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Objective: Functional magnetic resonance imaging (fMRI) and diffusion tensor imaging-derived tractography (DTI-t)
contribute to the localization of language areas, but their accuracy remains controversial. This study aimed to investigate the
diagnostic performance of preoperative fMRI and DTI-t obtained with a simultaneous multi-slice technique using intraoperative
direct cortical stimulation (DCS) or corticocortical evoked potential (CCEP) as reference standards.

Materials and Methods: This prospective study included 26 patients (23-74 years; male:female, 13:13) with tumors in the
vicinity of Broca’s area who underwent preoperative fMRI and DTI-t. A site-by-site comparison between preoperative (fMRI and
DTI-t) and intraoperative language mapping (DCS or CCEP) was performed for 226 cortical sites to calculate the sensitivity and
specificity of fMRI and DTI-t for mapping Broca’s areas. For sites with positive signals on fMRI or DTI-t, the true-positive rate
(TPR) was calculated based on the concordance and discordance between fMRI and DTI-t.

Results: Among 226 cortical sites, DCS was performed in 100 sites and CCEP was performed in 166 sites. The specificities of
fMRI and DTI-t ranged from 72.4% (63/87) to 96.8% (122/126), respectively. The sensitivities of fMRI (except for verb
generation) and DTI-t were 69.2% (9/13) to 92.3% (12/13) with DCS as the reference standard, and 40.0% (16/40) or lower
with CCEP as the reference standard. For sites with preoperative fMRI or DTI-t positivity (n = 82), the TPR was high when fMRIL
and DTI-t were concordant (81.2% and 100% using DCS and CCEP, respectively, as the reference standards) and low when fMRIL
and DTI-t were discordant (< 24.2%).
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Conclusion: fMRI and DTI-t are sensitive and specific for mapping Broca’s area compared with DCS and specific but
insensitive compared with CCEP. A site with a positive signal on both fMRI and DTI-t represents a high probability of being

an essential language area.

Keywords: Functional MRI; Broca’s area; Diffusion tensor imaging; Direct cortical stimulation; Cortico-cortical evoked

potential

INTRODUCTION

Language mapping reduces postoperative functional
impairment and enables safe maximal resection [1].
Presurgical language mapping with functional magnetic
resonance imaging (fMRI) and diffusion tensor imaging-
derived tractography (DTI-t) enables a comprehensive
understanding of the language network system [2] and
localization of the language area [3,4]. Language mapping
in fMRI is based on blood oxygen level dependence (BOLD)
effects caused by increased local brain activity [5]. DTI-t
can visualize the arcuate fasciculus (AF), the major white
matter tract connecting Broca’s area and Wernicke's area
[6,7]. However, its diagnostic accuracy has not yet been
established. The reported diagnostic performance of fMRI is
inconsistent, with sensitivities ranging from 5% to 100%,
and specificities ranging from 0% to 98% [4]. In addition,
although several studies have reported the language
localization accuracy of fMRI and DTI-t [4,8-10], few have
investigated it by combining fMRI and DTI-t results.

The recently introduced simultaneous multi-slice
(SMS) imaging technique for DTI and fMRI may improve
preoperative language mapping. The SMS technique
simultaneously acquires several two-dimensional (2D) slices
[11-13] using a multiband composite radiofrequency pulse
with a slice-selective gradient [12]. Therefore, this approach
can achieve more detailed fMRI BOLD profiles with higher
spatial and temporal resolutions than conventional 2D echo-
planar imaging.

Direct cortical stimulation (DCS) during awake craniotomy
is the standard method of language mapping. However,
it prolongs the duration of surgery and increases the risk
of intraoperative seizures. In 2004, Matsumoto et al. [14]
introduced an electrical tracing method using corticocortical
evoked potentials (CCEP) for intraoperative monitoring
of AF under general anesthesia. It has been successfully
applied in intraoperative language mapping with acceptable
language function preservation outcomes [9,15,16] and CCEP
monitoring can be used for language mapping when awake
surgery is not applicable.
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The purpose of this study was to 1) investigate the
accuracy of fMRI and DTI using DCS or CCEP as reference
standards, and 2) suggest a method for the comprehensive
interpretation of fMRI and DTI-t results.

