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ABSTRACT

There is ongoing debate about the role of ventral anterior temporal lobe (VATL) regions in
the initial stages of production, particularly in accessing conceptual knowledge, with most
evidence coming from visual naming tasks. Here, we investigated whether these regions
are engaged during naming from different types of auditory stimuli. Twenty-five partici-
pants completed an fMRI experiment involving two naming tasks: auditory sentence
definition (e.g., The yellow part of an egg) and nonverbal environmental sound (e.g., a sheep
bleating). Our overall aim was to identify brain regions that are commonly activated across
both naming tasks as well as those showing task-specific activations. With regards to the
VvATL's role, we hypothesised that these regions would show common activation across
naming tasks, consistent with their proposed role in crossmodal conceptual processing,
one of the first processing stages for retrieving a word based on an external input. Left-
lateralized activation common to both tasks was observed in posterior fusiform gyrus,
superior temporal gyrus and sulcus, inferior and superior frontal gyrus, and subcortical
and cerebellar regions. Significant activation was observed in the bilateral vATLs only
during naming to definitions, despite tSNR being equivalent across tasks. Our findings
indicate that environmental sounds do not activate the VATL to the same extent as
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auditory definitions, placing constraints on the crossmodal nature of semantic represen-

tations in these regions.

© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Spoken word production is a core human skill, usually
executed daily with great efficiency. There is general
consensus among psycholinguistic theories that it involves
several stages from selecting the intended meaning to express
(“preverbal” conceptual preparation), retrieval of its lexical
and form properties and, finally, articulation (Dell et al., 1997;
Levelt, 1999; Levelt et al., 1999). The neural correlates of the
multiple processes subtending word production are distrib-
uted primarily over the left perisylvian cortex. Reviews and
meta-analyses have consistently implicated the middle and
superior temporal gyri (MTG and STG, respectively), the infe-
rior frontal gyrus (IFG), the precentral gyrus and, more
recently, the inferior parietal lobule (IPL) as important regions
for mediating the processing stages that occur after concep-
tual preparation (e.g., Indefrey, 2011; Price, 2012; Kemmerer,
2019; Nozari, 2022; de Zubicaray, 2023 for reviews). Yet,
despite many neuroimaging and lesion studies concluding
that ventral anterior temporal lobe (VATL) regions, including
the anterior sections of the inferior temporal and fusiform gyri
(ITG and FG, respectively; with a locus usually centred around
MNI coordinates +36, —15, —30, Binney et al., 2010; see also
Rice et al., 2018), are critical for representing conceptual
knowledge (e.g., Patterson et al., 2007; Binney et al., 2010; Mion
et al., 2010; Visser et al., 2012; see also Lambon Ralph et al,,
2017), these regions are usually only briefly mentioned in
neurobiological accounts of spoken word production and their
precise role in processing conceptual representations remains
debated.

To date, most of the neuroimaging, lesion and brain stim-
ulation evidence supporting the neurobiology of conceptually
driven spoken word production has been derived from
naming paradigms. The overwhelming majority of these
studies have employed visual naming, followed by auditory
naming from either verbal descriptions/definitions (e.g., The
thing that unlocks a door) or environmental sounds (e.g., a cat
meowing). The “lead—in” (e.g., Indefrey & Levelt, 2004) pro-
cesses differ across paradigms, with visual naming relying on
visuospatial and object recognition processes and auditory
naming relying on linguistic speech or nonverbal sound
recognition.

According to production accounts, modality-specific
lead—in processes activate preverbal concepts which in turn
spread their activation to lexical representations via
conceptual-to-lexical connections (Dell et al., 1997; Levelt,
1999). However, unlike pictures and environmental sounds
that access their meanings directly from their respective vi-
sual and auditory percepts, spoken words access their
meanings indirectly via lexical representations, a process
which may or may not involve simulation (Barsalou, 2020;

