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treatment on the brain plasticity was evaluated.
Materials and methods: Pre- and postoperative fMRI examinations were performed in 10
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Results: In the preoperative fMRI study the left Broca's area was activated in all cases. The
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right Broca's area was activated in all the patients with no speech disorders. In the
postoperative fMRI the activation of both Broca's areas increased in two cases. In other
two cases activation of one of the Broca's area increased along with the decrease in the
contralateral hemisphere.
In all patients with temporal lobe tumors, the right Wernicke's area was activated in the
pre- and postsurgical fMRI. After the operation, in two patients with speech disorder, the
activation of both Broca's areas decreased and the activation of one of the Wernicke's areas
increased.
Conclusions: In the cases of tumors localized near the left Broca's area, a transfer of the
function to the healthy hemisphere seems to take place. Resection of tumors located near
Broca's or Wernicke's areas may lead to relocation of the brain language centers.
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Introduction

Treatment of the brain tumors localized near language areas
remains a real challenge. Surgical excision of these tumors
frequently leads to the irreversible speech impairment. The
electrical cortical mapping (ECM) is still accepted as a gold
standard of intraoperative localization the language centers.
However, it is invasive and time-consuming [1–4]. Moreover,
some behavioral responses triggered during surgery do not
provide relation between electrical stimulation and the
function of the stimulated area [5].
In an attempt to overcome these limitations, functional
magnetic resonance (fMRI) becomes a tool of increasing
importance enabling safe presurgical determination of both
speech centers' position and language lateralization. It can
answer the question whether and how speech areas are
displaced due to the presence of a tumor. FMRI studies provide
better understanding of brain plasticity and may predict
clinical and functional outcome of the surgery. Nevertheless,
the quoted sensitivity and speciﬁcity of fMRI compared to
electrical stimulation is 66% and 90% respectively. That is why
fMRI protocols are not yet used alone to make critical surgical
decisions [6–9].
The present study was undertaken in right-handed
patients with low grade glial tumors, in an attempt to
determine by means of fMRI examinations the functional
reorganization of Broca's and Wernicke's areas before and
after surgery

2.

Materials and methods

2.1.

Patients

The patients were divided into two groups – one group
consisted of 5 patients with tumors located in the frontal lobe
and the other group of 5 patients with temporal lobe tumors.
The distance between the eloquent brain areas and the tumor
border was measured on the morphological, three-dimensional T1-weighted sequences with a mask based on functional activation. In all cases the distance was less than 2 cm.
The patients were operated on at the Department of
Neurosurgery in 2010–2014 with intraoperative brain mapping
performed in all the cases. All the patients underwent total or
subtotal resection of the tumors. Histopathology showed 4
high grade gliomas, HGG: (three WHO IV and one WHO III) and
6 low-grade gliomas, LGG (5 WHO II and one WHO I). In each
patient speech was assessed twice by the clinical neuropsychologist – before the preoperative and before postoperative fMRI. The patients data are summarized in Table 1.
Each patient had a preoperative and a postoperative fMRI
performed at least 3 months after the operation.

2.2.

FMRI study

2.2.1.

MRI scanner

fMRI study was performed in all the patients using a 1.5 T
scanner (Siemens, Avanto). Morphological, three-dimensional
T1-weighted sequences were obtained according to the
following protocol: FOV = 256  256 mm, matrix = 512  512,
TR = 8.8 ms, TE = 4.8 ms, TA = 50 07. Each volume acquired
contained 160 slices of 1 mm thick. The functional examination included echoplanar imaging (EPI) sequences:
TR = 3000 ms, TE = 50 ms, FOV = 1680  1680 mm, matrix
64  64, TA = 50 11, thirty-eight 3 mm thick slices.

2.2.2.

The study protocol was approved by the local Commission of
Bioethics: Decision no. RNN/123/09/KE. Ten patients with
primary brain tumors were enrolled into the study – 5 men and
5 women, aged 22–55 years (median 35.5) according to the
following criteria: (1) tumor located near the Broca's or
Wernicke's area of the left hemisphere (2) right handedness
of patients (3) neuropsychological status of patients allowing
for planned, standardized procedures of fMRI. The righthandedness was deﬁned on the base of the inventory test.

