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Language lateralization is unique to humans, so clarifying dominant side is helpful for
removing gliomas involving language areas. This study investigated the arcuate fasciculus
(AF) reconstructed by diffusion tensor imaging—based tractography (DTT) in predicting
language lateralization in patients with low-grade gliomas. Wada test was performed to
determine the language Dominant Hemisphere (DH) and the Contralateral Hemisphere.
DTl data [1.5-T magnetic resonance imaging (MRI)] was used to reconstruct AF by two
independent operators using a DTT method. Fiber number, volume, and fractional
anisotropy (FA) of bilateral reconstructed AF were measured. Lateralization indexes
(LIs), including Number Index (NI), Volume Index (VI), and FA Index (Fl), were
accordingly calculated by mean values. A total of 21 patients with WHO Grade I
gliomas in the left hemisphere were included. Every patient received a successful Wada
test and reconstruction of bilateral AF. DTT metrics of reconstructed AF, such as fiber
number, volume, and FA, showed significantly asymmetric between hemispheres. All the
LI (NI, VI, and Fl) values were statistically higher in the DH determined by the Wada test. No
discrepancy was found between the prediction using the cutoff values of DTT metrics and
the results of WADA test. The Kappa values were 0.829, 0.696, and 0.611, indicating NI
and VI as more reliable predictor than Fl although Fl itself may also be feasible. Compared
with the Wada test, we consider that DTT of AF is a non-invasive, simple, relatively
accurate, and feasible method in predicting language lateralization in patients with low-
grade gliomas.
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INTRODUCTION

Hemispheric language dominance is a defining characteristic of
the human brain. For example, language function is lateralized to
the left hemisphere in 75%~98% of the healthy right-handed
volunteers and 53%~81% of the left-handed volunteers (1).

Arcuate fasciculus (AF), a type of crucial fibers in human
language system, is proposed as a classic model for language
production and comprehension and links the territory of Broca
and Wernicke (2). Moreover, diffusion tensor imaging (DTI)-based
tractography (DTT) is a non-invasive technique and has been
widely reported for the reconstruction of white matter (WM)
fibers including AF in vivo (3). DTT makes visualization of the
AF possible, and the feasibility and accuracy have been confirmed
(4-8). A few studies have so far focused on presurgical planning,
DTT for AF, and postoperative outcome (9). Moreover, the
correlation between asymmetry of reconstructed AF and language
lateralization has been further investigated (10-12).

Noteworthily, the boundary of LGG is not clear compared
with high-grade glioma, and postoperative neurological
dysfunction is more likely to occur (13, 14), so non-invasive
preoperative investigation of the relationship between dominant
AF and LGG’s location would reduce the probability of
postoperative language dysfunction. The Wada test is known
as such a gold standard for preoperative assessment of language
lateralization (15). However, it is invasive, costly, and unpleasant
experience for patients and could even result in complications or
adverse effects (16, 17).

In recent years, researchers have been devoted to non-invasively
distinguishing dominant hemispheres. Although they found the
concordance between DTI and Wada test in predicting language
lateralization for patients with epilepsy (18-21), for patients with
LGG, this concordance has not yet been well addressed. Therefore,
on the basis of our previous studies of AF (22, 23), this study focused
on LGG and is to investigate the feasibility of the asymmetry of AF
reconstructed by DTT in predicting language lateralization when
compared with the Wada test.

MATERIALS AND METHODS

Study Design and Ethics Statement

From August 2012 to October 2019, patients with low-grade
glioma (WHO Grade II) in the left hemisphere were enrolled in
the study. Baseline data were obtained from our electronic
medical record system. Handedness was assessed by the
Edinburgh Handedness Inventory (24). The Wada test was
used to investigate language dominance. The inclusion criteria
were as follows: 1. adult patients aged from 18 to 65 years old; 2.
the tumor close to presumed language areas or fiber bundles; and
3. intact language function proved by the Western Aphasia
Battery (WAB) test (25). The exclusion criteria were as follows:
1. patients with MRI imaging reconstruction showing that
arcuate fasciculus was destroyed by a glioma; and 2. patients
who were unwilling or unable to cooperatively receive the
WADA test. This study has been approved by the Institutional
Review Board of Chinese PLA General Hospital in accordance

with the Declaration of Helsinki. All participants provided their
informed consent to participate in this study.

