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Abstract

Task-based functional MRI (tb-fMRI) represents an extremely valuable approach for the
identification of language eloquent regions for presurgical mapping in patients with brain tumors.
However, its routinely application is limited by patient-related factors, such as cognitive disability
and difficulty in coping with long-time acquisitions, and by technical factors, such as lack

of equipment availability for stimuli delivery. Resting-state fMRI (rs-fMRI) instead, allows

the identification of distinct language networks in a 10-min acquisition without the need of
performing active tasks and using specific equipment. Therefore, to test the feasibility of rs-fMRI
as a preoperative mapping tool, we reconstructed a lexico-semantic intrinsic connectivity network
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(ICN) in healthy controls (HC) and in a case series of patients with gliomas and compared the
organization of this language network with the one derived from tb-fMRI in the patient’s group.
We studied three patients with extra-frontal gliomas who underwent functional mapping with
auditory verb-generation (AVG) task and rs-fMRI with a seed in the left inferior frontal gyrus
(IFG). First, we identified the functional connected areas to the IFG in HC. We qualitatively
compared these areas with those that showed functional activation in AVG task derived from
Neurosynth meta-analysis. Last, in each patient we performed single-subject analyses both for

rs- and tb-fMRI, and we evaluated the spatial overlap between the two approaches. In HC, the
IFG-ICN network showed a predominant left fronto-temporal functional connectivity in regions
overlapping with the AVG network derived from a meta-analysis. In two patients, rs- and th-fMRI
showed comparable patterns of activation in left fronto-temporal regions, with different levels of
contralateral activations. The third patient could not accomplish the AVG task and thus it was not
possible to make any comparison with the ICN. However, in this patient, task-free approach
disclosed a consistent network of fronto-temporal regions as in HC, and additional parietal
regions. Our preliminary findings support the value of rs-fMRI approach for presurgical mapping,
particularly for identifying left fronto-temporal core language-related areas in glioma patients. In
a preoperative setting, rs-fMRI approach could represent a powerful tool for the identification of
eloquent language areas, especially in patients with language or cognitive impairments.

Keywords
Resting-state fMRI; Glioma; Language; Task-based fMRI; Seed-based functional connectivity

Introduction

For the presurgical assessment of the language function, the use of multiple paradigms
performed with task-based functional magnetic resonance imaging (tb-fMRI) is strongly
recommended to increase the sensitivity and specificity of the localization of eloquent
cortical areas (Black et al., 2017). Several distributed brain networks underpin specific

and interconnected language processes (i.e. semantic, syntax, etc.) and, for this reason,
different stimuli are needed to obtain a comprehensive mapping of the areas associated to
language functions (Price, 2012). Therefore, this mapping requires long scanning time and,
for some patients, it could be a challenge because of their language or cognitive impairments
(Antonsson et al., 2018; Noll et al., 2016). These deficits, as well as task complexity are
acknowledged as the main factors affecting performance accuracy, even for healthy subjects
(Lopes et al., 2016; Weber et al., 2006). Nevertheless, a further aspect that makes tb-fMRI
mapping demanding includes the availability of MRI-compatible technical equipment for
stimuli delivery. In the context of preoperative evaluation of patients with brain tumors,

the use of an fMRI sequence to identify networks of interest without the requirement of
neither a cognitive task nor specialized equipment would be able to overcome the limitations
mentioned above (Azad & Duffau, 2020; Silva et al., 2018; Sunaert, 2006). Unlike tb-fMRI,
resting-state fMRI (rs-fMRI) has the potential to extract multiple linguistically relevant
networks within 8/10-min of acquisition while the patient stays still in the scanner without
performing any cognitive task (D. M. Cole et al., 2010). This emerging approach is
desirable for presurgical mapping, particularly for patients who may have difficulty with
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task instructions and/or with profound language and cognitive impairments, and available
even outside specialized research centers. Although the potential of resting-state technique
is to guide the neurosurgeon to preserve eloquent cortical areas during surgery;, it is still not
used very much in the clinical setting.

Seed-based connectivity analysis (SCA) is a method able to extract functional networks
associated to specific cognitive processes from rs-fMRI data by calculating the correlation
between the average time-course from a seed region and the time-course from all other
voxels in the brain (Biswal et al., 1997; Buckner & Vincent 2007; van den Heuvel &
Hulshoff Pol, 2010). As a strong a-priori hypothesis about the seed regions to use for the
identification of language-related connectivity networks exists, this method appears to be
well-suited in the presurgical mapping of language. Furthermore, SCA results are easier to
interpret than those derived from data-driven methods, such as the Independent Component
Analysis (ICA). In this study, the use of a SCA is driven by the clinical need of having a fast
and easy tool to apply at a single subject level to those patients with linguistic or cognitive
deficits who cannot perform properly tb-fMRI.

Among several language tb-fMRI paradigms, the Verb Generation (VG) task is one of

the most commonly used and reliable presurgical paradigms for mapping lexico-semantic
cortical areas in frontal and temporal lobes. In this task, the retrieval of semantic knowledge
and the selection of lexical information among competing alternatives are crucial cognitive
processes. During this paradigm, several nouns are presented to the participant, and for each
of them the participant needs to silently think of a verb semantically related to that given
noun, for example “bark” in response to “dog”. To adequately perform the task, the subject
has to access the semantic knowledge and to choose the appropriate verb in response to the
presented noun.

As shown in previous studies on healthy controls (HC), this task activates a network that
encompasses distributed language areas predominantly in left fronto-temporal regions, such
as the inferior frontal gyrus (IFG) and the middle and superior temporal gyri (Allendorfer et
al., 2012; Cerliani et al., 2017; Grezes & Decety, 2001). This well-established topographical
organization of the lexico-semantic network is also reported in fMRI-based meta-analytic
tools, such as Neurosynth, which is able to collect from the literature all previous works
related to VG activation network.