Data analysis

The analysis of the data was conducted using the statistical
program SPM 2, running in MATLAB (http://www.ﬁl.ion.ucl.ac.
uk/spm/). Data were analyzed for p = 0.05.
All the patients had been informed about the exact course
of the study 30 min in advance before it started. The used
paradigm was word generation (WG). The study was divided
into ﬁve blocks, each containing 10 acquisitions. Pattern of
stimulation proceeded in ABABABABAB block diagram, where
A was the rest (control), and B represented stimuli. The
patients were ordered to pronounce in periods of stimulation
non-repetitive male and female names, for example: Kate,

Table 1 – Characterization of the patients group including gender, age and tumor localization, size, histopathological type of
the tumor and WHO grade.
Patient
KwJ
SzK
DeB
SiA
KaM
KwS
BlK
MiK
NiS
RoM

Gender

Age (years)

Tumor localization

Tumor size (cm3)

Histopatological type
of the tumor

WHO grade

F
M
F
F
F
M
M
M
M
F

36
22
23
32
31
55
38
44
47
35

Frontal lobe
Frontal lobe
Frontal lobe
Frontal lobe
Frontal lobe
Temporal-parietal border
Temporal lobe
Temporal lobe
Temporal-occipital border
Temporal lobe

2.63
10.95
66.78
16.63
23.8
37.42
23.21
24.68
21.77
6.8

Astrocytoma pilocyticum
Astrocytoma pilocyticum
Ependymoma
Astrocytoma ﬁbrillare
Astrocytoma ﬁbrillare
Glioblastoma
Oligodendroglioma
Glioblastoma
Glioblastoma
Glioma mixtum anaplasticum

L
L
L
L
L
H
L
H
H
H
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John. The signals for stimulation and rest were shown to the
patient, respectively the text: ‘‘NAME’’ and the sign ‘‘X’’.
Using radiological anatomy atlases four regions of interest
(ROIs) responsible for language functions were designated:
a. Broca's area in the left inferior frontal gyrus (Brodmann
area, BA) – BA 44, BA 45),
b. the anatomically corresponding area in the right hemisphere,
c. Wernicke's area in the left superior temporal gyrus (BA 22)
and adjacent: superior temporal sulcus, middle temporal
gyrus (BA 21), angular gyrus (BA 39) and supramarginal
gyrus (BA 40),
d. the anatomically corresponding area in the right hemisphere [2].
The lateralization index (LI) was calculated according to the
literature, i.e. on the basis of the number of activated voxels in
the four deﬁned areas [10,11]. It enabled to avoid analysis of
non-speciﬁc activity or activity of non-linguistic areas, activated as a consequence of sensory or motor stimuli (10).
Lateralization index was calculated according to the formula:
LI = (L  R)/(L + R), separately for the Broca's and Wernicke's
area and their right-sided homologous regions [12]. The
obtained results were in the range from 1 to 1. Positive value
of LI was synonymous with left-sided laterality. Negative value
of the LI meant right-sided lateralization. The values from 0.25
to 0.25 were considered to be symmetrical activation [13].

3.

Results

3.1.

Tumors located in the left frontal lobe

3.1.1.

Preoperative study

In all the patients with tumors located in the left frontal
lobe, the left Broca's area was active in the preoperative fMRI
study. In 3 patients with no speech disorders, the right area
corresponding to Broca's center was also active. The lateralization index was in one case right-sided, in one case
symmetrical and in one case left-sided. In 2 of 3 patients
with speech disorders there was no activation of the rightsided area corresponding to Broca's center. In the preoperative
fMRI the lateralization index for the Wernicke's area was
strong left-sided in three cases and in one case symmetrical.

3.1.2.

Postoperative study

In the postoperative fMRI, the activation of both Broca's areas
increased in two cases. One of them was a patient who
recovered from speech disorder after surgery. It was also the
only case of the postsurgical increased activation of the right
Wernicke's area. In two cases activation increased in one of
the Broca's area whereas the activation decreased in the
contralateral hemisphere. The lateralization index was in two
cases right-sided and in three cases left-sided. In four patients
the activation in the left Wernicke area decreased after surgery
and in one patient it increased. Summary of speech disorders
with the calculated LI for Broca's and Wernicke's area is
summarized in Table 2. A detailed list of results is shown in
Tables 3 and 4.

3.2.

Tumors located in the left temporal lobe

3.2.1.

Preoperative study

In patients with temporal lobe tumors, the lateralization index
for the Broca's area was left-sided in 4 patients in the
preoperative fMRI among them 3 had aphasia. In two of them
the right Broca's area was active. The right–sided Wernicke's
area was active in all patients with temporal lobe tumors, and
the left-sided Wernicke's area was activated in one patient
with speech disorder and one patient without speech
impairment.

3.2.2.