Wada Test Protocol and Procedure

Middle cerebral artery (MCA) propofol Wada test protocol (26) and
methylprednisolone injection prior to propofol (27) were adopted
and performed by a veteran interventional neurosurgeon using
microcatheter (Renegade HI FLO, Boston Scientific, Natick,
Massachusetts, 01760-1537, USA). Vital signs were monitored
non-invasively throughout the procedure. The detailed procedure
was as follow. The ending point of microcatheter was placed at M1
segment of one side MCA after the distribution of intracarotid
cerebral artery (ICA), and MCA was studied by cerebral
angiography. Patients were instructed to raise and maintain their
contralateral upper limb and to keep counting up aloud. The
propofol dilute solution (propofol: 5%; glucose solution = 10 mg;:
10 ml) was soon injected slowly through the catheter until effective
events (contralateral limbs hemiplegia and interruption of counting
numbers) were observed. Hand strength, sensitivity, and language
function were evaluated throughout the test. Additional solution
could be injected with the maximum dose of 15 ml in one side. The
other side of the hemispheres was evaluated about 30 min after
the procedure of one side. The aphasia side was defined as the
Dominant Hemisphere (DH), whereas the other side was defined as
the Contralateral Hemisphere (CH).

MRI Data Acquisition

MRI scans were performed with a 1.5-T scanner (Siemens
Espree, Erlangen, Germany) and a standard head coil with
four channels. The sequences and parameters of each sequence
are listed in Table 1. T1 weighted imaging was acquired by the
magnetization-prepared rapid-acquisition gradient-echo
sequence, and the sequence was performed twice before and
after intravenous administration of 0.2 ml/kg body weight of
gadopentetate dimeglumine (Gd-DTPA) (Magnevist; Schering,
Berlin, Germany). T1 weighted imaging with no Gd-DTPA was
defined as 3D T1, and T1 weighted imaging with Gd-DTPA was
defined as 3D T1+C. DTI was obtained by means of a single-
shot spin-echo diffusion weighted echo planar imaging
sequence in the transversal plane, and motion-probing
gradients were applied along 20 directions with a high b-
value of 1,000 s/mm? after one null image (b = 0 s/mm?) in
each acquisition.

Data Processing and AF Tractography

All of the DICOM data of abovementioned sequences were
imported and processed in the software of iPlan 3.0.5
(BrainLAB, Feldkirchen, Germany) with “Eddy current
correct”, “Smooth”, and “Motion correct” ticked for DTI
data. All the sequences were merged with the basic dataset,
3D T1, by “Image fusion” module. AF tractography was
performed using tensor deflection algorithm and two-Region
of Interest (ROI) method, as described by Catani and his
colleagues (28). Fractional anisotropy (FA) threshold of 0.20
and fiber length of 50 mm were used for AF tracking in this
study. Given the study by Fernandez-Miranda et al. (29), only
the parts of AF were reconstructed, such as those connecting
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TABLE 1 | MRI sequences and parameters.

Sequences TR(ms) TE(ms) Slice Thickness(mm) SliceNumber Voxel size(mm x mm x mm) Matrix Size FOV(mm x mm) Repetition Scan Time

(min:s)
T 1,650 3.02 1 179 1.0x1.0x1.0 256x256 250x250 1 5:18
T2 6,000 93 5 23 0.4x0.6x5.0 256x160 230230 1 4:20
FLAIR 9,000 86 5 23 0.9x0.9x5.0 256x160 230x230 1 4:32
DTI 9,400 147 2.7 40 2.0x2.0x2.7 128x128 251x251 4 6:52

DTI, diffusion tensor imaging; FLAIR, fluid-attenuated inversion recovery; FOV, field of view; TE, echo time; TR, repetition time.

posterior part of median and inferior frontal gyri, lower part of
precentral gyrus (beyond classic Broca’s area), and posterior
part of superior, median, and inferior temporal gyri (beyond
classic Wernicke’s area), so other “noise” part was excluded. In
addition, the object creations of tumor and cerebrum were
based on T2 fluid-attenuated inversion recovery (FLAIR) and
3D T1, respectively.