Brownsett et al., 2022; Chen & Spence, 2018; Glaser & Glaser,
1989). Naming response times also differ across stimuli, with
pictures being responded to more quickly than environmental
sounds (e.g., Brownsett et al., 2022; Tranel et al., 2005) and
spoken definitions (e.g., Hamberger et al., 2021; Hamberger &
Seidel, 2003). In addition, environmental sounds are viewed
as having weaker conceptual-to-lexical connections than de-
pictions of object category exemplars (Brownsett et al., 2022;
Wohner et al., 2020) and so might be less strongly activated,
explaining their relatively slower responses during produc-
tion. Despite the differences across the three naming para-
digms, processing across all is assumed to converge on
shared, preverbal semantic representations. The nature of
these latter representations remains a matter of debate,
although recent reviews (de Zubicaray, 2023; Kemmerer, 2019;
Nozari, 2022) have tended to adopt proposals for cross-modal
(amodal or heteromodal) semantic representations, informed
by neurobiological accounts emphasising a role for the vATL
in particular as a semantic convergence zone or “hub” (e.g.,
Lambon Ralph et al.,, 2017).

While a role for the VATL in semantic processing has been
consistently demonstrated in comprehension tasks, evidence
for this region's involvement during production is sparse and
mostly limited to visual naming tasks (e.g., Hoffman and
Lambon Ralph 2018). In addition, several studies have shown
that while the brain networks for language comprehension
and production largely overlap, some areas are preferentially
engaged depending on the task (see, e.g., Price, 2012; Walenski
etal., 2019; but see also Fairs et al., 2022 for a recent discussion
on this topic). For example, in her meta-analysis, Price (2012)
noted that the posterior ITG was primarily associated with
word retrieval tasks. More recently, a study investigating
activation overlap between discourse speaking and listening
tasks found a correlation between activation in the bilateral
vATL and semantic content only for comprehension (Patel
et al., 2023).

These limited findings regarding the vATL's role in pro-
duction indicate that further investigation is needed beyond
visual naming. Below we summarise the available evidence
concerning the involvement of ventral temporal lobe regions
in “multimodal” conceptually driven spoken word production
from studies comparing naming tasks from different input
types within participants.

1.1. Evidence from clinical populations

Most neurobiological investigations comparing visual and
auditory naming with verbal definitions or nonverbal envi-
ronmental sounds have been conducted in people with
intractable epilepsy using intracranial electroencephalog-
raphy (iEEG) recordings and direct electrical stimulation (DES).
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Comparisons of visual naming and naming to definition in
these studies have yielded somewhat inconsistent results,
showing common involvement of either anterior or posterior
ventral temporal lobe regions (e.g., Cervenka et al., 2013;
Forseth et al.,, 2018; Malow et al., 1996; Nakai et al., 2019) or
no common engagement (e.g., left anterior ITG sites disrupt-
ing definition naming only in Hamberger et al., 2001; high-
gamma modulations in the bilateral FG only for visual
naming in Kojima et al., 2013; Ikegaya et al., 2019; Nakai et al.,
2019; Kitazawa et al.,, 2023). To our knowledge, only two
studies have administered the three different naming tasks
(naming to environmental sounds, verbal definitions and
pictures) in the same group of patients. An iEEG study of
high—gamma activity observed no common sites, with activ-
ity observed in the bilateral FG and ITG only for the latter task
(Kitazawa et al., 2023), while a study of patients with the se-
mantic variant of primary progressive aphasia (semantic de-
mentia) reported common correlations with grey matter
volume of the left FG (Ding et al., 2016).

In summary, clinical studies provide only equivocal evi-
dence for common ventral temporal lobe engagement across
visual and auditory naming paradigms, with the limited
number of positive findings showing considerable variability
over the anterior-to-posterior axis.