Postoperative study

After the operation in two patients with speech disorders, the
activation of both-sided Broca's areas decreased while the
activation of one of the Wernicke's areas increased. In one
patient with no speech impairment, both Wernicke's areas
activation decreased after the operation, while the left Broca's
area activation increased. In one case the activation of rightsided Broca's and right-sided Wernicke's area increased. The
left-sided lateralization index for the Wernicke's area became
greater in two cases. A summary of the speech disorders with
the calculated LI for Broca's and Wernicke's area is given in
Table 5. A detailed list of the results is shown in Tables 6 and 7.

4.

Discussion

Language is a complex brain function that involves two
primary language regions – Broca's and Wernicke's areas.

Table 2 – Pre- and postoperative impairment of language ability in patients with brain tumors located in the left frontal lobe
compared with calculated laterality index (LI) for Broca's and Wernicke's areas separately.
Patient Postoperative
fMRI
(months)

KwJ
SzK
DeB
SiA
KaM

3
3
3
5
3

Speech disorders

LI Broca's area

Pre-operative

Post-operative

Transient motor aphasia after epi
2 episodes of dysphasia
No speech disorders observed
No speech disorders observed
No speech disorders observed

Transient motor aphasia after epi
no speech disorders observed
No speech disorders observed
No speech disorders observed
No speech disorders observed

LI Wernicke's
area

PrePostPrePostoperative operative operative operative
1
1
0.24
0.65
0.65

1
0.26
0.59
1
0.83

1
0.86
0.18
1
–

1
0.84
0.03
–
1
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Table 3 – Value of t-statistics (T) and number of activated voxels within each cluster (ke) in patients with left frontal lobe
tumors: pre- and postoperative for both Broca's areas; ", higher number of voxel activation in postoperative fMRI; #, lower
number of voxel activation in postoperative fMRI.
Patient

Broca's area
Left hemisphere
Preoperative

KwJ
SzK
DeB
SiA
KaM

Right hemisphere

Postoperative

Preoperative

Postoperative

T

ke

T

ke

Dke

T

ke

T

ke

Dke

4.83
5.08
4.45
3.00
6.31

53
31
26
19
117

3.66
6.83
4.23
–
9.28

7
128
28
–
222

#
"
"
#
"

–
–
4.24
4.00
3.79

–
–
16
114
24

–
5.44
6.14
6.78
3.69

–
75
108
263
21

–
"
"
"
#

Table 4 – Value of t-statistics (T) and number of activated voxels within each cluster (ke) in patients with left frontal lobe
tumors: pre- and postoperative for both Wernicke's areas; ", higher number of voxel activation in postoperative fMRI; #,
lower number of voxel activation in postoperative fMRI.
Patient

Wernicke's area
Left hemisphere
Preoperative

KwJ
SzK
DeB
SiA
KaM

Right hemisphere

Postoperative

Preoperative

Postoperative

T

ke

T

ke

Dke

T

ke

T

ke

Dke

4.39
5.58
6.06
6.92
–

66
43
143
386
–

4.73
6.81
5.66
–
4.13

22
8
75
–
23

#
#
#
#
"

–
5.12
7.29
–
–

–
3
107
–
–

–
5.73
5.54
–
–

–
91
80
–
–

–
"
#
–
–

Table 5 – Pre- and postoperative speech impairment in patients with brain tumors located in the temporal lobe compared
with calculated laterality index (LI) for Broca's and Wernicke's areas separately.
Patient Postoperative
fMRI
(months)

KwS
BlK
MiK
NiS
RoM

3
3
5
3
3

Speech disorders

LI Broca's area

Pre operative

Post operative

Mixed aphasia
Transient motor aphasia
Mixed aphasia
No speech disorders observed
No speech disorders observed

Dysphasia
Transient motor aphasia
Dysphasia
No speech disorders observed
No speech disorders observed

LI Wernicke's area

Pre
Post
PrePostoperative operative operative operative
1
0.21
0.28
–
1

1
1
0.02
1
0.18

1
0.69
1
1
1

–
1
0.86
1
0.2

Table 6 – Value of t-statistics (T) and number of activated voxels within each cluster (ke) in patients with left temporal lobe
tumors: pre- and postoperative for both Broca's areas; ", higher number of voxel activation in postoperative fMRI; #, lower
number of voxel activation in postoperative fMRI.
Patient

Broca's area
Left hemisphere
Preoperative

KwS
BlK
MiK
NiS
RoM

Right hemisphere

Postoperative

Preoperative

Postoperative

T

ke

T

ke

D ke

T

ke

T

ke

D ke

3.44
6.13
5.04
–
3.97

2
413
29
–
9

4.83
6.38
3.77
–
5.58

61
33
19
–
111

"
#
#
–
"