Few rs-fMRI studies in HC have investigated specific language networks such as the
lexico-semantic one, and they showed a pattern of fronto-temporal regions similar to those
activated in the VG task using a seed in Broca’s area (Battistella et al., 2020; Muller &
Meyer, 2014; Smitha et al., 2017; Tomasi & Volkow, 2012; Zhu et al., 2014).

However, the capability of rs-fMRI to identify language eloquent cortex compared to tb-
fMRI has yet to be fully understood both in healthy population and in patients with brain
tumors. To our knowledge, only few ICA-based studies compared language rs-fMRI maps
and task-specific fMRI activations in brain tumors’ patients, reporting a good level of spatial
overlap between these two approaches (Branco et al., 2016; Lu et al., 2017; Sair et al.,
2016).

Brain Imaging Behav. Author manuscript; available in PMC 2023 July 17.
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This study aims at testing the potential feasibility of preoperative evaluations based on
rs-fMRI compared to conventional th-fMRI protocol, by comparing the language eloquent
areas activated in a standard and reliable verb generation paradigm with a task-free
paradigm. We first extracted the intrinsic connectivity network (ICN) from rs-fMRI data

in a group of HC by positioning the seed in the left Broca’s area (IFG) in order to identify
a reference task-free network in the healthy population. We then investigated qualitatively
the topographical organization of the regions activated in HC during tasks related to the
VG network by using a meta-analytic tool (Neurosynth). Finally, we performed the same
rs-fMRI protocol in a case series of presurgical patients with extra-frontal gliomas and
compared at a single-subject level the spatial overlap between the regions activated during
an auditory VG fMRI task and those activated in rs-fMRI. Our hypothesis is that the spatial
correspondence between functional maps obtained with rs-fMRI and th-fMRI might support
the use of task-free paradigms in substitution of task-based multiple paradigms, especially
in cases where the participant experiences difficulties with the task and/or is too cognitively
impaired.

Materials and methods

Participants

A group of 15 native Italian healthy speakers (5 males, 10 females; age range: 24—64 years;
mean age: 35.4 = 12.7) underwent rs-fMRI at the Neuroradiology Unit and CERMAC,
IRCCS Ospedale San Raffaele HSR (Milan, Italy). Healthy controls were all right-handed
and none of them was bi- or multilingual. These acquisitions were used to evaluate the
language ICN in a healthy population. For this group, tb-fMRI acquisitions were not
available, thus we used a meta-analysis platform called Neurosynth in order to identify the
regions involved in lexico-semantic processes in the healthy population. These participants
did not have a history of neurological disorders and the brain MRI scans presented no
abnormalities.

Patients with brain tumors were selected based on the following criteria: a) extra-frontal
tumors histopathologically confirmed as brain gliomas; b) referred for language presurgical
mapping with AVG paradigm. Patients that presented hydrocephalus and deviations of the
cerebral midline that could have heavily distorted gross brain anatomy were excluded. Five
patients resulted eligible for the study, as they met the criteria of the study (Table 1). The
Karnofsky Performance Status (KPS) scale was administered as an indicator of functionality
in everyday life (score range from 0 = worse to 100 = good) (Karnofsky DA, 1949).

All participants were right-handed as determined by the Edinburgh Handedness Inventory
test (Oldfield, 1971). Written informed consent was approved by the Internal Review Board
at HSR.

MRI acquisition protocol and fMRI language paradigm

MR imaging data were acquired on a 3.0 T Ingenia CX MR scanner (Philips Healthcare,
Best, The Netherlands). Conventional MRI protocol included a 3D Fluid Attenuated
Inversion Recovery (3D-FLAIR) sequence (TR/TE: 9000/290 ms; flip angle, 40°; voxel

Brain Imaging Behav. Author manuscript; available in PMC 2023 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cirillo et al.

Page 5

size reconstruction: 0.68 x 0.68x0.7 mm?3; FOV, 230 x 221 mm?; 204 axial slices; slice
thickness, 1.2/ —0.5 mm gap; acquisition matrix, 204 x 197; SENSE reduction factor R
= 2.5; acquisition time = 7 min 30 s) and a high-resolution volumetric 3D fast field

echo (FFE) axial T1-weighted sequence for brain tissue segmentation and registration of
functional images (TR/TE 8000/4000 ms; flip angle, 8°; voxel size reconstruction: 0.65
x 0.65x0.8 mm3; FOV, 260 x 206 mm?; 207 axial slices; acquisition matrix 260 x 300;
SENSE reduction factor, R = 2.2; acquisition time =4 min 52 s).

Resting-state fMRI task—Functional images with blood oxygen level dependent
(BOLD) contrast were obtained with a T2*-weighted single-shot echo-planar imaging (EPI)
gradient echo sequence. For rs-fMRI, a total of 290 dynamics were acquired during a

8-min scan with the following parameters: TR/TE, 1700/35 ms; matrix, 96 x 94; FOV,

240 mm; flip angle, 90°; voxel size, 2.5 x 2.5x2.5 mm3; 52 axial slices; SENSE reduction
factor, R = 2; dummy scans = 5; phase-encoding direction, anterior-to-posterior. Participants
were instructed to stay still and to keep their eyes closed without falling asleep during the
acquisition of the rs-fMRI data. An extra volume for susceptibility distortion correction

of the functional images was also acquired using the same parameters in opposite phase
encoding direction (posterior-to-anterior)

VG-fMRI task—For the VG fMRI task, a total of 100 dynamics were acquired during a
6-min scan with the following parameters: TR/TE = 3700/30 ms; matrix, 128 x 128; FOV,
240 mm; flip angle, 85°; voxel size, 2 x 2 x 4 mm3; 32 axial slices; SENSE factor, R = 2;
dummy scan = 2. During the VG task, patients performed a block-designed lexico-semantic
retrieval verb-generation task, with 10 blocks of activity of 22 s each alternated with 10
blocks of control condition of 14 s each. The noun-to-verb generation is a well-established
paradigm to investigate lexico-semantic processes (Benson et al., 1999; Petersen et al., 1988)
(Sanvito et al., 2020), based on the original task introduced by Petersen et al., (Petersen et
al., 1988). For a given noun presented in an auditory form, subjects had to silently generate
a semantically related verb (i. e. ‘to read” when the subject hears the noun ‘book”). The
nouns used were sorted among nouns with a clear dominant response i.e. “scissor” — “to cut”
as reported in a previous fMRI investigation (Thompson-Schill et al., 1997). The control
condition consists of counting from 0 to 10. The task was performed sub-vocally to prevent
from motion artifacts and speech-associated activation of primary motor and somatosensory
areas. Prior to the scanning session, patients executed a brief overt version of the VG task to
ensure a full understanding and a correct performance of the task. The nouns were different
compared to the in-scanner version but with comparable level of difficulty.