MATERIALS AND METHODS

Study Population

This prospective study was approved by the Institutional
Review Board (IRB No. H-1702-051-832) at Seoul National
University Hospital, and written informed consent was
obtained from all participants. All of the study designs
were conducted following the Helsinki Declaration. Twenty-
eight patients who met the following inclusion criteria were
initially enrolled between June 2017 and September 2021:
1) preoperative diagnosis of glioma located adjacent to
Broca’s area requiring surgical treatment with intraoperative
DCS or CCEP, and 2) feasibility of performing the fMRI
task. Among the 28 patients, two had illegible results for
the analysis. One patient had unsuccessful intraoperative
language mapping using CCEP, and the other showed
suboptimal image quality on DTI. Therefore, 26 patients were
included in the study (Fig. 1).

All patients underwent fMRI and DTI-t examinations on the
day before surgery. DCS during awake surgery was chosen if
the tumor was small or focal without any signs of increased
intracranial pressure, and CCEP under general anesthesia was
chosen if the patient was ineligible for awake anesthesia or
if the tumor was large or diffuse.

Magnetic Resonance Imaging

All magnetic resonance imaging (MRI) scans were
performed using a 3T MRI scanner (Skyra, Siemens). The MR
protocol included sagittal 3-dimensional (3D) T1-weighted
imaging, sagittal 3D fluid-attenuated inversion recovery
(FLAIR) with fat suppression, axial 2D DTI-t with SMS spin-
echo EPI, and axial 2D fMRI with SMS gradient-echo EPI.
Detailed acquisition parameters are listed in Supplementary
Table 1.
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Twenty-eight patients with preoperative diagnosis of glioma located adjacent
to Broca’s area who underwent preoperative fMRI and DTI-t
requiring surgical treatment with intraoperative DCS or CCEP

between June 2017 and September 2021

Excluded (n = 2)
- Unsuccessful intraoperative language
mapping by CCEP (n = 1)
- Suboptimal image quality on DTI (n = 1)

Total 26 patients (266 tags)

A4
With DCS (100 tags) (n =9)

With CCEP (166 tags) (n = 17)

Fig. 1. Flowchart for the inclusion and exclusion criteria of our study population. A total of 26 patients were tested intraoperatively
comprising direct cortical stimulation (DCS) in 9 patients and corticocortical evoked potential (CCEP) in 17 patients. DTI-t = diffusion
tensor imaging-derived tractography, fMRI = functional magnetic resonance imaging

Functional MRI Paradigms and Analysis

A block design alternating four active and four rest
periods was used for each of the two visually presented
language tasks (verb generation and sentence completion)
[17,18]. The remaining block consisted of 80 measurements
lasting for 40 s, and the active block consisted of 40
measurements lasting for 20 s with tasks. This was the
default setting of the clinical software (NordicActiva
v.1.2.0, NordicNeurolLab), the paradigms of which follow
recommendations from the American Society for Functional
Neuroradiology. The fMRI stimulus was presented visually
through a 4K LCD screen in front of the participants. Visual
verb generation was as follows: Pictures of the noun were
shown, and the participants were required to silently generate
the corresponding verb for the noun shown on the screen.
Each noun was presented for 5 seconds, and each active
block consisted of four different nouns. Sentence completion
was as follows: Pictures of a simple sentence with one blank
space were shown, and participants were required to silently
read and fill in an appropriate word to complete the sentence
on the screen. Each sentence was presented for 5 s and each
active block consisted of four different sentences. During the
remaining phase of both tasks, meaningless symbols were
displayed. fMRI data were analyzed using Food and Drug
Administration-approved software (NordicBrainEx v.2.3.9,
NordicNeuroLab). After removing the three initial volumes
to reach signal equilibrium, a 6-parameter rigid realignment
for motion correction, rigid co-registration with the 3D
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FLAIR sequence, and spatial smoothing (Gaussian kernel,
full width at half maximum = 8 x 8 x 8 mm) were performed.
Using a general linear model, the signal time course was
correlated with the expected hemodynamic response
function on a voxel-by-voxel basis. Automatic thresholding
in NordicBrainEx (NordicNeuroLab) was set to 40% of the
maximum t-value for a given BOLD dataset (activation
mapping as percentage of local excitation [AMPLE]
normalization) [19]. BOLD fMRI activities during the verb
generation task (fMRI.;) are presented in red, whereas
those during the sentence completion task (fMRIntence) are
shown in blue (Fig. 2).

