
to the patient’s wishes.
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