1.2 Evidence from healthy participants

Only a few neuroimaging studies have compared visual and
auditory (verbal definition) naming tasks in the same group of
participants, with mixed results. An fMRI study using covert
production reported a common area of activation for both
tasks only in the left posterior temporal lobe (no coordinate
provided) (Hamberger et al., 2014). Forseth et al. (2018) also
administered picture and definition covert naming tasks to a
group of healthy participants during fMRI and observed
similar results to their sample of epileptic patients, i.e., com-
mon activation in the left middle fusiform gyrus (around MNI
y = —17, similar to the y-axis coordinate reported by Binney
et al., 2010, although located more medially on the x-axis).
The neural correlates of naming to environmental sounds
have rarely been explored in healthy participants. To the best
of our knowledge, only two studies have compared sounds
with pictures in this population. Using positron emission to-
mography (PET), Tranel et al. (2005) investigated overt naming
of animals and tools from visual or auditory inputs and re-
ported common activation for naming animals from left
ventral anterior to posterior temporal cortex (Talairach = —27,
-9, —29 and Talairach = —-36, —37, —16,> respectively)
although common activation for naming of tools was
observed only in the left ventral posterior temporal cortex
(Talairach = —34, —36, —12%). This category-specific pattern of
activation within the vATL appears inconsistent with the
proposal of a unified semantic hub responsible for processing

2 To enable comparisons across studies, we converted original
Talairach to MNI coordinates using the Biolmage Suite Web
(version 1.2.0; Papademetris et al., 2006). For this study, conver-
sion to MNI gives a centroid at —28, —6, —38.

3 Conversion to MNI coordinates: —39, —36, —23.

4 Conversion to MNI coordinates: —36, —35, —19.

stimuli across categories and modalities (see Pobric et al,,
2010). However, it is worth noting that the coordinates re-
ported by Tranel et al. (2005) are situated more anteriorly than
those typically associated with the ATL hub in the broader
literature (e.g., Binney et al., 2010; Rice et al., 2018). Using fMRI,
Reilly et al. (2016) reported that naming of familiar versus
novel environmental sounds or pictures did result in signifi-
cant activation of the lateral ATL (anterior MTG) but its ventral
aspect was not specifically investigated. In addition, two other
neuroimaging studies investigated environmental sound
naming alone: one covert production fMRI study that did not
report any activation in ventral temporal regions (Tomasino
et al,, 2015) and one PET study with overt production that
did (Tranel et al., 2003, with a locus in the left posterior ITG:
Talairach = —38, —28, —15°).

Overall, the limited evidence indicates posterior ventral
temporal regions are relatively reliably engaged in cross-
modal naming, consistent with a possible role in representa-
tion of conceptual knowledge. However, the same conclusion
cannot be made for the VATL. However, none of the above-
mentioned fMRI studies employed acquisition approaches to
compensate for distortions and signal dropouts over the vATL,
which is likely to have reduced their likelihood of finding ac-
tivity in this region. Hence, a more targeted investigation of
the vATL's role during auditory naming tasks is needed.

1.3.  Methodological challenges for fMRI investigations of
spoken word production

A major limitation of using fMRI to investigate the role of vVATL
regions in spoken word production is that these areas (and
orbitofrontal cortex) are prone to magnetic susceptibility ar-
tefacts/distortions and partial signal dropout during conven-
tional single-band gradient-echo (GE) echo planar imaging
(EPI) fMRI acquisitions (e.g., Embleton et al., 2010; Ojemann
et al, 1997). These problems are further exacerbated by
speech-related motion artefacts (Mehta et al., 2006). This is
perhaps why all of the previous fMRI studies of multimodal
naming reviewed above employed covert rather than overt
production. Yet, in their meta-analysis of neuroimaging
studies of spoken word production conducted two decades
ago, Indefrey and Levelt (2004) had already noted that ventral
temporal regions were less frequently reported in fMRI and
PET studies using covert compared to overt production.

In recent years, production researchers have increasingly
adopted multiband EPI sequences for fMRI investigations
employing overt naming (e.g., Roos et al., 2023; Todorovic¢
et al., 2023; Volfart et al., 2024), as they afford a number of
advantages over single-band EPI acquisitions (for a review, see
Wall, 2023). These include increased signal-to-noise (SNR) and
temporal resolution that permit sampling of respiration
related signal changes and pulsatile motion of cerebrospinal
fluid (CSF) associated with cardiovascular cycles, reduced
scanner acoustic noise, and improved statistical power due to
the increased sampling rate (Chen et al.,, 2015; Demetriou
et al., 2018; Feinberg et al., 2010). When used in conjunction
with distortion-correction and denoising techniques, multi-
band EPI sequences have been shown to provide adequate

5> Conversion to MNI coordinates: —42, —27, —22.
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coverage of ventral temporal regions to identify activation
during overt naming (e.g., Volfart et al., 2024).

