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Abstract
The comprehension of spoken language is one of the most essential language func-
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tions in humans. However, the neurological underpinnings of auditory comprehension
remain under debate. Here we used multi-modal neuroimaging analyses on a group
of patients with low-grade gliomas to localize cortical regions and white matter tracts
responsible for auditory language comprehension. Region-of-interests and voxel-level

whole-brain analyses showed that cortical areas in the posterior temporal lobe are
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crucial for language comprehension. The fiber integrity assessed with diffusion tensor
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imaging of the arcuate fasciculus and the inferior longitudinal fasciculus was strongly
correlated with both auditory comprehension and the grey matter volume of the infe-
rior temporal and middle temporal gyri. Together, our findings provide direct evidence
for an integrated network of auditory comprehension whereby the superior temporal
gyrus and sulcus, the posterior parts of the middle and inferior temporal gyri serve as

auditory comprehension cortex, and the arcuate fasciculus and the inferior
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1 | INTRODUCTION

Auditory comprehension is a language processing supported by a neural
basis that is often compromised after brain damage. Unable to understand
auditory stimuli can affect all communication, for example, receiving
instructions for prescription and treatment. Over the last century, the neu-
ral basis of auditory comprehension has been under intense investigation
(DeWitt & Rauschecker, 2013; Hickok & Poeppel, 2007; Rauschecker &
Scott, 2009). Seminal work by Lichteim (1885) based on post-mortem dis-
section suggested that Wernicke's area, which includes the posterior supe-
rior temporal gyrus (STG) and the superior temporal sulcus (STS), is the
processing center for auditory language comprehension and that this
region communicates with anterior speech execution regions, such as Bro-
ca's area, via projections to the frontal cortex through white matter fibers
known as the arcuate fasciculus/superior longitudinal fasciculus (AF/SLF)
(Margulies & Petrides, 2013; Martino et al., 2013). This proposed model of
auditory processing is generally considered a milestone in the study of the
brain's higher functions. However, emerging evidence from neuroimaging
and lesion studies (Anderson et al., 1999; Bates et al., 2003; Dronkers
et al., 2007; Miglioretti & Boatman, 2003) has suggested that deficits in
auditory comprehension may not solely be caused by damage to the STG
(Hickok & Poeppel, 2004). Furthermore, recent diffusion tensor imaging
(DTI) and white matter dissection studies (Catani et al., 2005; Glasser &
Rilling, 2008; Martino et al., 2013; Saur et al., 2008) identified several
white matter fibers that may also play an essential role in language com-
prehension other than the AF/SLF.

Based on this line of evidence, it has been proposed that the neural
basis of auditory processing can be divided into two functionally and
anatomically distinct streams, following the two-stream hypothesis for
vision (Goodale & Milner, 1992). Here, a dorsal motor-articulatory
stream and a ventral conceptual-semantic stream are hypothesized to
be responsible for auditory comprehension (Hickok & Poeppel, 2004,
2007; Rauschecker & Scott, 2009; Rauschecker & Tian, 2000). How-
ever, there is no consensus about which cortical regions are involved
(Hickok & Poeppel, 2007; Rauschecker & Scott, 2009). One version of
the auditory dual-stream model (Rauschecker & Scott, 2009;
Rauschecker & Tian, 2000) holds that the STG/STS is essential for audi-
tory comprehension. On the other hand, Hickok and Poeppel proposed
that an extended temporal region, including the Middle Temporal Gyrus
(MTG) and Inferior Temporal Gyrus (ITG), also plays a vital role
(Hickok & Poeppel, 2007). Furthermore, white matter dissection and
DTI studies showed that the ventral and dorsal streams, serving as con-
nectional underpinnings of the language processing dual streams, could

be further divided into several anatomically distinct fiber tracts with

longitudinal fasciculus subserve as crucial structural connectivity. These findings pro-

vide critical evidence on the neural underpinnings of language comprehension.

arcuate fasciculus, auditory comprehension, inferior longitudinal fasciculus, inferior temporal
gyrus, middle temporal gyrus, superior longitudinal fasciculus

various cortical terminations (Fridriksson et al, 2018; Glasser &
Rilling, 2008; Martino et al., 2013; Rilling, 2014; Rilling et al., 2008). Fri-
driksson et al. emphasized that short white matter tracts among the
ITG, insula, and STG pole probably play a crucial role in sentence com-
prehension (Fridriksson et al., 2018), while others emphasize longer-
range connections such as arcuate fasciculus and superior longitudinal
fasciculus (Glasser & Rilling, 2008; Martino et al., 2013). Although these
language-related fibers have been identified, their functional roles, for
example, whether they are domain-general or specific, remain unclear
(Dick & Tremblay, 2012; Friederici, 2015). Currently, the identification
of cortical regions and white matter pathways involved in auditory
comprehension remains controversial.