DTI-t Analysis

DTI data were processed and analyzed using NordicBrainEx
v.2.3.9 (NordicNeuroLab), using the Fiber Assignment
Continuous Tracking (FACT) algorithm to calculate fiber
tracking [20,21]. White matter tracts were generated on each
voxel based on the direction and magnitude of maximum
water diffusion. Six-parameter rigid realignment for motion
correction and Gaussian smoothing were performed for
preprocessing. The fiber tracking termination criteria
included a fractional anisotropy below 0.2, an angle
threshold greater than 41.4°, a minimum fiber length of
20 mm, and the number of seeds per voxel. Fiber tracts
that passed through both the seed region of interest (ROI)
and the target ROI were classified as AF tracts [7]. ROI
placement was performed by a neuroradiologist (K.M.Kang,
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Fig. 2. Axial fMRI (A, C, E) and DTI-t (B, D, F) images are overlaid on 3D-FLAIR images in a 24-year-old female with a papillary
glioneuronal tumor in the left insula. BOLD fMRI activities with the verb generation task (fMRIL.) are presented in red, and fMRI
activities with the sentence completion task (fMRIsntence) are shown in blue. The AF on DTI-t is shown in green. DCS tag locations are
indicated in yellow if positive and in sky-blue if negative. No overlapping sky-blue DCS sphere with fMRI signal (A) and DTI-t (B, F) was
counted as TN. Overlap of the yellow DCS sphere with fMRI,e, and fMRLentence (C) and DTI-t (D) was counted as TP. Overlap of the sky-
blue DCS sphere with the fMRIe and fMRLsentence (E) Was counted as FP. AF = arcuate fasciculus, DCS = direct cortical stimulation, DTI-t =
diffusion tensor imaging-derived tractography, fMRI = functional magnetic resonance imaging, FP = false positive, TN = true negative, TP =
true positive, FLAIR = fluid-attenuated inversion recovery, BOLD = based on blood oxygen level dependence
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with 13 years of neuroimaging experience). The seed

ROI was placed in the deep white matter of the posterior
parietal portion of the superior longitudinal fasciculus, which
appeared as a green structure in the coronal plane. The target
ROI was placed on the descending portion of the superior
longitudinal fasciculus in the posterior temporal lobe, which
is visible as the blue lateral aspect of the splenium of the
corpus callosum in the transverse plane. The mean volume

+ standard deviations of seed and target ROIs were 47.02 +
13.80 mm” and 35.55 + 13.78 mm?, respectively. On DTI-t,
the cortical endpoint of the AF in the inferior frontal region
was considered the Broca’s area.

Intraoperative DCS

DCS was executed with the “asleep-awake-asleep” protocol
[22]. After the craniotomy, the patient awakened, and
DCS was performed to identify the speech arrest site. The
initiating gyrus of DCS was at the preoperative fMRI- or
DTI-t-positive site. Tumor resection was performed to avoid
candidates for Broca’s area localized using preoperative
language mapping and DCS.

Intraoperative CCEP

The CCEP monitoring was performed under total
intravenous anesthesia with continuous infusion of propofol
(effect site concentration: 3-5 pg/mL) and remifentanil (effect
site concentration: 3-5 ng/mL). The details of the CCEP
procedure have been described previously [15]. After the dural
incision, electrical stimulation was applied to the preoperative
positive language sites in the frontal lobe. The electrical strip
of the frontal lobe was repositioned to stimulate a different
frontal gyrus, and a positive potential signal was detected
using an electrical grid in the temporal lobe.