1.4. The present study

To clarify the role of the vATL during spoken word production,
we employed multiband fMRI to investigate healthy partici-
pants’ performance on two auditory naming tasks: naming to
definitions and nonverbal environmental sounds. Our overall
aim was to identify brain regions that are commonly activated
across both naming tasks as well as those showing task-
specific activations attributable to the different lead—in pro-
cesses (linguistic versus nonverbal). Following proposals that
bilateral vATL regions play a role in representing preverbal
conceptual knowledge during multimodal naming (e.g.,
Lambon Ralph et al,, 2017), we hypothesized that these re-
gions should show common activation during both auditory
naming tasks consistent with this role.

2. Materials and methods
2.1. Participants

Twenty-eight healthy right-handed native English speakers
were initially recruited, of whom three were later excluded
from data analysis (one due to technical issues, two due to
incidental findings). The final sample included 25 participants
(13 females, mean age = 23.34 + 5.2) who all reported normal
or corrected-to-normal vision, and no hearing deficits, history
of neurological or psychiatric disorder or learning disability or
use of psychotropic medication (e.g., antidepressants). We did
not conduct a formal power analysis to determine the sample
size. Rather, we ensured our sample exceeded those of pre-
vious fMRI studies of auditory naming in healthy participants
(13 participants, Hamberger et al., 2014; 18 participants, Reilly
et al.,, 2016; 21 participants, Forseth et al., 2018). All inclusion
and exclusion criteria were established prior to data analysis.
All participants gave written consent before taking part in the
experiment. After the study, participants received AUD$30 to
reimburse their participation in the study. The study was
approved by Metro North Health (HREC/15/QRBW/447) and
QUT Human Research Ethics Committees (HE 2015-1148-
1620).

2.2. Stimuli

For the naming-to-definitions task, stimuli were identical to
those described in our recent study (Volfart et al., 2024). Fifty
definitions were selected from three previous studies: 15 from
Hamberger and Seidel (2003), 22 from Yochim et al. (2015) and
13 from Hamberger et al. (2021). Four additional definitions
were selected to be used as practice stimuli.

All definitions were read aloud by a native Australian En-
glish female speaker while being digitally recorded with a
sampling rate of 44.1Hz (32-bit, monophonic). Audio files
containing definitions were normalized, cleaned and their
volume equalized in Audacity (https://www.audacityteam.
org/). Mean duration of resulting definition audio files was
2735 + 583 ms (range: 1271—-4083). Fifty control stimuli were

created by reversing the audio track of each definition (i.e.,
playing it backward) to remove its meaning while preserving
its acoustical properties. Two of the example definitions were
also transformed with the same method to create control
practice stimuli.

For the naming-to-environmental-sounds task, fifty stim-
uli were taken from two normative sound databases: 35 from
Marcell et al. (2000) and 15 from Hocking et al. (2013). Four
additional sounds were chosen to serve as practice. Mean
duration of sound audio files was 2148 + 1424 ms (range:
358—6084 ms). As audio files came from two different data-
bases, we normalized and resampled them to 44.1 Hz in Au-
dacity. In reversing the audio files as per the naming-to-
definitions task, some recognizable features of the sound
were preserved. Therefore, fifty control stimuli were created
by generating white noise of constant amplitude based on the
maximal amplitude in the original sound file and of the same
duration as the original file.

Definition and environmental sound target words were
matched on various psycholinguistic variables (word length,
SUBTLEX word frequency, number of orthographic neigh-
bours, number of phonological neighbours, concreteness, age
of acquisition, number of phonemes, number of syllables)
taken from the eLexicon database (Balota et al., 2007; https://
elexicon.wustl.edu/index.html) (Table 1). In both tasks, the
objects to be named were exemplars from a mix of living and
non-living categories, following previous fMRI studies (e.g.,
Forseth et al., 2018; Hamberger et al., 2014; Reilly et al.,
2016). As we noted above, the stimuli for both tasks were
selected from previous work to ensure the use of well-
validated stimuli. However, the semantic categories of the
stimuli were not matched across tasks. This was due to
practical constraints: many environmental sounds (e.g,
musical instruments, nonverbal human sounds) did not have
a verbal definition equivalent, and many definitions referred
to concepts that were not associated with a specific or iden-
tifiable sound. As such, while all stimuli represented concrete
concepts and required noun responses, the semantic cate-
gories differed between tasks. We will return to this issue in
the Discussion section.