Here, we aimed to study the neural basis of auditory comprehension
by examining the anatomical and functional correlations between audi-
tory comprehension deficits and cortical damage, as well as white matter
tract damage, in a cohort of low-grade gliomas (LGGs). We hypothesized
that cortical areas and white matter tracts of both dorsal and ventral
streams play an important role in auditory comprehension, and the dam-
age of underlying white matter tracts could compromise auditory com-
prehension via the mediation from their cortical terminations. We used
both the tumor structural indexes (e.g., maximum diameter) and VLSM to
identify the influence of tumor characteristics and locations on auditory
comprehension function. Regional and whole-brain voxel-wise analyses
on gray matter volumes were investigated. Furthermore, the integrities
of their correlated white matter fibers were analyzed using lesion load
and fractional anisotropy, which made it possible to reveal the language
network crucial for auditory comprehension. Finally, mediation analyses
were done to find the causal relationship between functionally correlated
cortices and white matter fibers. This study allows for a thorough investi-
gation of how the damage to cortical regions and white matter tracts
related to auditory comprehension performance and may provide evi-
dence that the auditory comprehension process is mediated by not only
ventral but also the dorsal streams.

2 | MATERIALS AND METHODS

2.1 | Participants

Patients were recruited from the Glioma Surgery Division in the Neu-
rological Surgery Department at Huashan Hospital, Shanghai Medical
College, Fudan University, Shanghai, China. From May 2011 to
February 2015, 42 patients with grade Il gliomas invading language-
eloquent areas were included in this study.
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TABLE 1 Demographic and behavioral data of patients (n = 42)
Demographic data Mean (SD) Min — Max
Age (years) 377 +£104 22 — 61
Gender (males/ 27/15 —
females)
Education (years) 12.3+43 0-20
Handedness (right/ 42/0 —
left)
Pathological —
diagnosis
WHO grade All subjects are WHO grade Il patients
Lesion volume 6.5 x 10* 8.0 x 10° - 2.5 x 10°
(mm®) +5.0 x 10*
Behavioral data Mean (SD) t,p
KPS (%) 957 +5.0 5.0,7.3 x 10°¢
MMSE (%) 89.7 £13.0 51,71 x 10°¢
BNT (%) 734 +14.1 12.2,2.9 x 107*°
Aphasia battery of Chinese —
Aphasia quotient (%) 96.7 + 3.8 5.5,2.6 x 107
Spontaneous speech (%) 98.1+5.0 2.4,0.023
Auditory comprehension (%) 96.3+6.7 3.5,0.0011
Repetition (%) 96.6 £ 6.2 3.4,0.0015
Naming (%) 944+ 6.5 55,29 x 1076

Note: Lesion volume refers to tumor volume. The aphasia quotient was
calculated based on the fluency, repetition, naming, and auditory
comprehension scores. The percentage correct for each test is presented
in the table. One-sample T test was conducted to compare the behavioral
measurements of patients with the full scores (100%) of healthy controls.
Abbreviations: BNT, Boston naming test; KPS, Karnofsky performance
status; MMSE, mini mental state examination.

The inclusion criteria were as follows: native speakers of Chinese
aged between 18 and 65 years old; righted-handedness assessed with
the Edinburgh test. The tumor was located in the left frontal, tempo-
ral, parietal, or insular lobes with the pathological diagnosis of LGGs
(WHO grade ll). Patients with severe language deficits (AQ <50) or
cognitive disorders (Mini-Mental State Examination [MMSE] <14)
were excluded. All patients had no contradictions for MRI scanning.
The mean age of the patients was 37.7 £ 10.4 years, and 27 of them
were male. All patients showed no or mild language production defi-
cits. The detailed demographic, clinical, and behavioral data are listed
in Table 1. We also recruited 14 normal subjects (mean age 28.6
+ 8.6, 7 males) for DTI tractography analyses to create probabilistic
maps for white matter tracts related to human language. Written
informed consent was obtained from all participants, and the study

was approved by the Huashan Hospital Institutional Review Board.

2.2 | Language and neuropsychological testing

All patients were tested for overall cognitive state by a neuropsychol-
ogist using the MMSE to exclude severe cognitive disorders (Pangman
et al., 2000) (Figure 1).

To examine the essential region of the cerebral cortex leading to
language comprehension impairment, in particular comprehension of
spoken language, as previously defined as Wernicke's area
(Margulies & Petrides, 2013), we applied the auditory comprehension
subtest of the Aphasia Battery of Chinese (ABC), which is a Chinese
standardized comprehensive language test adapted and modified from
the Western Aphasia Battery (WAB). Patients’ auditory comprehen-
sion performance was evaluated based on three subtests: yes/no
questions, word recognition, and performance of sequential com-
mands. We chose these tests based on the following rationales: First,
LGG patients tend to present with mild cognitive deficits thus com-
pared to other standard language tests, the auditory comprehension
section of the WAB is more accurate and sensitive. Second, these
tests were in accordance with the ones used by Bates et al. on a large
cohort study of stroke patients and their auditory comprehension
functions (Bates et al., 2003), which provided us an excellent opportu-
nity to compare the two different brain lesion models. The local ethics
committee checked and approved all tests. The same neuropsycholo-
gist assessed the cognitive and language functions of all patients.