Comparative Analysis between Preoperative and
Intraoperative Language Mapping

The tags were defined as all sites intraoperatively
stimulated by DCS or CCEP confirmed after the operation
video review. The tags were registered and numbered on the
reconstructed brain images using Mango software (http://
ric.uthscsa.edu/mango/), which automatically showed
tags on the corresponding axial, sagittal, and coronal MR
images. Several preoperatively positive language sites away
from the craniotomy that were not exposed during surgery,
making surface stimulation impossible, were excluded from
the analysis. A site-by-site comparison between preoperative
(fMRI or DTI-t) and intraoperative (DCS or CCEP) language
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mapping allowed us to categorize tags as true positive (TP),
false negative (FN), true negative (TN), or false positive (FP):
“TP" if the DCS or CCEP positive tag is within the same gyrus
and less than 1 cm from the fMRI or DTI-t positive site; “FN”
if the DCS or CCEP positive tag is located in a different gyrus
or 1 cm away from the fMRI or DTI-t positive site; “TN” if
the DCS or CCEP-negative tag is located in a different gyrus
or 1 cm apart from the fMRI or DTI-t positive site; and “FP”
if the DCS or CCEP-negative tag is located within the same
gyrus and less than 1 cm from the fMRI or DTI-t positive site
(Fig. 2). The same comparative analysis was performed in
previous studies [5,23,24].

When analyzing fMRI positivity, verb generation (fMRIen)
and sentence completion tasks (fMRLsentence) Were considered
separately and in combination (fMRIL,, and fMRI,q), where
fMRI,q indicates the area in which fMRIer 0r fMRIcentence
activity was positive, and fMRI,., indicates the area in
which both fMRI,e, and fMRIsentence activities were positive.

Statistical Analysis

The numbers of TP, TN, FP, and FN tags were computed for
each patient. The sensitivity and specificity for preoperative
Broca's area mapping were calculated on a per-tag basis
according to the imaging methods and fMRI tasks.

For tags with fMRI- or DTI-t-positive signals (TP or FP
tags), the rate of TP tags was calculated based on the
concordance or discordance between fMRI and DTI-t. When
fMRI and DTI-t results were concordant (TP or FP), the
proportion of TP tags indicated a perfect match. When
fMRI and DTI-t results were discordant, TP tag rates were
calculated for fMRI and DTI-t, respectively.

Differences in sensitivity and specificity between fMRI
and DTI-t, and between low- and high-grade gliomas,
were compared using logistic regression with a generalized
estimating equation to account for multiple data within a
subject. The Bonferroni correction method was applied for
multiple comparisons, with P < 0.0125 (= 0.05/4). Statistical
analyses were performed using SAS 9.4 (SAS Institute).

All statistical analyses were performed in the DCS or CCEP
subgroups.

RESULTS

Twenty-six patients were enrolled and the relevant clinical
characteristics of the study population are presented in
Supplementary Table 2. There were 13 males and 13 females
with ages ranging from 23 to 74 years (median, 57 years).
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Table 1. Per-tag Basis Analysis for Sensitivity and Specificity

Kang et al.

fM RIsentence fM RIverb M RIany

P
fMRIsentence fMRIverh fMRIany fMRIboth
vs. DTI-t vs. DTI-t vs. DTI-t vs. DTI-t

fMRIboth DTI-t

ALL (DCS + CCEP),

n = 266

Sensitivity 34.0 (18/53) 30.2 (16/53) 43.4 (23/53) 20.8 (11/53) 52.8 (28/53) 0.073  0.018  0.350 0.002*
[21.5-48.3]  [18.3-44.3]  [29.8-57.7]  [10.8-34.1]  [38.6-66.7]

Specificity ~ 84.0 (179/213) 91.1 (194/213) 81.7 (174/213) 93.4 (199/213) 94.8 (202/213) 0.001*  0.112 < 0.001* 0.498
[78.4-88.7]  [86.4-94.5]  [75.8-86.6]  [89.2-96.4]  [90.9-97.4]