Given that most auditory stimuli that we selected were
initially validated among American English speakers (except
for Hocking et al. (2013)'s sound stimuli validated in Australian
English speakers), we first conducted an online pilot study to
ensure that these stimuli would elicit accurate responses in an
independent sample of Australian English speakers (see

Table 1 — Psycholinguistic characteristics of target words
to be produced in each auditory naming task.

Definitions Environmental

sounds
Length (N letters) 6.1 (2.0) 6.42 (2.0)
Word frequency 10.49 (14.3) 12.19 (13.8)
N orthographic neighbours 2.2 (3.0) 2.16 (2.8)
N phonological neighbours 4.5 (6.9) 4.56 (6.3)
Concreteness ratings 4.76 (.3) 4.75 (.3)
Age of acquisition 6.18 (1.3) 5.67 (1.6)
N phonemes 5.18 (1.6) 5.24 (1.8)
N syllables 1.98 (.8) 1.96 (.9)
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Supplementary Material). Results were used to define correct
responses for the fMRI study.

2.3. Procedure

Before starting each task (naming to definitions or to envi-
ronmental sounds), participants were instructed to carefully
listen to each auditory stimulus and wait for a visual response
cue to appear before naming, as quickly as possible, what they
thought the definition or environmental sound corresponded
to. They were also instructed to produce the word “noise”
when hearing control stimuli (i.e., backward definitions or
white noise).

After the completion of six practice trials, the main task
then started, with each trial structured as follow: first, a black
fixation cross was displayed in the center of a white back-
ground for 1500 ms and was followed by the stimulus pre-
sentation through headphones (duration ranging from 1271 to
4093 ms for definitions and from 358 to 6084 ms for environ-
mental sounds). After a random jitter of 500—1500 ms during
which a blank screen was presented, a visual response cue
("?”) was displayed in the centre of the screen for 3000 ms and
the microphone started recording the participant's verbal
output. An inter-trial blank screen was then presented for
500 ms before starting the next trial (Fig. 1).

Each of the two auditory naming tasks comprised two
blocks of 50 trials, with brief (< 3 min) rest breaks in-between,
for a total of four blocks and 200 trials. Trials were pseudo-
randomized in Mix (van Casteren & Davis, 2006) to ensure
no more than two stimuli from the same condition (experi-
mental or control) appeared consecutively. The task order was
counterbalanced across subjects. The whole paradigm lasted
about 30 min.

2.4. Apparatus
A PC running PsychoPy (https://www.psychopy.org/, version
2022.2.5) was used to present the auditory stimuli (via Opto-

acoustics Active II noise-cancelling headphones, Opto-
acoustics Ltd., Israel) and record the participant's verbal

500 ms

Fixation

i

Stimulus
presentation
"A baby cow" or

(

Jitter

Naming to definitions
Naming to environmental sounc

responses (via FOMRI III + noise-cancelling microphone,
Optoacoustics Ltd., Israel) on digital audio files (48 kHz,
monophonic). Visual cues were displayed on a white screen
back projected to the participant with a BOLDScreen 32 LCD
projector (Cambridge Research Systems Ltd., UK) and a mirror
attached to the head coil.

2.5.  Analysis of behavioural responses

Participants’ responses to each item were transcribed from
the digital audio files, and accuracy scored. Audio files were
cleaned in Audacity to remove MRI noise and amplify the
verbal output when necessary. Response times (RT) were
automatically extracted via Chronset (https://www.bcbl.eu/
databases/chronset; Roux et al., 2017) and further manually
validated using a custom Praat script (van Scherpenbergetal,,
2020, https://www.fon.hum.uva.nl/praat/).

For behavioral analyses, we only considered RT for correct
responses and excluded outliers (3 SD from mean) for each
participant and condition. Two-by-two repeated measures
ANOVA were computed in SPSS (version 28.0.1.0, IBM Corp.)
with factors Task (Definitions or Sounds) and Condition
(Experiment or Control) to assess accuracy and RT perfor-
mance across conditions.