2.3 | MRI data acquisition

MRI data were obtained in an iMRI-integrated neurosurgical suite (IMRIS)
using a 3.0T scanner (MAGNETOM Verio 3.0T, Siemens AG). A fluid-
attenuated inversion recovery (FLAIR) sequence was used for structural
imaging (TR, 9000 ms; TE, 96 ms; Tl, 2500 ms; flip angle, 150 degrees;
slice thickness, 2 mm; FOV, 240 x 240 mm?% matrix size, 256 x 160).
Diffusion-weighted images were acquired using a single-shot, spin-echo,
echo planar imaging (EPI) sequence aligned with the anterior commissure-
posterior commissure plane. The acquisition parameters were as follows:
TR = 9700 ms; TE = 87 ms; matrix size = 122 x 122; slice number = 52;

voxel size = 2 x 2 x 2 mmS3; b-value = 1000; directional = 30.

2.4 | Image preprocessing

Tumor lesions were delineated from the structural images by two
senior neurosurgeons (J.Z. & J.S.W.) blind to the behavioral data.
T2-FLAIR images were used for LGGs. The tumors were identified as
the hyper-intense portion of the T2-FLAIR images according to
Response Assessment in Neuro-Oncology (RANO) criteria (Wen
et al., 2010). The drawing of tumor masks was initially generated using
a semi-automated flood-fill algorithm (Agoston, 2005) available in
MRICron software (http://www.mccauslandcenter.sc.edu/mricro/
mricron/), according to the intensities of the different tissues. Then,
the generated tumor masks were double-checked and manually
refined by neurosurgeons (J.Z. & J.S.W.).

One obstacle neuroscientists face when analyzing brain tumors is
the severe deformity of the brain by infiltrated tumors, which compro-
mises the quality of the registration of the individual's brain into the stan-
dard space. To accomplish good registration in the present study, we

applied a set of optimized cost function masking with the previously
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FIGURE 1 Research methodology flow (a) tumors were manually masked for all individuals. (b) Tumor structural measurements were extracted for
all patients, including maximum tumor diameter, tumor volume, and tumor surface area. (c) The distribution of low-grade gliomas showed that the
tumors were widely distributed throughout the left hemisphere. (d) Structural images were segmented into grey matter (left) and white matter (right).
Grey matter volumes were calculated based on the AAL atlas for all brain regions. Voxel-wise grey matter intensity correlations were also performed.
(e) Voxel-based lesion-symptom mapping was used to confirm the results from grey matter analysis. (f) The dorsal (left) and ventral (right) language
pathways were individually traced in all subjects. Correlation analyses were performed to explore the relationship between tumor structural
measurements, grey matter volumes of different brain regions, fasciculus characteristics, and auditory comprehension scores

drawn tumor lesion masks (Brett et al., 2001) to map the lesioned brain area, and mean curvature, for each patient (Figure 1b). Tumor maxi-

onto a standard Montreal Neurological Institute (MNI) template on a mum diameter was defined as the diameter of the bounding sphere
1 x 1 x 1 mm? scale (Tzourio-Mazoyer et al., 2002) and segmented grey that fully enclosed the tumor.

matter for further analyses (Figure 1d). The lesion maps were spatially

normalized into standard space using the previously obtained normaliza-

2.6 | Regional and whole-brain voxel-wise

analyses on grey matter volume

tion parameters (Figure 1a). The resulting normalized images were visu-
ally inspected by one senior neurosurgeon (J.5.W.) and compared with
the original lesions to ensure that the procedure was performed cor-

rectly. Figure 1c showed the overlap of lesions for 42 patients included
and lesions were widely distributed in the frontal, temporal and parietal

lobes. A detailed topography of tumor distribution is shown in Figure 2.

2.5 | Tumor characteristics analyses

To investigate the possible correlations between different tumor mea-
sures and language deficits, we calculated tumor structural measures
(Safar & Shahabi, 2003) and Minkowski measures (Legland
et al., 2011), including the tumor maximum diameter, volume, surface

Structural images were segmented into grey and white matter. The
grey matter volume (GMV) within each of the 90 cerebral regions in
the AAL atlas (Tzourio-Mazoyer et al., 2002) was calculated for each
participant. Then the whole-brain voxel-wise analyses on GMV were
performed using Voxel-based Morphometry (VBM) as well (Figure 1d).

2.7 | White matter fiber analyses

Using DTI and in vivo fiber tracking techniques, we delineated

language-related white matter fibers to explore the relationships
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FIGURE 2 Topography of tumor distribution topography is shown using a heat map. The hotter the color is, the tumors of more patients are

on the voxel

between white matter tracts and cortical regions (Figure 1f). We
applied a multiple region of interest (ROI) approach to delineate fiber
tracts of interest for language based on prior anatomical knowledge of
the tracts. A detailed description of ROl methodology was provided
by Wakana et al. (2007). For the dorsal pathways, we adapted the
terms from the work of Catani et al. (2005), which included a direct
long segment of the SLF (i.e., AF), as well as an anterior segment and a
posterior segment. For the ventral pathways, the Inferior Fronto-
Occipital Fasciculus (IFOF), the Inferior Longitudinal Fasciculus (ILF),
and Uncinate Fasciculus (UF) were delineated according to the
methods described by Wakana et al. (2007).