Clinical history and neuroradiological description of the case studies

Case 1—A 44-year-old female presented with a left parietal oligodendroglioma (WHO,
I1) involving the superior parietal cortex and the underlying subcortical white matter,
and extending to the paracentral lobule (Fig. 1A) and angular gyrus. Clinical onset was
characterized by loss of right arm and leg sensitivity without any language deficits. KPS
score was 100 preoperatively and remained stable postoperatively.

Brain Imaging Behav. Author manuscript; available in PMC 2023 July 17.
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Case 2—A 46-year-old male presented with a left temporal anaplastic astrocytoma (WHO,
I11), involving multifocal lesions within the middle temporal gyrus and mesial occipito-
temporal regions (Fig. 1B). Clinical onset was characterized by generalized seizures and
language deficits. KPS score was 100 preoperatively and worsened postoperatively to a
score of 80.

Case 3—A 34-year-old female presented with a left ganglioglioma (WHO, 1), involving
the left mesial temporal lobe (Fig. 1C). Clinical history of the patient was characterized by
severe and drug-resistant epilepsy since childhood, and language deficits. KPS score was
100 preoperatively and remained stable postoperatively.

Case 4—A 48-year-old male presented with a left oligodendroglioma (WHO, 111),
involving the whole left temporal lobe (Fig. 1D). Clinical history of the patient was
characterized by memory deficit (short-term amnesia) and paresthesia felt to the right side
of the body, without any language deficits. KPS score was 100 preoperatively and remained
stable postoperatively.

Case 5—A 69-year-old male presented with a left glioblastoma (WHO, 1V), involving
the left mesial temporal lobe (Fig. 1E). Clinical history of the patient was characterized
by spatial-temporal disorientation and language deficits (at MR scan the patient did not
present any language deficits). KPS score was 100 preoperatively and remained stable
postoperatively.

Functional MRI data preprocessing

Pre-processing of the functional MRI data were performed using the Oxford Centre

for Functional Magnetic Resonance Imaging of the Brain Software Library (FMRIB,
Oxford UK; FSL version 5.0.11), Statistical Parametric Mapping, SPM12 software (http://
www.fil.ion.ucl.ac.uk/spm) implemented in Matlab (MATLAB R 2017a, The MathWorks
Inc.), and Conn toolbox 17.1 (http://web.mit.edu/swg/software/).

The first 4 functional volumes were discarded to allow steady-state magnetization to

be established. The images were then corrected for susceptibility induced distortions,
slice-timing corrected and realigned to the average volume. The average functional

volume was then used to co-register the fMRI data with the structural T1 image. The
T1-weighted structural image was segmented into grey matter (GM), white matter (WM)
and cerebrospinal fluid (CSF) using the unified segmentation approach implemented in
SPM12 (Ashburner & Friston, 2005) and spatially normalized to Montreal Neuroimaging
Institute (MNI) template space. The same deformation of the structural image was applied to
the functional images that were then resampled at 2 x 2x2 mm? and finally smoothed with a
Gaussian kernel of 6 mm full-width at half-maximum (FWHM). For each participant, results
from the normalization step were carefully visually inspected. Of note, none of the patients
presented a tumor lesion with mass effect.

Brain Imaging Behav. Author manuscript; available in PMC 2023 July 17.
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IFG seed-based functional connectivity analysis

A seed-based correlation analysis (SCA) on rs-fMRI data using a region of interest (ROI) in
the left IFG was performed in both HC and patients. As our interest was to identify an ICN
related to lexico-semantic processing, the seed-ROI was defined in the triangular portion of
the inferior frontal gyrus (trilFG). This a priori seed-ROI was defined according to the well-
known functional contributions of this area to lexico-semantic processing. IFG, and specially
its anterior portion, the pars triangularis, is involved in retrieval of verbal information in

the language-dominant hemisphere and more generally in semantic processing (Price, 2012;
Saur et al., 2008).

The ROI was created in the MNI space as a sphere of 5 mm of radius centered in x

=-56, y = 24, z = 15 with Mars-Bar SPM toolbox (Fig. 3) (Brett et al., 2002). These
coordinates were derived from two rs-fMRI studies investigating intrinsic language networks
using the same seed (Friederici et al., 2011; Muller & Meyer, 2014). Since the coordinates

in the abovementioned studies were reported in Talairach space (x =53, y 20, z 15), we
transformed them in the MNI space for our study.

The correct localization of the ROI after the normalization of the functional volumes

was verified for each subject, in particular in the patients’ cohort where the presence of

the tumor could lead to normalization errors. This ROl was used for seed-based whole-
brain correlational analysis to identify the language-related resting-state intrinsic networks.
The analyses were performed with the Conn Toolbox (version 17) (http://web.mit.edu/swg/
software/) in SPM (Whitfield-Gabrieli & Nieto-Castanon, 2012). The steps for the pre-
processing were the following: i) linear regression of confounding factors including WM
and CSF signals (5 components each), motion parameters (6 motion parameters and 6
first-order temporal derivatives of the associated time series) by using the CompCor removal
method (Behzadi et al., 2007), ii) band-pass filtering (0.008-0.1 Hz) (Cordes et al., 2001),
and iii) linear detrending and despiking after regression to remove linear drift artifacts and
secondary movement-related artifacts (Patel et al., 2014).