Asymmetry Evaluation of Reconstructed

Each of the fiber number, volume, and FA of reconstructed AF was
obtained by an average of data from two operators who received
more than 1-year standard training on fiber reconstruction.
Lateralization index (LI) was calculated as follows:

~ Xiep = Xrigt

LI =
Xpefp + Xright

In the above formula, X stands for the fiber number, volume,
or FA of AF. Accordingly, LI is deduced, like the fiber Number
Index (NI), the fiber Volume Index (VI), and FA Index (FI), to
assess the lateralization between two hemispheres. Hence, a

TABLE 2 | General data of patients and DTT metrics of arcuate fasciculus.

positive LI indicates that DH is probably on the left, whereas a
negative LI indicates that DH is probably on the right.

Statistical Analysis and Bias Control

SPSS Statistics 24.0 (IBM) was used and a P-value of < 0.05 was
considered to be statistically significant difference. Wilcoxon test
was used to compare the DTT metrics between DH and CH, and
McNemar test was used to test the consistency between the
prediction of DTT metrics and the results of the Wada test. To
avoid bias, fiber tracking was independently performed by the
two operators who were blind to the results of both fiber tracking
and Wada test.

RESULTS

Populations

Patients’ profiles are presented in Table 2, including age, sex,
handedness, pathological diagnosis, Wada test, and DTT metrics
of AF. A total of 21 patients were included in this study. The mean
age was 38.4 years old (range from 23 to 57). The gender ratio was

Patient No. Age Gender Handedness Diagnosis Wada Dominant Fiber Number Fiber Volume (mm?®) FA

Left Right NI Left Right \'/] Left Right Fl
1 50 F R Frontal, A R 446 2123 -0.65 6,772 11562 -0.26 0.31 038 -0.1
2 24 F R Frontal, LGG (uncertain) L 4,405 1181 058 7,903 6137 0.13 041 04 0.01
3 49 M R Temporal, A L 1,930 75 093 5435 3298 024 04 038 0.03
4 34 F R Insular, A L 2,722 1461 0.3 8,783 5793 021 04 043 -0.04
5 23 F R Temporal, O L 4,713 2219 0.36 13,546 953 0.87 041 0.41 0
6 56 M R Temporal, LGG (uncertain) L 3,097 1343 04 7,880 4963 023 043 04 0.04
7 41 M L Frontal, A L 2971 1577 031 9812 7658 0.12 044 042 0.02
8 45 M R Frontal, O R 5599 8128 -0.18 12,878 15032 -0.08 0.36 0.35 0.01
9 42 F R Insular and temporal, A L 4205 508 0.78 11242 5500 0.34 04 0.4 0
10 28 M R Temporal, A L 4942 2446 0.34 11,521 9867 0.08 0.4 0.4 0
11 4 M R Insular, O L 3,832 1853 0.35 8,124 5983 0.15 0.47 047 0
12 33 F R Temporal, A L 2,423 3988 -0.24 12,013 14045 -0.08 0.42 041 0.01
13 57 M R Frontal and insular, A L 3780 719 068 12,630 4803 045 037 035 0.03
14 46 M R Temporal, O L 2,288 590 059 15318 10212 02 042 04 0.02
15 29 F R Frontal, LGG (uncertain) L 932 395 04 13,712 6373 037 039 037 0.08
16 33 F R Frontal, A L 9,634 6190 0.22 18,1568 20714 -0.07 048 044 0.04
17 4 M R Frontal, O L 1,973 117 089 13576 3939 055 041 04 0.01
18 43 F R Insular, A L 3,054 769 0.6 9671 11568 -0.09 04 039 0.01
19 26 F L Frontal, A R 6,154 6359 -0.02 12,901 15231 -0.08 0.41 042 -0.01
20 34 M R Insular, O L 2,978 2217 0.15 15679 14899 0.03 04 039 0.01
21 25 F R Frontal, LGG (uncertain) L 2,484 501 0.66 9,173 5156 028 042 0.38 0.05

FA, fractional anisotropy; DTT, diffusion tensor imaging based tractography; A, astrocytoma; O, oligodendroglioma; NI, fiber number index; VI, fiber volume index; Fl, fractional anisotropy

index.
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10 (male) versus 11 (female). The pathological diagnosis included
oligodendroglioma, astrocytoma. The entity of oligoastrocytomas
diagnosed earlier was roughly classified as LGGs (uncertain
subtype) because of insufficient biomarkers of examination panel
at that time. Among them, three patients showed language
dominance on the right hemisphere according to the results of
the Wada test. Among two patients with left handedness, one had
language dominance on the right hemisphere.