Then we assessed the fiber integrity of all tracts and their correla-
tions with cortical volumes and the performance in auditory compre-
hension. Measurements of fiber integrities were based on two
parameters: tumor lesion load and mean fractional anisotropy (FA).
Both template-based analysis and the individual-based quantitative
analysis of each fiber tract's fractional anisotropy (FA) were applied in
this part. Since no fiber tract template is available for Asians, we calcu-
lated the probabilistic maps for white matter tracts related to human
language based on 14 normal subjects using the same multiple region-
of-interest (ROI) approach as the method in the latter individual analy-
sis (Wakana et al., 2007).

In the 14 normal subjects, axonal projections were traced in both
the anterograde and retrograde directions, according to the directions
of the principal eigenvector in each voxel of the ROI. Tracking termi-
nated when the FA value was lower than 0.15. The cortical connec-
tions of the tracts were inferred from the location and orientation of
the average tract endpoints. Subsequently, we averaged the fiber
tractography and created probabilistic templates for each tract
(Figures S1 and S2). Then, the overlapping volumes of the tumor and
the fiber templates we created above were calculated as the tumor
lesion load for each patient. Furthermore, all fibers were tracked in
each patient, and the mean FA of each tract was calculated in all
patients using DSI Studio (Yeh et al., 2013) and the FMRIB software
library (FSL) (Woolrich et al., 2009).

2.8 | Statistical analyses

We used multiple regressions to control for the effects of age and
sex. We extracted the correlations between different measurements
including tumor structural characteristics, grey matter volume of each
brain region, tract measures, and auditory comprehension scores, with
age and sex effects controlled. We showed the correlations between
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FIGURE 3 Voxel-wise correlations between grey matter volume (GMV) and auditory comprehension (a) voxel numbers significantly
correlated with auditory comprehension scores were calculated within each temporal region. The percentage of voxel numbers within each
temporal region was also given. (b) Voxel-wise correlations of grey matter volume and auditory comprehension were mapped on the cortical
surface. The auditory comprehension correlated area was primarily located in the posterior temp lobe. (c) Voxel-based lesion symptom mapping
(VLSM) results were consistent with the auditory comprehension correlation map. VLSM results also showed that lesions deep into the white
matter of the posterior temporal lobe affected the auditory comprehension score

the grey matter volume of every voxel and auditory comprehension
scores, with age and sex effects removed. We also performed Voxel-
based Lesion Symptom Mapping (VLSM) to locate brain regions asso-
ciated with auditory comprehension (Bates et al., 2003) (Figure 1).
Specifically, patients were divided into two groups depending on
whether normalized MRI images did or did not show damage to a spe-
cific voxel, with two-sample t-tests performed to compare their scores
with covariable effects (age, sex, years of education) removed. This
process was repeated for every voxel, yielding a set of t values. For
multiple comparisons correction, we used cluster-level family-wise
error correction via permutation testing, which randomly re-pairs the
lesioned voxels with behavioral scores and re-runs the t-tests across
all voxels. This test was repeated for 1000 times to determine how
often high t values by chance. To locate brain regions, voxels were
overlaid on the AAL atlas (Tzourio-Mazoyer et al., 2002). In addition,
we used Cohen's g to quantify the effect size (i.e., the es) of the

correlation coefficient (Rosenthal et al., 1994), and Bonferroni correc-
tion was carried out to correct for searching over 90 AAL atlas cere-
bral regions. All statistical analyses were performed using MATLAB
software, version 2019b (MathWorks Inc.)

2.9 | Mediation analyses

To further investigate if the correlation between the white matter
fibers and auditory comprehension is mediated by functionally
related cortices, two-pathway mediation analyses were performed
(Figure 6). In these analyses, we decomposed the total effects of
white matter fiber damage on auditory comprehension into direct
and indirect effects. According to our hypothesis that damage to
structural connectivity could indirectly cause functional deficit via

related cortical damage as a mediator, we conducted two separate
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FIGURE 4 Converged probabilistic maps of auditory comprehension (AC) cortex and AF tract (a) all patients' arcuate fascicles were merged
with the auditory comprehension correlation map with both thresholds above 10%. (b) The coronal view revealed that the cortical terminations of
AF long segment were spatially connected to the auditory comprehension correlated area

mediation analyses to investigate the mediation effects of MTG and
ITG on the link between white matter fiber damage and auditory
comprehension, respectively. To assess the indirect effects, we first
calculated the relation between white matter tract damage and MTG
or ITG damage when other mediators were controlled. Then we cal-
culated the impact of MTG or ITG damage on comprehension when
other mediators and white matter damage were controlled. A boot-
strapping approach was applied to testify the hypothesis, and the
null hypothesis (no indirect effect present) was rejected if the p-
value was not smaller than .05.

3 | RESULTS

3.1 | Tumor characteristics analyses results

We manually delineated and extracted the anatomical characteristics
of tumors and compared them with patients' behavioral data to exam-
ine the effect of tumorigenesis on language functions. Among all the
tumor structural measures and Minkowski results, we found the maxi-
mum diameter of the tumor to be significantly correlated (r = —0.51,
p = .0016, es = —0.56) with auditory language comprehension. In
contrast, no significant correlation was found between the patient's
age and auditory language comprehension. Tumor volume was also a
predictor other than the maximum diameter (r = —0.46, p = .0048,
es = —0.56) (Figure S3a).