The inferior frontal gyrus intrinsic connectivity network (IFG-ICN) was calculated with a
seed-to-voxel analysis using a weighted general linear model (GLM). Correlation maps were
generated by computing the correlation coefficients (/) between the average BOLD signal
time-course from the seed and the time-course from all the other voxels in the brain.

In the HC group, functional connectivity correlation maps were converted to z scores by
Fisher’s r-to-z transformation and submitted to one-sample t-test (using age and sex as
regressors of no interest) to compute the group-level intrinsic connectivity map derived from
the left IFG seed. Results were assessed at p-value < 0.0001 uncorrected (cluster extent k =
40). The anatomical distributions of the significant clusters are reported based on standard
atlas of cortical areas (Tzourio-Mazoyer et al., 2002), available with the SPM software
package.

In patients, functional connectivity correlation maps were obtained at single-subject level.
First-level covariates included the motion parameters of each patient. The correlation

Brain Imaging Behav. Author manuscript; available in PMC 2023 July 17.
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thresholds were set at a correlation coefficient of r = 0.3, p< 0.05, as estimated in the
first level analysis of the CONN pipeline.

Neurosynth meta-analysis for AVG task-based fMRI in healthy controls

Since tb-fMRI was not acquired in HC, we performed a meta-analysis using Neurosynth
—a publicly available platform (http://Neurosynth.org)—with the only aim of obtaining

a reference network associated to tb-fMRI verb generation paradigms in the healthy
population. VG network derived from Neurosynth platform was only used for descriptive
purpose and no formal quantitative overlap analysis was conducted because of the intrinsic
limitation of Neurosynth related to the impossibility to control for specific experimental
factors in each of the studies included in the meta-analysis. Neurosynth automatically
synthesizes the results of large-scale different fMRI data in a meta-analytic approach. Its
utility here is exploited for a qualitative large-scale analysis involving a broad linguistic
domain (*“verb-generation”).

The database contained 14,371 studies and 1,335 terms for meta-analysis searches when
interrogated on 22th of May 2019 (Yarkoni et al., 2011). The Neurosynth platform was
interrogated for the term “verb” for VG task. This search produced a list of 127 fMRI
studies that contain this term and the fMRI activation associated map. Neurosynth functional
map was provided in the standard 2 mm MNI template space and the threshold was set at p <
0.01, false discovery rate (FDR) corrected.

AVG task-based fMRI analysis in patients

Task-based functional tasks data were acquired only in patients. The task-based functional
data were analyzed using a whole-brain univariate GLM according to our specific block
design experiment. Statistical parametric maps of the contrasts of interest were computed
for each subject modelling the active and the passive blocks. The hemodynamic responses
induced by task trials were convolved with a hemodynamic response function. To correct
for residual head motion, the six realignment parameters were included in the design matrix
as regressors of no interest. A high-pass filter of 128 s was applied to remove slow signal
drift. These steps resulted in whole brain individual beta-maps containing the regression
coefficients for each voxel and the corresponding standard deviations of the beta-values.
Single-subject activation maps were thresholded at p < 0.05 FWE corrected and cluster
extent of 30 voxels.

Spatial overlap analysis of the language network between resting-state and task-based
fMRI in patients

We compared the activations derived from rs-fMRI and tb-fMRI in patients by evaluating
the degree of overlap between the IFG-derived intrinsic network map and AVG activation
map in each patient. As the typical AVG activations mainly comprised left frontal (IFG)

and temporal regions (middle and superior temporal gyrus), we restricted the calculation of
the overlap to only these left-lateralized language-relevant areas (Allendorfer et al., 2012;
Berlingeri et al., 2008; Grezes & Decety, 2001; Sanjuan et al., 2010). The ROIs were created
using the probabilistic cortical and subcortical Harvard—Oxford Atlas available in FSL
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases) by merging the pars opercularis and triangularis
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for the frontal ROI and the middle and superior temporal gyri for the temporal ROI, at a
probability of 90%. This threshold was chosen based on a visual inspection that showed an
accurate correspondence with the anatomical landmarks (Fig. 2).

The IFG-ICN and AVG tb-fMRI networks were thresholded (r= 0.3, p< 0.05 for rs-fMRI,
p < 0.05 FWE corrected, cluster extent of 30 voxels for tb-fMRI), and then binarized

and masked with the two frontal and temporal ROIls. We calculated the percentage of
overlapping voxels in each of the language ROIs as follows:

number of voxels in the intersection of masked tb and rs

%= number o f voxels of masked tb

Results

Resting-state fMRI: healthy controls and patients with brain tumors

Brain areas showing positive correlation with the left IFG in HC are shown in Fig. 3A and
listed in Table 2. Specifically, the left IFG significantly correlated in the frontal lobe with
bilateral IFG (pars triangularis), left premotor area, left supplementary motor area (SMA)
and pre-supplementary motor area (pre-SMA) as well as in the temporal lobe with left
superior temporal gyrus (STG), middle temporal gyrus (MTG), inferior temporal-occipital
regions and right MTG. Additional clusters were found in the caudate nucleus bilaterally
and in the posterior lobe of the right cerebellum (Crus 1) (v < 0.0001 uncorrected, T= 4.99,
cluster correction FWE, k= 40).

Consistently with the results reported in the HC enrolled in this study, the IFG intrinsic
connectivity network (IFG-ICN) obtained in glioma patients showed the involvement of
frontal and temporal lobes. In patients, the IFG-ICNs globally comprised cortical areas in
the left hemisphere in IFG (triangularis and opercularis part), premotor area, SMA and in
the posterior part of STG (Fig. 4 and Supplementary Fig. 1). In the right hemisphere, other
functionally-connected regions were the trilFG, the premotor area and the cerebellum. In
Case #1, the patient presenting with an oligodendroglioma in the left parietal region, the ICN
included bilateral IFG and premotor areas, left SMA, posterior part of the left STG and the
right cerebellum. In Case #2, the patient presenting with a multifocal anaplastic astrocytoma
in the left temporal lobe, the ICN included cortical areas in the left frontal lobe, as well as
the STG and MTG of the left hemisphere. Case #3, the patient harboring ganglioglioma

in the left temporal pole, showed a bilateral network including frontal and prefrontal

regions, and temporo-parietal areas. In Case #4, the patient presenting an oligodendroglioma
invading the majority of the left temporal lobe, the ICN included left IFG and SMA,
posterior part of STG and MTG, supramarginal gyrus (SMG) and bilateral premotor areas.
Caset#t5, the patient harboring a glioblastoma in the mesial temporal lobe, showed a bilateral
network including IFG, SMA and STG, as well as left MTG and SMG.