Wada Test Consequence

Every patient received a successful Wada test, and only two
patients had additional propofol injection. No one experienced
Grade 3 side effects according to the Mikuni’s side effect
classification (17), and only one and two patients exhibited
Grade 2 and 3 side effect, respectively. All transient
hemipareses during the test were fully recovered within 5 min
and speech function within 10 min. No permanent
complications after the Wada test were observed in this study.

DTT of AF and Dominance Prediction

Bilateral AF of each patient was successfully reconstructed.
Generally, each of DTT metrics of AF, such as fiber number,
fiber volume, and FA, showed asymmetric between hemispheres
(Table 2), similar to a contrast of bilateral AF in three illustrative
cases (Figures 1-3). Moreover, all three patients with language

FIGURE 1 | Contrast of bilateral AF by DTT of Patient No. 1. Panels (A-D)
are preoperative MRI T1+C, T1, FLAIR, and T2, respectively, on one same
transverse slice of Patient No. 1, who was diagnosed as recurrent
astrocytoma in site in Broca’s area. Panels (E, F) show that the relative more
fiber number and volume of AF are on the right hemisphere, which are in
concordance with the language dominant side of the Wada test.

FIGURE 2 | Contrast of bilateral AF by DTT of Patient No. 9. Panels (A-D)
are preoperative MRI T1+C, T1, T2, and FLAIR, respectively, on one same
transverse slice of Patient No. 9, who was diagnosed as primary astrocytoma
in insular and temporal lobe. Panels (E, F) show that the relative more fiber
number and volume of AF are on the left hemisphere, which are in
concordance with the language dominant side of Wada test.

dominance in the right hemisphere had lower or even negative LI
values (NI, VI, and FI). We found a discrepancy of DTT metrics
of AF between DH and CH (Figure 4). All the three metrics of LI
(NI, VI, and FI) were statistically higher in the DH determined
by the Wada test (Table 2), indicating LI values as potential
predictor of DH.

As a result, NI, VI, and FI were taken into further analysis. On
the basis of the respective cutoff values, these three metrics resulted
in considerable sensitivities, specificities, and Youden Indexes for
distinguishing DH (Table 3). The areas of ROC curve of NI and VI
were 0.963 and 0.944 with significant P-values (0.012,0.016),
although the area of FI was 0.843 with a borderline P-value
(0.063) (Figure 5). Furthermore, no discrepancy was found
between the prediction using the cutoft values of DTT metrics
and the results of the Wada test (Table 4). The Kappa values of
Fiber Number, Fiber Volume, and FA were 0.829, 0.696, and 0.611,
respectively (Table 5). To summarize, language dominance
prediction based on DTT metrics of AF, NI, and VI seems to be
more reliable than FI although FI itself may also be feasible.

DISCUSSION

Language lateralization is an interesting and enduring topic. In
non-tumor patients with intracranial lesions, studies showed left
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FIGURE 3 | Contrast of bilateral AF by DTT of Patient No. 21. Panels (A-D)
are preoperative MRI T1+C, T1, T2, and FLAIR, respectively, on one same
transverse slice of Patient No. 21, who was diagnosed as primary LGG
involving Broca’s area. Panels (E, F) show that the relative more fiber number
and volume of AF are on the left hemisphere, which are in concordance with
the language dominant side of Wada test.

dominance in 90% of the right-handed cases, 60% of the
ambidextrous-handed, 43% of the left-handed (30), and 75.8%
of the patients irrespective of handedness (15). For some patients
with slow-growing tumors such as gliomas involving language
areas, the dominant hemisphere was found to be likely located
right originally (15, 30) or shift from left to right (31, 32). Jehna
and colleagues also reported that patients with gliomas in the left
hemisphere and intact language function tended to have an AF
that was symmetric or lateralized to the right (33), indicating that
contralateral AF may involve in patients harboring a glioma in
the dominant hemisphere and may facilitate the recovery from
aphasia and the reorganization of the language brain network
even after surgical damage (9). A tumor actually contralateral to
the dominant hemisphere would definitely make a neurosurgeon
less constrained during a total or extended resection. Therefore,
the exact information of language dominant hemisphere of each
patient with intracranial tumor is helpful for making
preoperative plan on balancing the reservation of language
function and the extent of resection of a tumor involving
critical normal functioning cortical areas and their WM
connections (34, 35), not to mention an unclear and confusing
boundary of low-grade gliomas under a microscope.