32 |
analyses

Regional and whole-brain voxel-wise

After extracting the correlations between the GMVs of 90 cerebral

regions in the AAL atlas (Tzourio-Mazoyer et al., 2002) and auditory

comprehension scores, with age, sex, and total intracranial volume
effects removed, we found that the grey matter in the posterior tem-
poral lobe had a fairly significant correlation with auditory compre-
hension, especially in MTG and ITG, with r = 0.529, p = 9.1 x 10~
and r = 0.541, p = 6.6 x 1074, respectively, Bonferroni corrected.
Besides, the grey matter of STG also showed a positive correlation
(r = 0.396, p = .017), which could pass the permutation test correc-
tion. Moreover, significant negative correlations were also found
between the grey matter of the ITG and MTG and the maximum
diameter of the tumor (r = —0.485, p = .0027, es = —0.530 and
r=-0.422, p = .0103, es = —0.450, respectively) (Figure S3b,c), indi-
cating the tumor-induced grey matter volume decrease within MTG
and ITG was the underlying cause of auditory comprehension
impairment.

The results of the whole-brain voxel-wise correlation analyses
between grey matter and auditory comprehension were projected
onto the cortical surface of the brain to identify the areas involved
(Figure 3a,b). A large cluster in the posterior temporal lobe was found,
verifying the above findings in a data-driven, atlas-free approach. As
for the number of voxels significantly correlated with auditory com-
prehension scores, MTG, ITG and STG ranked among the top three,
with 18.8%, 15.3%, and 10.5%, respectively. We conducted exact (sig-
nificance) test and found that the results of VLSM and VBM are highly
similar (z = 3.818, p = 6.7 x 107°) (Table S1). VLSM analysis sup-
ported the result that auditory comprehension was affected mainly by
lesions in the posterior part of the ITG and MTG (Figure 3c).

3.3 | White matter fiber analyses results
The results of VLSM above have revealed that auditory comprehen-
sion can be affected by not only lesions in the posterior temporal

region but also lesions in the underlying white matter. For the dorsal
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Multiple regression analyses of tumor lesion load of the language ventral pathway. (a) the probabilistic map was generated for

arcuate fasciculus (AF). (b) Grey matter volumes of the inferior temporal gyrus (ITG) and middle temporal gyrus (MTG) were negatively correlated
with AF lesion load (upper row) and positively correlated with mean FA (lower row). (c) Probabilistic map generated for ILF. (d) Auditory
comprehension was negatively correlated with ILF lesion load (upper row) and positively correlated to mean FA (lower row). The size of the dot
represents the tumor maximal diameter (the diameter of the bounding sphere that fully enclosed the tumor)

stream, as demonstrated in Figure 4, a large overlap was found
between the cortical terminations of AF and the regions related to
auditory comprehension in GMV analyses. Moreover, after controlling
for age and sex, multiple regression analyses showed that auditory
comprehension performance was negatively associated (r = —0.679,
p = 5.3 x 107% es = —0.827, Bonferroni corrected) with the AF
lesion load and positively correlated (r = 0.389, p = .023, es = 0.411,
Bonferroni corrected) with the mean FA of the AF (Figure 5a,b).
Importantly, the volumes of the ITG and MTG were negatively corre-
lated with the AF lesion load (see details in Table 2) (r = —0.580,
p = 21x107% es = —0.663; r = —0.572, p = 2.6 x 1074,
es = —0.651, Bonferroni corrected), and positively correlated with
mean FA (r = 0.593, p = 2.2 x 1074 es = 0.683; r = 0.668,
p=16x 107>, es = 0.807, Bonferroni corrected). However, neither
the anterior nor the posterior segment of the SLF showed a significant

correlation with auditory comprehension performance (Figure S4c,d).

ILF, one of the main pathways of the ventral stream, went under-
neath the corresponding cortical regions found in GMV analyses
(Figure S5). A quantitative analysis revealed a significant correlation
between auditory comprehension and the ILF integrity (lesion load:
r=—-0.475, p = .0034, es = —0.517; mean FA: r = 0.348, p = .047,
es = 0.363, Bonferroni corrected) (Figure 5c,d). Furthermore, as the
tumor lesion load of the ILF increased, the volumes of the ITG and
MTG decreased significantly (r = —0.603, p = 9.8 x 107,
es = —0.700, r = —0.543, p = 6.2 x 1074, es = —0.608, respectively,
Bonferroni corrected), as did the mean FA of the ILF (r = 0.659,
p = 30x107> es = 0791, r = —0.701, p = 55x 107¢,
es = —0.869, Bonferroni corrected) (Figure 5d). The measures for the
IFOF and UF were not correlated with auditory comprehension per-
formance (Figure S4e-h).

As shown in Figure 6, the mediation analyses revealed no signifi-

cant direct effect of AF damage on auditory comprehension scores.
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FIGURE 6 Mediation model and hypotheses. No significant direct effect of AF damage on auditory comprehension scores was observed.
However, the two indirect effects through the mediators-damage in MTG or ITG cortices-were significant

However, there were substantial indirect effects from the damage of
MTG/ITG. The proportion of indirect effects from the damage of
MTG and ITG to the total effect is 93.84% and 92.39%, respectively.
In other words, lesioned AF was associated with impairments involv-
ing MTG and ITG cortices, which would lead to lower auditory com-
prehension scores. Thus, the total effects of AF damage on auditory
comprehension scores were mainly because of indirect effects via
posterior temporal cortical impairment rather than the direct impact

of white matter tract damage.