Task-based fMRI: healthy controls and patients with brain tumors

As expected, functional activations derived from Neurosynth using the keyword “verb”
showed a left-lateralized network characterized by the recruitment of opercular and
triangular part of IFG, anterior and posterior superior temporal sulcus (STS), STG, MTG as
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well as SMA and precentral/middle frontal gyrus. In the right hemisphere, insular cortex,
middle frontal gyrus (MFG) and posterior cerebellum were also significantly activated (p <
0.01, FDR-corrected) (Fig. 3B).

In patients, the analysis of the AVG task showed statistically significant activations of the
main language-related regions in the left hemisphere, including IFG, STG, STS, and SMG
(p < 0.05, FWE-correctea, cluster extent k> 30) (Fig. 4 and Supplementary Fig. 1) for Case
#1, #2, #4 and #5. Case #1, #4 and #5 showed a left-lateralized network of AVG-related
activations, while Case #2 activated a bilateral pattern of language areas. On the other hand,
Case #3 was not able to correctly perform the AVG task either outside or inside the scanner,
because of the severity of language impairments. For this reason, with a FWE-corrected
threshold, Case #3 did not show significant activations in the AVG task. However, using a
lower threshold (p < 0.001, uncorrecteq, cluster extent k> 10) small clusters of activations
were found in the left hemisphere, particularly in the IFG, inferior temporal gyrus, superior
temporal gyrus, and superior parietal lobule. This result should be taken with caution as the
statistical significance is relatively low.

Overlap between resting-state and task-based fMRI: patients with brain tumors

Patients showed a percentage of overlap between resting-state and task-based maps superior
to 40% in the frontal lobe (Case #1: 803/1390 voxels = 57.77%; Case #2: 916/2075 voxels =
44.14%, Case #4 469/625 voxels = 75.04%, Case #5: 389/948 voxels = 41.03%,) and lower
in the temporal regions compared to the frontal ones (Case #1: 92/516 voxels = 17.82%;
Case #2: 36/1204 voxels = 2.99%, Case #4: 17/178 voxels = 9.55%, Case #5: 13/109 voxels
=11.92%).

Figure 5 (and Supplementary Fig. 2) illustrates the overlap between the two functional

maps in four patients (Case #1, #2, #4, #5). It shows that in the temporal lobe the AVG
network recruited a more anterior portion of STG in the proximity of the auditory primary
cortex—probably due to the auditory presentation of the stimuli—compared to the IFG-ICN,
which instead encompassed mostly posterior portion of STG, MTG, STS and SMG. This
different recruitment of temporal lobe areas observed for rs-fMRI and for AVG task might
contribute to explain why the overlap between the two networks is higher for the frontal lobe
compared to the temporal one. The calculation of the percentage of spatial overlap between
rs- and th-derived maps for each patient was able to give us preliminary information about
the ability of the resting-state technique to identify voxels that are significantly activated also
in the AVG task.

Discussion

Using seed-based connectivity on rs-fMRI data, we identified a lexico-semantic ICN in

HC composed of cortical regions that resembles the topographical organization of the
tb-derived AVG activation map, with the highest degree of overlap in frontal regions. These
results suggest the functional relevance of the trilFG seed in identifying a relevant language
intrinsic network with rs-fMRI technique that could be potentially used in the presurgical
mapping of eloquent cortex in patients with brain tumors.
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Comparable patterns of intrinsic connectivity and functional activations were found in a case
series of patients with left extra-frontal gliomas, with the highest degree of overlap between
the two networks observed in the frontal lobe (Case #1, #2, Case #4 and #5).

Despite Case #3 was too impaired to properly perform the AVG task, his rs-fMRI map
displayed a bilateral network covering the expected frontal and temporal regions and
additional parietal regions.

An extensive discussion about the functional characteristics and possible role of IFG-ICN
for preoperative mapping is deepened in the next paragraphs, in the context of language
functional connectivity studies and tb-fMRI investigations using VG paradigm in HC and in
glioma patients.

IFG resting-state fMRI intrinsic connectivity network in healthy controls

In our study, the pattern of brain regions that are functionally connected to the IFG seed
in HC is consistent with recent investigations showing that IFG-seeded rs-fMRI network
includes an extended and mostly left-lateralized network of inferior frontal, middle and
superior temporal regions (Muller & Meyer, 2014; Smitha et al., 2017; Tomasi & Volkow,
2012; Zhu et al., 2014).

The left frontal and temporal areas identified in the IFG-ICN are associated to lexico-
semantic processes and language comprehension, while the left premotor region, SMA,

and pre-SMA are involved in motor speech and language production (Price, 2010). In line
with former meta-analyses of language-related neuroimaging data, our findings highlight the
contribution of the right homologues of both IFG and MTG in lexico-semantic processing
(Price, 2012; Vigneau et al., 2011). However, the IFG-ICN is found to be almost leftward
lateralized in our HC group. This finding is in correspondence with prior rs-fMRI studies
and supported the left hemisphere dominance of a lexico-semantic intrinsic network using a
seed in the pars triangularis (Tomasi & Volkow, 2012; Zhu et al., 2014).