To avoid a preoperative invasive test, a number of non-
invasive or minor invasive alternatives emerged for replacing
the Wada test, including blood oxygen level-dependent
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FIGURE 4 | Discrepant metrics of DTT between dominant and contralateral
hemisphere. Fiber number, fiber volume, and FA of AF show discrepant
between DH and CH. FA, fractional anisotropy.

functional MRI (BOLD-fMRI), functional transcranial
Doppler, magnetoencephalography, near infrared spectroscopy,
positron emission tomography, and single-photon emission
computerized tomography (36, 37). A meta-analysis showed
that the sensitivity and specificity of fMRI for atypical language
dominance were 83.5% and 88.1%, respectively (38). The fMRI is
safe, non-invasive, and widely used but also has its own
limitations (15). There remains controversy regarding the
correlation between the Wada test and fMRI although
increased articles tried to establish their relationship (21, 39).
Moreover, fMRI results are sometimes unreliable especially for
intracranial tumors with some reasons (40-42). Even more,
language tasks performance during a MRI scan may influence
its results (43).

Compared with the Wada test and fMRI, DTT is obviously
non-invasive and relatively simple because of a resting state
during an MRI scan. DTI tractography is currently used for
preoperative surgical planning to maximize the surgical resection
avoiding to damage association and projection fibers located
nearby the tumor (44, 45) and consistently reveals asymmetries
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TABLE 3 | Comparation of DTT metrics between dominant and contralateral hemisphere.

Fiber Number Mean + SD

DH 3,760.6 + 2,113.2
CH 1,921.3 + 1,940.8
Z value 2 3.806
P-value (<0.05) 0.000°

Fiber Volume (mm® Mean = SD FAMean = SD

11,714.3 £ 3,240.5
8,305.3 + 4,751.2
3.320
0.001°

0.4105 + 0.0294
0.3962 + 0.0331
2.824
0.005°

DTT, diffusion tensor imaging based tractography; DH, dominant hemisphere; CH, contralateral hemisphere; FA, fractional anisotropy; SD, standard deviation.

AWilcoxon test.
PSignificant difference.

of WM tracts between the two hemispheres (46, 47). The
reconstruction of AF using DTT showed a significant leftward
asymmetry in no less than 80% of healthy right-handers, with
some being feasible only on the left side (47). Some researchers
even consider AF as “non-resectable” tracts in contrast to other
WM tracts that can be resected without inducing neuro-deficits
(48). We are honorable to work on the reconstruction of the AF
and previously reported a feasible method combining 1.5-T
intraoperative MRI with AF neuronavigation to maximize
resection and minimize language deficits when removing
gliomas adjacent to AF (22), and we further found that the
cutoff distance from a glioma to nearby AF was 3.2 mm for
preventing aphasia, as seen on postoperative DTI-T (23). In fact,
a number of studies demonstrated a correlation between DTI
and fMRI, indicating that DTI could define language
lateralization (12, 49, 50). Previous studies showed the
concordances between DTT and Wada test ranged from 80%
to 95.8% (18-21). However, in terms of LGG, there is a lack of
studies analyzing the direct relationship between DTI and the
Wada test.
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FIGURE 5 | ROC curve of NI, VI, and Fl. The area of ROC curve of NI, VI,
and Fl are 0.963, 0.944, and 0.843, respectively. The P-values are 0.012,
0.016, and 0.063, respectively. Fl, fractional anisotropy index; NI, fiber
number index; VI, fiber volume index.