DCS, n = 100

Sensitivity 69.2 (9/13)  38.5(5/13)  76.9 (10/13)  30.8 (4/13) 92.3 (12/13) 0.299  0.003* 0.367 0.006*
[38.6-90.9]  [13.9-68.4]  [46.2-95.0]  [9.1-61.4]  [64.0-99.8]

Specificity 77.0 (67/87) 83.9 (73/87) 72.4 (63/87) 88.5(77/87) 93.1(81/87) 0.001* 0.013 <0.001 0.166
[66.8-85.4]  [74.5-90.9]  [61.8-81.5]  [79.9-94.3]  [85.6-97.4]

CCEP, n = 166

Sensitivity 22,5 (9/40)  27.5 (11/40) 32.5 (13/40)  17.5 (7/40)  40.0 (16/40) 0.134  0.259  0.530 0.046
[10.8-38.5]  [14.6-43.9]  [18.6-49.1]  [7.3-32.8]  [24.9-56.7]

Specificity ~ 88.9 (112/126) 96.0 (121/126) 88.1 (111/126) 96.8 (122/126) 96.0 (121/126) 0.101 >0.999  0.079 0.729

[82.1-93.8]  [91.0-98.7]  [81.1-93.2]

[92.1-99.1]  [91.0-98.7]

fMRL.y, indicates any region with fMRLen O fMRIcentence activity; fMRIye is defined as a region with both fMRIen, and fMRIentence activity.
For sensitivity and specificity, data are presented as percentages with the numerator/denominator in parentheses. Numbers in brackets
indicate 95% confidence intervals. *P < 0.0125 (Bonferroni corrected P < 0.05/4 = 0.0125 was used as a statistical threshold). CCEP =
corticocortical evoked potential, DCS = direct cortical stimulation, DTI-t = diffusion tensor imaging-derived tractography, fMRI = functional

magnetic resonance imaging

Table 2. Number and Proportion of Tags According to fMRI and DTI-t Positivity

All DCS CCEP
Tags with fMRL., or DTI-t positive 30.8 (82/266) 41 (41/100) 24.7 (41/166)
Tags with the same category for fMRI,,, and DTI-t 23.2 (19/82) 26.8 (11/41) 19.5 (8/41)

Tags with different categories for fMRL.,, and DTI-t
Tags with fMRIy or DTI-t positive

Tags with the same category for fMRIyo and DTI-t

Tags with different categories for fMRIy and DTI-t

76.8 (63/82)
19.5 (52/266)
21.2 (11/52)
78.8 (41/52)

73.2 (30/41)
25.0 (25/100)
24.0 (6/25)
76.0 (19/25)

80.5 (33/41)
16.3 (27/166)
18.5 (5/27)
81.5 (22/27)

Data are percentages of the numerator/denominator in parentheses. The tags indicate the intraoperative stimulation sites using DCS

or CCEP. Positive tags indicate intraoperative speech arrest sites on DCS and localized language areas on CCEP. The categories indicate
true positives, true negatives, false positives, and false negatives. fMRI,,, indicates any region with fMRIL,en Or fMRIsentence activity, and
fMRI,ot was defined when a region had both fMRLes and fMRIcentence activity. CCEP = corticocortical evoked potential, DCS = direct cortical
stimulation, DTI-t = diffusion tensor imaging-derived tractography, fMRI = functional magnetic resonance imaging

A total of 226 tags were tested intraoperatively, comprising
DCS in nine patients (34.6%) with 100 sites (44.2%) and
CCEP in 17 patients (65.4%) with 166 sites (73.5%). Among
the 226 sites, 13 of 100 tags (13.0%) were DSC-positive, and
40 of 166 tags (24.1%) were CCEP-positive. The results of the
preoperative language mapping for Broca’s area are listed in
Supplementary Table 3.