2.6.  MRI acquisition

A 3-T Siemens Magnetom Prisma MRI scanner (Siemens
Healthineers, Erlangen, Germany) equipped with a 64-channel
head-neck coil was used to acquire neuroimaging data at the
Herston Imaging Research Facility. High-resolution 3D T1-
weighted anatomical images were first collected using a
MPRAGE sequence (TR = 1900 ms, TE = 2.32 ms, TI = 900 ms,
flip angle (FA) = 9°, matrix = 256x256x192, FOV = 240x
240 x 172.8 mm?®). Whole brain functional images were then
acquired using a multiband single-echo EPI (twice refocussed)
sequence with anterior-posterior (A-P) phase encoding and
oblique slices optimized to obtain signal over anterior and
ventral temporal lobe regions (Volfart et al, 2024
TR = 1000 ms, TE = 30 ms, FA = 80°, matrix = 72x72,

variable (range: 1271-4083 ms)

500-1500 ms (random)

3000 ms

500 ms

Response
"Calf" or "Turke)

Inter-trial interval

Fig. 1 — Schematic representation of experimental paradigm performed in the scanner.
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FOV = 190 x 190mm?, slices = 2.6 mm x 48, multiband accel-
eration factor = 4, bandwidth 2572 Hz/Px). The four functional
runs (one per experimental block) lasted for 7:49 min for
naming to definitions and 7:29 min for environmental sounds,
with each including 10 s of dummy scans. A single set of field
maps was acquired at the end of the session (TR = 520 ms, TE
1 =492 ms, TE 2 = 7.38 ms, FA = 60°, matrix = 72x72,
slices = 2.6 mm x 50, FOV = 190 x 190mm?) to create a voxel
displacement map (VDM). A T2-weighted image was also ac-
quired after the functional runs for radiological review of
incidental findings (TR = 6300 ms, TE = 100 ms, FA = 150°,
matrix = 512x512, slices = 4.0 mm x 30, FOV = 220 x 220mm?).

2.7. Image analysis

Data preprocessing and analyses were conducted using SPM12
(https://www .fil.ion.ucl.ac.uk/spm/software/spm12/) and the
CONN toolbox version 22.a (https://web.conn-toolbox.org/;
Nieto-Castanén & Whitfield-Gabrieli, 2022). Following the
same procedure as described in Volfart et al. (2024), we first
created a VDM in SPM12 using the FieldMap toolbox before
preprocessing in CONN. Functional and anatomical data were
then entered into a flexible preprocessing pipeline (Calhoun
et al., 2017; Nieto-Castanon, 2022) beginning with the realign
and unwarp function (Andersson et al., 2001) using the VDM to
realign the timeseries to the mean image across the four
functional runs. Potential outlier scans were identified using
ART (Whitfield-Gabrieli et al., 2011) based upon framewise
displacement above .9 mm or global BOLD signal changes
above 5 standard deviations (Nieto-Castanén, 2022; Power
et al.,, 2014). The mean functional image was then used to
coregister the realigned and unwarped series to the T1-
weighted image, which was next segmented into grey mat-
ter, white matter, and CSF tissue classes and normalized into
standard MNI space using SPM12's unified segmentation and
normalization algorithm (Ashburner, 2007; Ashburner &
Friston, 2005) with the default IXI-549 tissue probability map
template. The resulting transformation to MNI space was then
used to normalise the functional data, after which they were
resampled to 2 mm isotropic voxels and smoothed using
spatial convolution with a Gaussian kernel of 8 mm full width
half maximum (FWHM). In a final preprocessing step, we
removed global signal changes arising from both intracranial
and extracranial sources using a voxel-level linear model
(LMGS;  https://github.com/paulmmacey/Ilmgs/tree/master;
Macey et al., 2004), with the residual time course data then
entered into analysis. We performed this global signal
regression (GSR) step as speech-related respiration changes
manifest as significant decreases and increases in global
signal intensity during and several seconds following the
speech envelope, respectively, with extracranial signals
observable in the vicinity of the temporalis muscle also
correlated with global signal intensity changes during the
speech envelope (Mehta et al., 2006). The application of GSR
has been shown to result in dramatic improvements in tem-
poral SNR in auditory naming (Volfart et al., 2024).