The present study demonstrated that a language dominance
prediction by the metrics of bilateral AF through DTT were
consistent with a result of Wada test in patients with right-sided
low-grade gliomas. Along with this study, Delgado-Fernandez et al.
recently showed that fiber number, volume, and FA of AF were
greater in the dominant hemisphere although they just focused on
patients with epilepsy (18). Matsumoto et al. also found that the
frontotemporal tract had more fibers and was greater in length, and
the bundle was greater in volume in the dominant hemisphere (20).
Similar to the effectiveness of VI and FI in this study, Tiwari et al.
found a correlation between the result of the Wada test and fiber
volume of the AF (P = 0.02) and a trend toward significance of FA
values (P = 0.07) (21). Thus, it seems to be controversial to consider
the laterality of FA of AF as a robust predictor of language
lateralization in our patients with low-grade gliomas. However,
higher FA values of the AF were actually found in the dominant
hemisphere of the healthy volunteers (49, 50). Ellmore et al. also
showed the same result in patients with epilepsy (19). We therefore
consider that it is feasible to non-invasively predict language
lateralization via the asymmetry of fiber number and fiber volume
of AF in patients with low-grade gliomas although a prediction
using FA needs further studies.

The surgical strategy is now dilemmatic for tumor resections
nearby functional areas. Awake surgery is currently a standard
method of functional areas detection, but not all patients are
competent enough during awake surgery. Asleep surgery has less
procedures, especially anesthesia difficulties. With this study,
possibly boosting the prediction of WM tracts for asleep surgery,
improving preoperative prediction accuracy, keeping patients
motionless during an operation, and completing tumor resection
while preserving neurological functions will be realized in the
near future.

It is noted that Patient No. 12 was likely false positive in this
study. However, this tumor was located in a temporal lobe, rather in
a frontal lobe, when compared with other three right-dominant
patients. Patient No. 12 did not have so many DTT fibers, and the
asymmetry was not seemingly obvious either (Table 2). In fact, our
data also showed that the tumor seemed to infiltrate the AF (not
shown). All these factors may prevent our study from being perfect.
With tumor site, AF infiltration, and reconstruction quality taken
into accounts, more accurate results are worth waiting for.

Because a majority of patients have a dominant hemisphere on
the left side, this study excluded tumors in the right hemisphere for
a clinical purpose. Another limitation is relatively small sample size
in total and a lack of patients with right-dominant hemisphere and
those with left handedness, although we have had a largest number
of participants with gliomas up to now. Furthermore, our system
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TABLE 4 | Respective cutoff values of deduced DTT metrics and statistical analysis.

NI
Cutoff 0.065
Sensitivity 0.944
Specificity 1
Youden Index 0.944

vi Fl
-0.075 -0.005
0.889 0.944

1 0.667
0.889 0.611

DTT, diffusion tensor imaging based tractography; FA, fractional anisotropy; Fl, fractional anisotropy index; NI, fiber number index; VI, fiber volume index.

TABLE 5 | The performance of DTT metrics to predict dominant hemisphere using defined cutoff values.

Wada Test Fiber Number Fiber Volume FA

Left Dominate Right Dominate Left Dominate Right Dominate Left Dominate Right Dominate
Left dominate 17 1 2 17 1
Right dominate 0 3 3 1 2
P-value (<0.05) # 1.000 0.500 1.000
Kappa value 0.829 0.696 0.611

FA, fractional anisotropy.
“McNemar test.

used only 1.5-T intraoperative MRI and DTI with 20 gradient
directions. It is difficult to reconstruct some crossing and kissing
fibers pertaining to distinct subcortical networks under such
intensity of magnetic field (51). However, DTT has been
improved by many researchers in recent years (52-54), and other
fiber tractography techniques such as constrained spherical
deconvolution tractography (55) and generalized g-sampling
imaging-based tractography (29) are considered as promising
methods to overcome the limitations of traditional DTT. Some
researchers have started to investigate AF by new methods, and the
results seem encouraging (29, 52-54). Moreover, as the researchers
in different groups adopted different resolutions of enhancing the
reliabilities of their results (19, 20) (21), we conducted a blind design
and analyzed the mean value from two experienced operators, but
the accuracy of DTT procedure depends on the operators because
subjective biases could interfered to some extent (51). In addition to
the AF, other WM tracts, such as the superior longitudinal
fasciculus, inferior occipitofrontal fasciculus, uncinate fasciculus,
and inferior longitudinal fasciculus, were also known to participate
in language processing (7, 56, 57). They are definitely the directions
of our research in the future.

CONCLUSIONS

Sample size, imperfect tractography, and operator’s bias might
constrain our research. However, in this study, DTT displayed as
a non-invasive, simple, relatively accurate, feasible, and potential
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