Notably, the left premotor area has already been found to be part of the articulation network
proposed by Hickock et al., (Hickok & Poeppel, 2007). Also, the functional correlation
between left IFG and subcortical structures—such as the caudate nucleus and the cerebellum
—in our study is not surprising. In fact, growing evidence points to the involvement of

the caudate nucleus in monitoring cognitive processes during language tasks, and of the
posterior cerebellar regions in high-level phonological, semantic, and syntactic processing
(Crinion et al., 2006; Marien & Beaton, 2014).

IFG resting-state fMRI intrinsic connectivity networks in patients with brain tumors

Until now, to our knowledge, a limited number of reports have investigated the rs-fMRI
capability to identify language-related networks in patients with tumors, especially with
gliomas. Altogether, these studies were able to detect intrinsic connectivity maps localized
in the inferior frontal, superior temporal, dorsolateral prefrontal and supplementary motor
cortex of the left hemisphere consistent with our findings (Briganti et al., 2012; Hart et al.,
2017; Lu et al., 2017; Metwali & Samii, 2019).
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In the present study, in patients with left extra-frontal gliomas, we find a pattern of intrinsic
connectivity with similarities and discrepancies to the one observed in HC group. In Case
#1, who displayed a parietal oligodendroglioma, in Case #2 presenting with a multifocal
temporal anaplastic astrocytoma, and in Case #4 showing a lesion invading the whole
temporal lobe, the network is mostly left-lateralized, as described in HC. Conversely, in
Case #3 presenting with a ganglioglioma in the temporal pole, and in Case #5, who
displayed a glioblastoma, the IFG-ICN encompasses functional areas distributed in both
hemispheres such as bilateral temporo-parietal areas.

The spatial organization of the ICNs in the five glioma cases analyzed in our study is
consistent with recently published seed-based rs-fMRI studies on seven left-sided glioma
patients assessed at the single-subject level, as well as with group findings of left

temporal lobe epileptic patients, which both positioned the seed in the left IFG (Doucet
etal., 2017; Lu et al., 2017). Despite relying on a different methodology, also the ICA
language components extracted in a sample of tumor/epileptic patients by Branco et al., are
concordant with our findings (Branco et al., 2016).

Even though Case #3 was too impaired to properly perform the AVG task, the rs-fMRI
discloses a language ICN consistent with the one identified in HC for the left frontal and
temporal areas. This finding supports the idea that rs-fMRI might represent a powerful
technique to identify language-relevant ICNs in cognitively impaired patients. In patients
presenting language deficit who cannot perform properly fMRI mapping, as occurred in
Case #3, a task-free paradigm can be used as an alternative approach to map language
function since it is less demanding. However, in these patients language mapping can be still
challenging.

Despite not providing conclusive information regarding the “functionality” of the language
cortex, a rs-fMRI mapping might be exploited in the intraoperative phase during awake
surgery by guiding the neurosurgeon in the intraoperative direct electrocortical stimulation
(DES). Initial evidence supporting the accuracy evaluation between rs-fMRI predictions
and DES findings has been reported in the literature (Vakamudi et al., 2020; Cochereau
etal., 2016; Zaca et al., 2019). Intraoperative validation represents a necessary step to
validate rs-fMRI technique in preoperative setting as previously occurred for task-based
fMRI technique (Giussani et al., 2010).

Furthermore, the involvement of additional left parietal areas, as well as right temporo-
parietal areas in this patient presenting with language deficits, might suggest that a possible
functional reorganization could have occurred. A recent rs-fMRI study using network-based
statistics have shown that possible reorganizational mechanisms can underlie different levels
of language impairments in patients with gliomas in the left hemisphere (Yuan et al., 2020).

Lastly, although the choice of the seed placement is considered challenging in brains
with growing lesions, seed-based correlation analysis appears to be well-suited for the
identification of a specific network associated to a distinct language process as opposed
to data-driven methods (van den Heuvel & Hulshoff Pol, 2010). In fact, the blind
decomposition of the signal through which several independent functional networks are

Brain Imaging Behav. Author manuscript; available in PMC 2023 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cirillo et al.

Page 13

simultaneously extracted in ICA does not allow to easily identifying a specific cognitive
process underpinning a broad cognitive domain. Even if the distance between the site of
the seed in the trilFG is far from the tumor location to avoid a possible alteration of

BOLD signal due to the tumor presence, it cannot be completely ruled out that a functional
reshaping occurred at an individual level in the language network.

VG task-based fMRI meta-analysis network in healthy controls

In the present study, the VG functional maps based on the Neurosynth meta-analysis
show a strongly left-lateralized network consistent with language areas typically engaged
during silent verbalization. Several fMRI studies have already described that the VG is
associated with activity of left IFG, MTG and STG, as well as premotor and SMA areas
and occasionally the inferior parietal lobule (Allendorfer et al., 2012; Cerliani et al., 2017;
Grezes & Decety, 2001; Sanjuan et al., 2010).

In a meta-analysis on the neural networks engaged in the verbalization of actions, pars
triangularis and pars opercularis are mainly activated in VG (Grezes & Decety, 2001), as
shown in our study. The observed activity in temporal regions is related to the storage and
the retrieval of semantic memories (Hickok & Poeppel, 2004; Vigneau et al., 2006). In
fact, while left temporal regions are considered to be critical for the semantic store, IFG is
thought to regulate the recovery of semantic information, presumably via top-down signals
to temporal cortex (Thompson-Schill et al., 1997). In particular, the activation of trilFG is
attributable to the process of selection of information from different competing alternatives
in the sematic memory, and the difficulty in verb retrieval is correlated with the strength of
association between the verb and the noun-cue (Crescentini et al., 2010).

AVG task-based fMRI networks in patients with brain tumors

Our findings related to AVG tb-fMRI networks in patients show commonalities and
differences to the ones observed in Neurosynth meta-analysis. In Case #1, #4 and #5,
tb-fMRI reveals a predominant left-lateralized network analogous to the map identified in
the meta-analysis. In Case #2, tb-fMRI also discloses a more pronounced involvement of
the right hemisphere with activations peaks in bilateral IFG and STG. In Case #3, th-fMRI
does not reveal significant brain activations associated with AVG task (using a corrected
threshold).