Performance of Preoperative Language Mapping

All 26 patients were right-handed, and fMRI revealed
successful lateralization of the Broca’s area in the left
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hemisphere. The sensitivity and specificity of preoperative
Broca’s area mapping based on the per-tag analysis are
presented in Table 1. For all 266 intraoperative stimulation
sites, t-DTI showed the highest specificity (94.8% [202/213]).
The specificities of fMRIyon (93.4% [199/213]) and fMRIyen
(91.1% [194,/213]) were not significantly different from
those of DTI-t (P = 0.498 and P = 0.112, respectively).
However, the specificities of fMRIsentence (84.0% [179/213])
and fMRL., (81.7% [174/213]) were significantly lower than
those of DTI-t (P = 0.001 and P < 0.001, respectively). The
sensitivities of fMRI and DTI-t were both < 53%.
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Table 3. The Rate of True Positive According to fMRI and DTI-t Positivity

All DCS CCEP
Tags with fMRI,,, or DTI-t positive
Tags with the same category for fMRI,,, and DTI-t 89.5 (17/19) 81.2 (9/11) 100 (8/8)
Tags with different categories for fMRL,,, and DTI-t
For fMRL.n, 9.5 (6/63) 3.3 (1/30) 15.2 (5/33)
For DTI-t 17.5 (11/63) 10.0 (3/30) 24.2 (8/33)
Tags with fMRIse or DTI-t positive
Tags with the same category for fMRIpn and DTI-t 81.8 (9/11) 66.7 (4/6) 100 (5/5)
Tags with different categories for fMRIy and DTI-t
For fMRTsotn 4.9 (2/41) 0 (0/19) 9.1 (2/22)
For DTI-t 46.3 (19/41) 42.1 (8/19) 50 (11/22)

Data are percentages, that is, the true positive rate, with the numerator/denominator in parentheses. The tags indicate the intraoperative
stimulation sites using DCS or CCEP. Positive tags indicate intraoperative speech arrest sites on DCS and localized language areas on
CCEP. The categories indicate true positives, true negatives, false positives, and false negatives. fMRI,,, indicates any region with fMRIen
or fMRLentence activity, and fMRIyo was defined when a region had both fMRIen, and fMRIcentence activity. CCEP = corticocortical evoked
potential, DCS = direct cortical stimulation, DTI-t = diffusion tensor imaging-derived tractography, fMRI = functional magnetic resonance

imaging

In the subgroup analysis of 100 DCS tags, DTI-t
demonstrated the highest sensitivity (92.3% [12/13]) and
specificity (93.1% [81/87]). The specificities of fMRIy
(88.5% [77/87]) and fMRIL,er, (83.9% [73/87]) were not
significantly different from those of DTI-t (P = 0.166 and
0.013). The sensitivities of fMRL., (76.9% [10/13]) and
fMRLsentence (69.2% [9/13]) were not significantly different
from those of DTI-t (P =0.367 and P = 0.299, respectively).
However, the specificities of fMRL,,, and fMRIsntence, and the
sensitivities of fMRIye, and fMRL.en, were significantly lower
than those of DTI-t (all P < 0.0125) (Table 1).

In the subgroup analysis of the 166 CCEP tags, all fMRI
and DTI-t showed specificities ranging from 88.1% [111/126]
to 96.8% [122/126], with no significant differences between
fMRI and DTI-t (all P > 0.079). However, the sensitivities
of all the methods were less than 40% (Table 1). The
sensitivities and specificities of fMRI and DTI-t according to
the aggressiveness of tumors are listed in Supplementary
Table 4.

The Rate of True Positive According to fMRI and DTI-t
Positivity

The number and proportion of tags according to fMRI
and DTI-t positivity are presented in Table 2. Table 3 shows
the rate of TP in tags with fMRI- or DTI-t-positive signals
by dividing them into subgroups based on concordance or
discordance between fMRI and DTI-t. A combination of fMRI
tasks (fMRL.,, and fMRI,em) was used because the sensitivity
was the highest in fMRI,,, and the specificity was the
highest in fMRIyotn.