4 | DISCUSSION

Using lesion-based, multi-regression analysis on structural and diffu-
sion MRI data in a group of glioma patients, we investigated the criti-
cal cortical areas and structural connectivity underlying auditory
comprehension and their causal relationships. First, we used ROI-
based and whole-brain voxel-wise analyses and identified that the
cortical regions in the posterior temporal lobe, including MTG and
ITG, were most strongly correlated with auditory language compre-
hension. To investigate the structural connectivity underlying auditory
comprehension, we evaluated the fiber integrities of language-related
fiber tracts and found that the fiber integrities of the ILF and the AF
were correlated with auditory comprehension and also with the grey
matter volumes of ITG/MTG. Furthermore, by merging language-
related fiber tracts with a voxel-wise correlation map of auditory com-
prehension, we showed that the spatial connections between the AF
terminations and the posterior temporal cortices correlated with audi-

tory comprehension. The causal relations of cortical regions and their

structural connectivity were investigated by mediation analyses,
which confirmed our hypothesis that the damage of AF could compro-
mise auditory comprehension via the mediation from cortical areas
located in posterior temporal regions. These lines of evidence indicate
that the posterior MTG, ITG, and the dorsal and the ventral pathway
are important in auditory comprehension; and provide explanations
that gliomas can cause functional deficit through the white matter
pathway as long as they are connected to the responsible functional
cortices.

According to the classical Wernicke-Lichtheim model
(Lichteim, 1885), impaired auditory comprehension with intact fluency
is associated with lesions in Wernicke's area. However, the exact defi-
nition of Wernicke's area has been widely disputed (Binder, 2015). A
widely accepted anatomical definition of this area includes only poste-
rior STG (pSTG) and supramarginal gyrus. In contrast, Bogen and
Bogen (1976) defined Wernicke's area from its functional role as “the
area where a lesion will cause language comprehension deficit,”
including a broader range of posterior temporal lobe and inferior pari-
etal lobule.

The current study confirmed the STG with auditory comprehen-
sion, with peak voxels mainly located in the pSTG, Recent studies
based on functional neuroimaging (Price, 2012; Wilson et al., 2018)
and direct electrocorticography (Yi et al., 2019) have demonstrated
that STG, as well as the posterior dorsal bank of STS, is the critical
region to store and activate phonological forms in speech production
(so-called phonological representation). Lesion-deficit correlation
studies have shown that focal damage within this area caused phono-
logical paraphasia (Gorno-Tempini et al., 2008; Rohrer et al., 2010).
Another evidence that cortical electrical stimulation in this area could
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TABLE 2 Correlation between grey matter volume/white matter tract integrity and auditory comprehension

Region Mean volume (mm?)

ITG 1.1 x 10*+ 3.1 x 10° 13 subjects
MTG 1.7 x 10* + 4.6 x 10° 15 subjects
STG 7.7 x 10° 2.0 x 10° 21 subjects

Tract integrity (measured by lesion load and mean FA)

No. of patients with lesion in the ROI

Grey matter volume-behavior correlation
r=0.54,p=6.6x 10°*°
r=0.53,p=9.1 x 10°*°
r=0.39,p=.019°

Tract Mean volume (mm?®) No. of patients with lesion
AF_L 1.2 x 10* £ 5.6 x 10° 16 subjects

AF_A 5.6 x 103+ 3.9 x 10° 4 subjects

AF_P 1.1 x 10+ 5.3 x 10° 4 subjects

ILF 2.1 x 10* £ 7.1 x 10° 18 subjects

UF 9.3 x 103+ 4.4 x 10° 17 subjects

IFOF 1.9 x 10% £ 6.9 x10° 23 subjects

Note: The correlation analyses were conducted in all patients.

Mean FA-behavior correlation
r=0.39,p =.023°
r=0.043,p = .83

Lesion load-behavior correlation
r=-0.68p=53x 107%"
r=—-0.43, p =.0089°

r=-0.57,p=231x 10742 r=026,p=.16
r = —0.48, p = .0034° r=0.35,p = .047°
r=-0.12,p = 47 r=0.15p = 42
r=-0.28,p=.098 r=029,p=.10

Abbreviations: AF_A, anterior segment of arcuate fasciculus; AF_L, long segment of arcuate fasciculus; AF_P, posterior segment of arcuate fasciculus;
IFOF, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; ITG, inferior temporal gyrus; MTG, middle temporal gyrus; STG, superior

temporal gyrus; UF, uncinate fasciculus.
2Significantly correlated.
bMost significantly correlated with auditory comprehension.

elicit phonological error without disruption of comprehension further
supported the above statement (Corina et al, 2010; Sarubbo
et al,, 2019).