Of note, the presence of the tumors in the temporal lobe could have had an impact on

the functional activations in Case #2, #4 and partially in Case #3, who indeed displayed
tumors located in temporal regions. In patients with gliomas, atypical distributions of

the BOLD response may be considered evidence of brain functional reorganization.
Low-grade gliomas are more likely to lead to functional plasticity, according to the
observation that slow-growing lesions may induce cerebral reorganization processes because
the recruitment mechanism of both ipsilateral and contralateral regions is more efficient
(Duffau, 2005) (Cirillo et al., 2019). However, despite suggestive evidence of cortical
language rearrangements (Gebska-Kosla et al., 2017; Kosla et al., 2012; Kristo et al., 2015),
the association between functional patterns and language deficit recovery in large cohorts of
patients has to be further clarified.
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Furthermore, the lack of activation in Case #3 could be explained by the suboptimal
performance during AVG task, likely due to her significant language impairment already
evident at the phonemic fluency test before the MR scan. Although a complete
neuropsychological assessment was not achieved in these patients, we hypothesize that the
language difficulties showed by Case #3 may explain the poor AVG performance.

It is known that a systematic relation between cortical activation, task performance and task
difficulty in language-related paradigms exists in healthy population (Booth et al., 2003;
Drager et al., 2004; Fu et al., 2002), as well as in epileptic patients who underwent a
presurgical language fMRI mapping (Weber et al., 2006). In the presurgical evaluation of
patients with brain infiltrating lesions or with epilepsy, the issue of task performance and
task complexity is highly relevant because it has an impact on the reliability of language
mapping. To overcome this issue, adaptive fMRI paradigms as described in aphasic patients
(Wilson et al., 2018), and online monitor of task performance (Weber et al., 2006) could
represent valid tools. However, adaptive tasks are still uyncommon in the clinical setting,
while the monitoring of performance may request an overt version of the language task.

Finally, VG paradigm was chosen versus other language th-fMRI paradigms because it

is suitable for patients harboring lesions in the temporal lobe since the ultimate goal of
presurgical mapping is to localize eloquent perilesional cortical areas. Differently from
tb-fMRI VG activation network, the pattern of activations described during a phonemic
verbal fluency task in healthy subjects (and anecdotally also in brain tumor patients in our
clinical practice) recruits only different portions of left inferior frontal gyrus, middle frontal
gyrus and premotor areas (Meinzer et al., 2009). Phonemic fluency paradigm is not able

to capture the activation of posterior temporal language areas and consequently comparison
between rs-fMRI paradigm and tb-fMRI phonemic fluency task was not taken into account
for this study.

Comparison between resting-state and task-based fMRI networks in left frontal and
temporal lobe in patients with brain tumors

Previous reports showed that rs-fMRI networks in a healthy population mirror a variety of
sensorimotor and cognitive task-based networks suggesting that cognitive-relevant networks
can be detectable also with rs-fMRI technique (M. W. Cole et al., 2014; Smith et al.,

2009). Recent studies demonstrated the capability of rs-fMRI to identify ICNs involved in
several language processes in HC and neurodegenerative patients, and that these networks
resembled those activated in tb-fMRI (Battistella et al., 2019, 2020; Lohmann et al., 2010).
However, investigations that compared rs-fMRI-derived language networks to th-fMRI
language activations are scarce in brain tumor patients (Branco et al., 2016; Lu et al.,

2017; Sair et al., 2016). Although a substantial subject-level variability was reported in these
studies, fair to good levels of concordance were found between rs-fMRI and th-fMRI.

We show that functional brain areas common to rs-fMRI and tb-fMRI have a higher overlap
in the regions mostly located in the inferior frontal cortex. The involvement of regions

in the IFG (pars triangularis and opercularis) is not surprising, being them well-known
functional areas involved in many linguistic and cognitive processes related to language,
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such as semantic and syntacting processing, speech production, articulatory planning and
short-term memory.

In contrast, the percentage overlap between rs-fMRI and tb-fMRI in patients are lower in the
temporal lobe. In Case #1 and Case #5, the AVG network includes a more anterior portion
of STG, while the IFG-ICN comprises a posterior portion of STG, MTG, STS and SMG.

As expected, the AVG task activates also primary auditory areas of STG for the acoustic
analysis of the linguistic stimuli, while the seed-ROI selected in rs-fMRI is located in a
purely linguistic area (trilFG), thus leading to a language network that does not include
primary auditory regions. Overlap was not calculated in Case #3 since the AVG task did not
provide significant activations.

Regarding the interpretation of the higher overlap between the two functional techniques in
the frontal lobe compared to temporal regions, multiple factors may contribute to these
findings, including the different recruitment of temporal areas in rs- and th-fMRI as
described above, the presence of temporal lobe tumors, and the broad distribution of the
semantic temporal system.

In glioma patients, it might be possible that the lower overlap in the posterior regions is
due to the presence of the lesions that alters the BOLD signal detected. Indeed, the highest
percentage of overlap in the temporal lobe was detected for Case #1, who displayed a
glioma in the superior parietal lobe, distant from the AVG activations and the resting-state
functional correlations in temporal region. The overlap rate also tended to decrease based
on the involvement of the temporal lobe by the tumor. Where the tumor was larger or with
multifocal lesions, the percentage was lower (Case #3, #4, #5). One observation is also
worthy of Case #2. Despite presenting a less extensive lesion (even if was multifocal), the
patient exhibited language deficits at the time of the MR scan, differently from Case #4 and
#5.

Also, reorganizational processes could have occurred and possibly have influenced the
pattern of intrinsic connectivity of the language network. Given the widespread properties of
cortical networks and the intrinsic nature of connectivity analysis, which assesses the degree
of correlation between remote cortical areas, the presence of lesions could have impacted
also on distant regions (i.e. temporal regions). As some reports demonstrated in patients
with gliomas both presenting or not language deficits (Briganti et al., 2012), the presence

of a brain tumor in the left hemisphere significantly reduced the degree of functional
connectivity between language-related brain regions. The pattern of intrinsic connectivity
was influenced by tumor position and it was not restricted to the area immediately
surrounding the tumor because the connectivity between remote and contralateral areas was
also affected.