kjronline.org https://doi.org/10.3348/kjr.2022.1001

The first analysis used fMRL,q, for fMRI. Among the 266
tags, 82 (30.8%) had a signal on preoperative fMRI,,, or
DTI-t and 19 of the 82 tags (23.2%) showed the same tag
category (TP or FP) for fMRI,,, and DTI-t. Seventeen of the
19 tags (89.5%) were TP tags, indicating perfect matches. In
the subgroup analysis for DCS, 41 of 100 tags (41%) had a
signal on preoperative fMRL,,, or DTI-t, 11 of 41 tags (26.8%)
revealed an identical category for fMRI,,, and DTI-t, and nine
of 11 tags (81.8%) were TP. Among the 166 tags with CCEP,
41 (24.7%) were fMRL,,, or DTI-t positive, and eight of the
41 (19.5%) tags were in the same category as fMRI.., and AF
positive. All eight tags (100%) were TP. On the other hand,
when tags had different categories for fMRL,,, and DTI-t,
the rate of TP tags was low (< 25%) in all as well as in the
subgroup analyses.

Second, fMRI was used to obtain the fMRI results (Fig. 3).
Among the 266 tags, 52 (19.5%) were fMRIo, or DTI-t
positive. Eleven of the 52 tags (21.2%) showed an identical
category for the fMRI,o, and DTI-t, and nine of the 11
identical tags (81.8%) were TP. In the subgroup analysis of
100 DCS tags, 25 tags (25%) were fMRIyo or DTI-t positive,
and six of the 25 tags (24%) had the same tag category
for fMRIyo and DTI-t, resulting in TP in four of the six tags
(66.7%). Of the 166 CCEP tags, 27 of 166 (16.3%) were
fMRIyo or DTI-t-positive. In five of the 27 tags (18.5%) for
which the fMRI signal and AF on DTI-t were identical, the
rate of TP was 100% (five of five tags). However, in the tags
with discordant results between fMRI,o and DTI-t, the rate
of TP tags was 50% or less for both fMRI,. and DTI-t.
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Fig. 3. We present the results of fMRI and DTI-t overlaid on 3D-FLAIR images in a 41-year-old male with oligodendroglioma, isocitrate
dehydrogenase mutant and 1p/19q codeleted. BOLD fMRI activities with the verb generation task (fMRL.:) are presented in red, while
fMRI activities with the sentence completion task (fMRLsntence) are shown in blue. AF on DTI-t is shown in green. CCEP tag locations are
indicated in yellow if positive and in sky-blue circle if negative. A: The tag that shows both fMRI signal and DTI-t is considered a TP
and is represented by the yellow CCEP sphere. B: The tag that only shows the fMRI signal is considered a FP and is represented by the
sky-blue CCEP sphere. C: The fMRI and DTI-t results are overlaid on a sagittal view of the volume rendering image. The yellow arrows
indicate the TP site, the same site as the yellow CCEP sphere in A. D: Immediate postoperative MRI reveals sub-totally resected tumors.
Since the tumor involved the language area, maximal safe resection was performed to preserve the localized language area. AF = arcuate
fasciculus, CCEP = corticocortical evoked potential, DTI-t = diffusion tensor imaging-derived tractography, fMRI = functional magnetic
resonance imaging, FP = false positive; TP = true positive, FLAIR = fluid-attenuated inversion recovery, BOLD = based on blood oxygen
level dependence, MRI = magnetic resonance imaging

DISCUSSION information on the lateralization of language areas in the
first stage. In addition, the specificities of fMRIyen and
In our study of Broca’s area mapping, DTI-t showed fMRL,en, and the sensitivities of fMRL,,, and fMRIsntence Were
high specificity with DCS and CCEP and high sensitivity not significantly different from those of DTI-t for DCS. In
with DCS. However, fMRI provided the most important addition, the sensitivities and specificities of all fMRI tasks
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were not significantly different from those of DTI-t for CCEP.
Furthermore, in the tags with preoperative fMRI or DTI-t
positivity, the rate of TP was high when fMRI and DTI-t were
concordant, but the rate of TP was low when fMRI and DTI-t
were discordant. This suggests that the combined use of
fMRI and DTI-t indicates a high probability of identifying
language areas.