Our findings of the strong correlation between posterior MTG
(PMTG) and auditory comprehension were consistent with those seen
in functional neuroimaging (Price, 2012) and lesion-symptom analysis
(Bates et al., 2003; Bonilha et al., 2017; Fridriksson et al., 2018). The
pMTG was believed to be the hub of language comprehension
(Binder, 2017). Recently, Matchin and Hickok (2019) postulated a
hierarchical lexical-syntactic function to pMTG, necessary for auditory
comprehension. Specifically, the role of pMTG during auditory com-
prehension was to analyze the phonological representations and then
communicate with the conceptual networks to form conceptual-
semantic representations.

Our results indicated that the ITG played a critical role in the
auditory comprehension process. Although ITG has long been
regarded as a part of the ventral stream of visual processing
(Goodale & Milner, 1992; Mishkin et al., 1983), serving in object
(Gaillard et al., 2006; Rolls, 2012; Turkeltaub et al., 2003) and word
recognition (Nobre et al., 1994), its role in semantic processing has
only been under investigation recently (Bonilha et al., 2017; Trimmel
et al., 2018). Bonilha et al. (2017) found a small area in posterior ITG,
which was in close vicinity of our results, had a strong correlation to
spoken word comprehension when controlling for amodal semantic
processing. A meta-analysis of 120 function neuroimaging studies
revealed that activation of ITG was found during semantic processing
tasks (Binder et al., 2009). Taken together, our findings support that
pMTG serve as a comprehension hub by linking the initial phonologi-
cal processing in STG and the later semantic processing in ITG,
enabling auditory stimuli turn into phonological and semantic

representations.

The auditory comprehension process is an integrated yet widely
distributed system connected by white matter tracts (Friederici, 2015;
Hickok & Poeppel, 2007). While cortices related to auditory compre-
hension have been identified, their subcortical underpinnings and
functional roles remain unclear (Friederici, 2015). Our DTI analyses
based on both lesion load and FA value confirmed the strong correla-
tions between auditory comprehension scores and AF, as well as ILF,
indicating that auditory comprehension recruits a network composed
of both dorsal and ventral streams. Consistent with previous research
suggesting that clinical tasks of aphasia involve many different pro-
cesses that rely on two streams (Fridriksson et al., 2018).

Anatomically, the ILF has been identified as a ventral associative
bundle that connects the occipital lobe and the temporal pole with
short fibers, which terminates in the ITG, MTG, hippocampus, and
amygdala (Catani et al, 2003; Latini et al, 2017; Tusa &
Ungerleider, 1985). Based on its anatomical terminations, we believe
that ILF plays an important role in semantic processing. Evidence from
patients with semantic dementia (Acosta-Cabronero et al., 2011;
Agosta et al., 2010), a semantic variant of primary progressive aphasia
(Agosta et al., 2013), and stroke-induced aphasia (Ilvanova et al., 2016)
showed the potential association between ILF and semantic proces-
sing. It was recently proposed by Duffau (2015) that ILF played a role
in a semantic ventral stream based on evidence from subcortical elec-
trical stimulations. The role of ventral stream may be especially crucial
in tonal languages such as Mandarin Chinese. In Mandarin Chinese,
the extensive use of homophones makes the sound-meaning mapping
processing more complex, thus placing a higher demand on phonologi-
cal and further semantic processing to identify words in tonal lan-
guage (Ge et al., 2015).

Our findings also showed that the auditory comprehension

process depends on the dorsal language fiber tracts, especially the

85U9017 SUOLILUOD SA1R.D 3|qedt|dde sy Aq peuienol a1e sajpie VO 38N Jo 3|1 Joy Areiqi auuo A8 |1 Lo (SUORIPUOD-pLe-SWBI WD A8 | 1M Ale.g 1 pul|uo//:SdNY) SUOIIPUOD pue swwid | 8} 835 *[€20¢/20/80] uo Areiqiautiuo As|Im 19 L Ag T9T9E WAU/200T OT/10p/wod Aa 1M Arelq1pul|uo//sdny Wwo1j papeo|umod ‘0 ‘€6T0L60T



ZHANG ET AL

WILEY_L

long segment of the SLF (i.e., AF). Our fiber tracking results showed
that the temporal lobe projections of the AF mainly terminate in
the posterior part of the ITG and MTG, where the auditory compre-
hension cortex is located (Figure 4). One comparative DTI study
(Rilling et al., 2008) showed that the cortical terminations of the AF
in humans differed from nonhuman primates. Specifically, much
stronger projections to the posterior temporal cortex were
observed in ITG and MTG. Recent DTI and fiber dissection studies
also showed that AF primarily connects the MTG and ITG with the
precentral gyrus and posterior portion of the inferior and middle
frontal gyri (Catani & Thiebaut de Schotten, 2008; Glasser &
Rilling, 2008; Martino et al., 2013). Wilson et al. (2011) found the
reduced FA in left AF was strongly associated with syntactic com-
prehension in a sentence-to-picture matching task. Zaccarella et al.
(2017) further proposed that AF, which connected the Broca's area
and posterior temporal lobe, was the core white matter tract in syn-
tactic processing. Thus, the correlation between AF and auditory
comprehension in the current study may be attributed to impaired
syntactic processing, especially in subtests of Yes/No questions
and sequential commands. Our mediation analysis results showed
that the AF indirectly affected auditory comprehension through the
ITG/MTG (Figure 6). This result should be interpreted with caution
as it was derived from cross-sectional data (Hill, 1965; Jose, 2016).
However, we believe sufficient rationale for posited mediation pro-
cess exists. Previous studies have supported the neural basis of AF
direct white matter pathway effects on ITG and MTG. AF primarily
connects the MTG and ITG with the precentral gyrus and posterior
portion of the inferior and middle frontal gyri (Catani & Thiebaut de
Schotten, 2008; Glasser & Rilling, 2008; Martino et al.,, 2013).
Moreover, axonal degeneration explains why AF damage leads to
reduced functioning in the MTG and ITG. Axonal degeneration may
affect the axon distal to the focal damage, which causes a cascade
of events (Crowe et al., 1997). Since AF is anatomically connected
to MTG and ITG, the retrograde degeneration of the AF would
likely lead to neuronal atrophy in the ITG/MTG, resulting in defec-
tive auditory comprehension.