An additional consideration concerning the semantic system in the temporal lobe regards

its extensively described wide distribution, with distinct and task-specific roles for each
functional area (Binder et al., 2009; Price, 2010). For instance, anterior temporal activation
is related to semantic associations (anterior STS, lateral MTG/inferior temporal gyrus, ITG),
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while posterior temporal areas (MTG, ITG) are more sensitive to semantic content or
increased task demands.

Limitations and future perspectives

Despite depending on an accurate and homogeneous case-selection where only patients
without significant mass effect or anatomical distortions were included, it is clear that
these preliminary findings should be further confirmed in a larger sample. However, our
perspective in the present study was to perform single-subject evaluations, which is a topic
of great interest for introducing rs-fMRI analysis in the clinical routine.

Future studies should also consider multiple language seeds, possibly selected based on the
hubs identified with the IFG-derived network (e.g. the temporal seed in STG). Finally, in
patients with gliomas it will be of interest to correlate fMRI data with an objective measure
of cognitive deficits through the administration of a comprehensive neuropsychological
battery, as well as to validate single-subject presurgical rs-fMRI networks with an
intraoperative mapping using DES.

Conclusions

Our preliminary findings indicate that rs-fMRI with a seed-based correlation analysis in
the IFG allows identifying the brain regions within the left fronto-temporal language
networks dedicated to lexico-semantic functions in HC and patients with brain tumors, thus
representing a promising tool for presurgical language mapping in glioma patients.

Although rs-fMRI-derived mapping has not been routinely employed in clinical practice

yet, it has several advantages over tb-fMRI, such as the cost-effectiveness and the non-
mandatory presence of on-site dedicated personnel for patient-training or task-selection.
Most importantly, rs-fMRI can be exploited in non-cooperative subjects, such as cognitively-
impaired patients, who may not be adequately compliant for tb-fMRI.

However, further studies on larger cohorts of tumor patients are still required to validate
rs-fMRI technique in the context of preoperative planning, and to promote its growth outside
academic centers.
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D. Case 4

Fig. 1.
Location of left hemisphere brain tumor lesions, indicated by yellow arrows, in the five

selected cases on 3D fluid attenuated inversion recovery (FLAIR) axial, sagittal and coronal
sections. (A) Case #1: a 44-year-old female patient with an oligodendroglioma, displaying
expansile, FLAIR hyperintense lesion involving both superior parietal cortex and underlying
white matter as well as intratumoral hypointense signal (yellow arrow) corresponding to the
previous biopsy site. (B) Case #2: a 46-year-old male patient with a diffuse astrocytoma,
showing expansile, multifocal FLAIR hyperintense lesions located within the left middle
temporal gyrus and left mesial occipito-temporal regions. (C) Case #3: a 34-year-old female
patient with a ganglioglioma, displaying a FLAIR hyperintense, faint lesion involving

the left mesial temporal lobe. (D) Case #4: a 48-year-old male patient with a diffuse
oligodendroglioma, showing a hyperintense cortical and subcortical mass involving the left
middle and superior temporal lobe and the left insula. (E) Case #5: a 69-year-old male
patient with a glioblastoma, FLAIR MR image shows a hyperintense mass in the left mesial
temporal lobe
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Task-based fMRI and rs-fMRI overlap analysis pipeline
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Fig. 3.
(A) Control group ICN of left trilFG (p < 0.0001, uncorrected T = 4.99, cluster size

FWE-corrected). The white circle indicates the seed in the left trilFG [-56, 24, 15]. (B)
Neurosynth database derived verb-generation tb-fMRI activation network (p < 0.01, FDR-
corrected)
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AVG tb-fMRI network

Fig. 4.
(a b, ¢, d, e) Sagittal slices of subject-level rs-fMRI ICN of the trilFG on the left (p < 0.05;

r = 0.3) and auditory verb-generation tb-fMRI in the five selected cases on the right (p <
0.05 FWE corrected, cluster extent > 30 voxels). d—Auditory verb-generation th-fMRI for
Case #3 was shown using an uncorrected threshold - (p < 0.001, uncorrected, cluster extent k
> 10)
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Rs-fMRI and tb-fMRI Overlap

IFG rs-fMRI network
I AVG tb-fMRI network

I Overlap

Fig. 5.
Left hemisphere overlap (yellow color) between IFG-ICN (red color) and AVG tb-fMRI

(green) networks in the Case #1 (a), Case #2 (b), Case #4 (c) and Case #5 (d)
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Control group ICN of the left trilFG (p < 0.0001, uncorrected, T(14) = 4.99; cluster-size p-family-wise error

corrected, k_min = 40)

Anatomical label AAL atlas Side BA

Peak MNI Coordinates T-values Cluster extent

IFG, pars triangularis L 45
IFG, pars triangularis R 45
MFG, premotor area L 6
STG L 22
SFG, SMA/pre-SMA L 6
Caudate nucleus L -
Cerebellum, posterior lobe R -
ITG L 20
MTG R 21
Caudate nucleus R -

-56 +22 + 16
+60+24+18

-42+10+48
-66-52+14
-16 + 34 + 50
-14+06 + 18
+16 -76 -28
-36 -02 -42
+64-50 + 04
+14+ 04 +16

29.84

12.94
10.2
9.2
9.0
8.3
8.2
8.2
7.3
6.1

3177
1298

433
1180
1048
174
252
164
40
41

a - . . . .
Clusters surviving also a p < 0.05, family-wise error corrected for multiple comparisons

Abbreviations: AAL: Automated Anatomical Labeling BA: Brodmann area; IFG: inferior frontal gyrus; ITG: inferior temporal gyrus; MNI:

Montreal Neurological Institute; MTG: middle temporal gyrus; L: left; R: right; SFG: superior frontal gyrus; STG: superior temporal gyrus
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