–
6.10
3.51
–
–

–
269
4
–
–

–
5.62
–
4.14
–

–
6
–
3
–

–
#
#
"
–
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Table 7 – Value of t-statistics (T) and number of activated voxels within each cluster (ke) in patients with left temporal lobe
tumors: pre- and postoperative for both Wernicke's areas; ", higher number of voxel activation in postoperative fMRI; #,
lower number of voxel activation in postoperative fMRI.
Patient

Wernicke's area
Left hemisphere
Preoperative

KwS
BlK
MiK
NiS
RoM

Right hemisphere

Postoperative

Preoperative

Postoperative

T

ke

T

ke

Dke

T

ke

T

ke

Dke

–
–
4.86
–
5.32

–
–
43
–
145

–
–
3.26
–
5.37

–
–
48
–
126

–
–
"
–
#

5.14
8.25
4.79
4.42
4.52

33
166
57
15
122

–
8.32
3.72
4.90
5.31

–
201
9
48
60

#
"
#
"
#

According to different studies of healthy individuals, 92.5–97%
of right-handed people show a left-sided lateralization for
language functions [14,15]. Therefore, pathological processes
that involve the left frontal and temporal lobes frequently
cause speech disorders in right-handed patients as they affect
the above-mentioned speech centers.
In our study all the patients with left frontal lobe tumors
had low grade gliomas. Two of 3 patients who had tumors
located in the frontal lobe and suffered from speech disorders,
had activation only in the left Broca's area. It is possible that
because of the small volume of these two lesions, and possibly
shorter duration of their growth, the full acquisition of
language function by right-sided areas had not yet taken
place, thus not helping their speech disorders. All 3 patients
without speech deﬁcits had activation in the right-sided
Broca's area, which may suggest that the process of the
functional rearrangement of the speech centers had occurred.
Out of the patients with the frontal lobe tumors, the
preoperative fMRI studies displayed activity in the Wernicke's
area in 4 cases, the LI was left-sided in 3 cases whereas
symmetrical in one case. We suppose that in this group of
patients, this area plays a minor role in the tumor-induced
reorganization. After the operation, speech difﬁculties decreased in one patient. Here, the activation of both Broca's
areas increased in the postoperative fMRI study. It is possible
that both – the recovery and functional reorganization of the
speech centers occurred both in this case. Activation of the left
Broca's area also increased in the postoperative fMRI in two
patients with no speech disorders, what may also prove
postoperative recovery of this center (Figs. 1 and 2). Speech
disorders remained unchanged after the operation in one
patient. In this case, a lower voxel activation in the left Broca's
region was noted along with no activation in the right
hemisphere. The left-sided Broca's area activation decreased
after the operation also in another patient without pre- and
postoperative speech deﬁcits, but in this case the activation of
the right-sided Broca's region increased. After left frontal lobe
tumor operation 4 out of 5 patients had lower voxel activity of
the left-sided Wernicke's area. We have not conﬁrmed that the
tumor resection in these cases shifted the activation from
frontal toward temporal lobe as it was recently suggested [16].
We think that with the postoperative increase of Broca's region
activity, the role of Wernicke's area in the process of
maintaining speech decreases. In patients with tumors in
the left hemisphere the functional network can adapt to the

Fig. 1 – Patient with left frontal lobe tumor (DeB). Broca's and
Wernicke's region activation in preoperative fMRI
examination.

lesion. Dislocation of areas activated during language tasks is
observed, either to ipsilateral regions, not involved in the
pathological process, or to contralateral homotopic areas. This
patterns of intrahemispheric as well as interhemispheric
compensation are explained by reduction of collateral inhibition of speciﬁc centers on other structures within the language
network. This shift can be reversed after surgical resection of a
tumor leading to improved speech performance [17,18].
From the group of the patients with the temporal lobe
tumors four had HGG and one LGG. In preoperative fMRI study
the lateralization index for Wernicke's area was in 3 cases
strong right-sided and in 2 cases symmetrical. Despite the
activation of the right Wernicke's area, 3 patients had speech
disorders. In all these cases the speech impairment decreased
after the operation. In postoperative fMRI of the patient with
LGG the activation in the right Wernicke's area increased,

408

neurologia i neurochirurgia polska 51 (2017) 403–410

Fig. 2 – Patient with left frontal lobe tumor (DeB). Broca's and
Wernicke's region activation in postoperative fMRI
examination. Notice the increase of Broca activation.