In this study, high-resolution FLAIR was used for VBM analysis
to assess grey matter (GM) volume, which is indeed different from
most VBM studies based on T1 images. We employed FLAIR-VBM
based on the following considerations. First, conventional VBM
mainly used in healthy subjects or patients without severe defor-
mity. In this study, the severe deformity of the brain by infiltrated
LGGs greatly compromises the quality of the registration of the
individual's brain into the standard space. In this case, T1 images
often cannot distinguish between tumors and cortical signals, while
FLAIR can present differences in signal intensity between tumor
and normal tissue. Second, the advantage of FLAIR is presenting
differences in signal intensity between dura and cortical gray mat-
ter. It has also been shown that standard segmentation based only
on T1 images overestimates gray matter volume by wrongly assign-
ing vessels and dura to this compartment and that the combination

of T1 and FLAIR images results in better segmentation (Diaz-de-

Grenu et al., 2011; Lindig et al., 2018). However, out of consider-
ations for patient cooperation, scan times, and the economy cost,
we choose multi-layer FLAIR images for preoperative navigation
and data analysis. Meanwhile, two neurosurgeons (J.Z. & J.S.W.)
visually inspect the normalized, modulated images case by case, to
ensure the reliability and accuracy of image data.

LGGs are a group of tumors that migrate along the white matter
tracts with a linear increase of the mean diameter around 4 mm per
year (Duffau, 2013). The increasing application of object cognitive
assessments on LGG patients has changed the old view that LGGs
rarely cause neurological deficits. However, the exact mechanism of
LGG-induced brain function impairments, especially language deficits,
remains unknown. The current study focused on the auditory compre-
hension ability in LGG patients, revealing that the impairment of the
posterior temporal lobe and white matter tracts (e.g., AF and ILF) was
associated with the deficits. A further mediation analysis suggested
that the axonal degeneration of fiber tracts (e.g., AF) may lead to atro-
phy in cortical areas, which in turn causes neurological deficits. This
mechanism could answer the phenomenon that patients with tumors
in the frontal lobe, especially in the subcortical white matter, also
showed auditory comprehension deficits. Thus, LGGs could directly
cause neurological deficits by invading the critical brain structures or
indirectly, through the infiltration of white matter tracts, leading to
retrograde degeneration of grey matter.

4.1 | Limitations

Several limitations of this study should be noted. First, based on the
infiltrative nature of LGGs, some cortical areas might still have residual
function, despite the structural abnormalities observed with imaging.
We could not take into account these infiltrated cortices during our
VBM analysis and cannot determine the direct impact of tumors on
some of the frontal regions, which may also affect VLSM results and
lead to bias. However, since the lesion distribution in LGG patients is
comparatively broader than in other brain disorders, the bias effects
are inevitable but not large enough to be fatal (Mah et al., 2014). Sec-
ond, several subprocesses, such as pitch and tone processing, phono-
logic and syntactic interpretation, may also be involved in the auditory
comprehension process alongside the sound-meaning mapping pro-
cess. Further studies of these subprocesses are needed to develop a
more detailed model of auditory comprehension processing. Third, we
applied mediation analysis to examine causal relationships between
different brain areas and comprehension scores, the results should be
interpreted with caution since no temporal information was available
(Hill, 1965; Jose, 2016). An alternative approach is to use high tempo-
ral resolution methods such as electrocorticography (ECoG) rather
than mediation analysis. In fact, in our recent study (Zhu et al., 2022),
we applied high-density (ECoG) to measure the temporal properties
of syntactic processing. However, this approach can only be applied
on the cortical surface, limiting its usage in deep structures such as

white matter tracts.
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5 | CONCLUSIONS

In conclusion, our results show that other than the classic Wernicke's
area, the posterior temporal region, including the MTG and ITG, also
significantly contribute to auditory comprehension. The ILF and the
AF may serve as structural connectivity for auditory comprehension,
and gliomas can impair auditory comprehension indirectly by infiltra-
tion of the AF and ILF, which causes retrograde degeneration of grey
matter in the ITG and MTG. Our results suggest that auditory compre-
hension is a complex, integrated process involving the participation of

both the dorsal and ventral language pathways.
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