DTI-t showed the highest specificity for both DCS and
CCEP. This result agrees with several previous studies
that showed good performance of DTI-t compared with
intraoperative stimulation [9,25-27]. The sensitivity of
DTI-t differed depending on whether DCS or CCEP was used.
The sensitivity of DTI-t for detecting DCS was high (93%).
However, the sensitivity of DTI-t to CCEPs was low (40.0%).
The low sensitivity of CCEP can be explained by the fact
that CCEP was applied to a higher proportion of malignant
gliomas with an extensive infiltrative nature, and the ratio
of positive tags was larger in CCEP than in DCS. In addition,
we applied the consistent TP definition for DCS and CCEP:
“TP" if the DCS or CCEP-positive tag was within the same
gyrus and less than 1 cm from the DTI-t positive site, the
cortical endpoint of the AF. However, in contrast to Broca’s
area in the cortex, the AF is a white matter tract that
spreads away from the cortex. Therefore, our results suggest
that the criteria for comparing CCEP and DTI-t require further
investigation in future studies.

The specificities of fMRI were 72.4%-96.8%. Among the
fMRI tasks, the specificities of fMRIpo and fMRILen, were as
high as those of DTI-t. The sensitivity of fMRI was 20%-
76.9%. Although the sensitivities of fMRL,,, and fMRIentence
were 76.9% and 69.2% for DCS, respectively, all fMRI tasks
revealed low sensitivities of 17.5%-32.5% for CCEP. Similar
to this, fMRI results for evaluating eloquent language
areas have been heterogeneous [5,23,24,28-32]. Significant
limitations of clinical fMRI include the intrinsic foundation of
the BOLD signal, neurovascular uncoupling, and venous signal
bias [28]. In addition, the tasks, acquisition, processing,
and interpretation of fMRI data were not standardized.
Despite these limitations, previous studies have suggested
that the combined use of various fMRI tasks might increase
the sensitivity and specificity of language site detection
[24]. Our results agree with these results because fMRI,,,
showed higher sensitivity and fMRI,., demonstrated higher
specificity than fMRIen, or fMRIcentence.

In clinical practice, the comprehensive interpretation of
positive signals from variable preoperative imaging (i.e.,
fMRI signals during sentence completion tasks, fMRI signals
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during verb generation tasks, and AF on DTI-t) is challenging.
It is difficult to find studies investigating the possibility

of a language area at a site with both fMRI and t-DTI
positivity. Therefore, we attempted to clarify the significance
of fMRI- or DTI-t-positive sites by investigating the rate

of TP according to the concordance of the tag categories
between fMRI and DTI-t. First, tags with concordant fMRI
and DTI-t results showed much higher TP rates than tags
with discordant results. This suggests that a region with both
fMRI and DTI-t-positive signals represents a high possibility
of being an essential language. Second, we recommend the
use of fMRIy and fMRL,,, for the combined interpretation of
fMRI and DTI-t, because tags with fMRL,,, and DTI-t positivity
represented a higher rate of TP than those with fMRI, and
DTI-t positivity.

This study had several limitations. First, only a small
number of patients were included. However, this number
was similar to that reported in a recent meta-analysis
[4]. Second, although we acquired fMRI and DTI-t in one
patient, DCS and CCEP were not performed in the same
patient. Therefore, we do not fully understand the discordant
sensitivity between DCS and CCEP. Third, we applied the
SMS technique to DTI-t and fMRI, which may have improved
preoperative language mapping. Because we did not compare
DTI-t and fMRI with and without the SMS technique, its
added value could not be fully evaluated. Finally, we used
CCEP and DCS as reference standards. Although language
mapping with CCEP monitoring is not generally used, several
studies have validated it as an alternative method when DCS
is not feasible [9,15,16].

In conclusion, fMRI enabled the lateralization of the
language area in the first stage. Both fMRI and DTI-t are
specific and sensitive methods, except for the low sensitivity
when compared with CCEP. Among the variable positive
signals from the fMRI tasks and DTI-t, the site with both
fMRI and DTI-t positivity was the most important candidate
for an essential language area. Therefore, combining fMRI
and DTI-t can help to target intraoperative stimulation sites
and improve surgical efficiency.
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