Fig. 3 – Patient with left temporal lobe tumor (BlK). Broca's
and Wernicke's regions activation in preoperative fMRI
examination.

while there was still no activation of the left-sided area
corresponding to the Wernicke center (Figs. 3 and 4). It is likely
that a permanent reorganization of the speech centers had

Fig. 4 – Patient with left temporal lobe tumor (BlK). Broca's
and Wernicke's regions activation in postoperative fMRI
examination. Notice the increase of right-sided We
amination. Notice the increase of right-sided Wernicke's
area activation.

occurred there. A recent study suggests that involvement of
the basal ganglia (as it was in this case) is signiﬁcantly
correlated with co-dominant language function and better
functional outcome [19]. In one of the patients with HGG the
activation in the left-sided Wernicke's region increased while
the BOLD signal in the right Wernicke's area decreased.
Probably the removal of the pathological mass led in this case
to the recovery of the left Wernicke's area [18,19]. In a patient
with the biggest HGG tumor volume in the temporo-parietal
area, we obtained no BOLD signal in the Wernicke's areas after
the operation, but the signal in the left Broca's area
signiﬁcantly increased. It is possible that the edema caused
by the tumor could affect the BOLD signal in the left Broca's
area, which recovered after the operation. In one of the
patients without speech disorder, we obtained eloquent areas
activation only in the right hemisphere, which additionally
increased after the operation. Reorganization of both speech
centers seems to be unlikely. It might be a case of a righthanded patient with right-sided lateralization of the speech
centers [15]. In another patient without speech difﬁculties, the
lateralization index did not change signiﬁcantly after the
operation, although the activation of both Wernicke's areas
decreased.
In our study we noticed an increased activation of the rightsided region corresponding to Broca center in the group of
patients with left frontal lobe tumors and in the right-sided
region corresponding to Wernicke center in the group of left
temporal lobe tumors. The patient groups were small, but a
reorganization process in cases of LGG was noticeable. Our

neurologia i neurochirurgia polska 51 (2017) 403–410

results conﬁrm the observations of other researchers, that the
slow growing LGG may lead to functional reorganization of
eloquent areas [20–25]. High grade and low grade gliomas have
different pathophysiology and natural history so the fMRI
studies results in those two groups cannot be compared. Some
pathophysiological changes associated with fast and aggressively growing HGG lead to structural and functional neural
networks changes in the brain. BOLD fMRI study enables
mapping of the language areas but the evaluation of
remodeling of central nervous system might be ambiguous.
The pathological mass can alter blood ﬂow or induce
neovascularization and affect the BOLD signal which is based
on cerebrovascular hemodynamics and therefore can inﬂuence fMRI results [24,26]. In our study the group of patients
with HGG was quite heterogenous, so no conclusions can be
drawn.
Abnormal language areas activation pattern is not necessarily related to recovery. Activation in the right-sided region
corresponding to Wernicke center does not guarantee absence
of speech disorders in patient with temporal lobe tumors, but it
might be one of the factors in the complex process of brain
functional rearrangement.
Our results proved the possibility of performing language
fMRI in patients with brain tumors and determining language
lateralization by calculation of the LI for Broca and Wernicke
regions. We also conﬁrmed that the Word Generation
paradigm was effective to deﬁne lateralization [27,28]. A
combination of fMRI results and intraoperative brain mapping
improve the sensitivity of each technique and reduce the time
of surgery [4,29,30].
Comparative pre- and postoperative fMRI studies in
evaluation of rearrangement process of language areas in
patient with brain tumors are of important value [31]. The fMRI
has become a mainstream neuroimaging in patients with
brain tumors, the task failures are relatively low and are
reduced by paradigm repetition [32,33]. FMRI is a useful tool for
predicting postoperative outcome in patients with a single
brain tumor [34,35]. Some authors suggest that activation of
the speech centers in the right hemisphere may afford a
behavioral advantage to patients with left-hemispheric
tumors. However, the precise trigger for functional reorganization of the language centers in brain tumor patients remains
unknown [19].
However the present study has a number of limitations.
The groups of patients were admittedly uniform in lesion
location, but rather small. Further analysis on larger groups is
needed to estimate the functional rearrangement of language
areas. The evaluation of pre- and postoperative neuropsychological status of patients is crucial to prove the clinical
importance of fMRI observations.

5.

Conclusion

Our fMRI studies conducted on the right-handed patients with
brain tumors located in the left frontal or temporal lobes have
suggested that in the cases of LGG tumors localized near the
left Broca's area there is a transfer of function to the rightsided region corresponding to Broca center. Furthermore,
these studies showed that resection of tumor located near
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Broca's or Wernicke's areas may lead to restoration of function
of the brain language centers in the affected hemisphere and/
or promote their functional reorganization.
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