We conducted two-stage, fixed and random-effects model
statistical analyses in SPM12. At the participant fixed-effects
level, events corresponding to the start of the auditory stim-
ulus presentation for correct trials in each task were modelled

as effects of interest. The start of the response cue, the par-
ticipants’ response onsets (see section 2.5 above), and corre-
sponding error trials were modelled as regressors of no
interest. As recommended in Volfart et al. (2024), we also
included the 6 rigid-body realignment parameters (RP), outlier
scans (scrubbing parameter), and CSF timeseries (5 CompCor
noise components) as regressors of no interest.

Our primary analysis aimed to identify common brain re-
gions activated by both tasks (in comparison to their respec-
tive control stimuli). At the group random-effects level, we
thus conducted a full factorial analysis using the Definition vs.
Control and Environmental Sound vs. Control contrasts from
each participant's fixed effect analysis and tested the
conjunction (null) as defined by Nichols et al. (2005).
Conjunction refers to the joint refutation of multiple null hy-
potheses (Friston et al., 2005). This allowed us to infer that
there is a conjunction of all definition and environmental
sound effects related to their processing (i.e., k = n; see Friston
et al., 2005). Our secondary analysis aimed at identifying brain
regions that were specifically activated in one task but not in
the other. For this purpose, we exclusively masked each
contrast of interest with the other contrast at p < .001 (un-
corrected mask value).

We conducted unrestricted whole brain analyses as well as
small volume correction (SVC; Worsley et al., 1996) targeting
the bilateral VATL regions-of-interest (ROI) as identified pre-
viously in the context of semantic processing (left and right
vATL; 6 mm radius spherical ROIs at MNI coordinates +36,
—14, —30° following the cluster identified by Binney et al.,
2010; see also Rice et al., 2018, Fig. 3A). In addition, we per-
formed an independent ROI analysis by extracting the mean
beta values according to stimulus type from within each a
priori defined spherical ROI based on the full factorial design
using the MarsBar toolbox (Brett et al., 2002).

Clusters showing significant cortical BOLD signal changes
in the whole brain analyses were labelled using the Brainne-
tome atlas parcellation scheme (https://atlas.brainnetome.
org/brainnetome.html; Fan et al., 2016) and with the CoBrA
atlas for clusters in the cerebellum (https://www.cobralab.ca/
cerebellum-lobules; Park et al., 2014). We adopted a height
threshold of p < .001 in conjunction with a spatial cluster
extent threshold of p < .05 (family-wise error [FWE] corrected).

3. Results
3.1. Behavioural results

Behavioural results are presented in Table 2.

A 2x2 repeated measures ANOVA of accuracy revealed
significant effects of Task [F(1,24) = 37.292, p < .001], Condition
[F(1,24) = 236.002, p < .001], and their interaction [F
(1,24) = 73.325, p < .001]. Accuracy was higher for naming to

¢ The original coordinates of the ROI reported by Binney et al.,
2010 were +36, —15, —30. Here the y coordinate was rounded to
—14 due to the data having been resampled to 2 mm isotropic
voxels. The results did not change when using y = —16 to define
the ROIs.


https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://web.conn-toolbox.org/
https://github.com/paulmmacey/lmgs/tree/master
https://atlas.brainnetome.org/brainnetome.html
https://atlas.brainnetome.org/brainnetome.html
https://www.cobralab.ca/cerebellum-lobules
https://www.cobralab.ca/cerebellum-lobules
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Fig. 2 — A. Significant BOLD signal changes in Definition > Control. B. Significant BOLD signal changes in

Definition < Control. C. Significant BOLD signal changes in Environmental Sound > Control. D. Significant BOLD signal
changes in Environmental Sound < Control. A-D results are shown on inflated surface renderings from SPM12. Height
thresholded at p < .001 with a spatial cluster extent threshold at p < .05 (FWE-corrected).

A Location of ventral anterior temporal lobe ROls

B Mean beta value according to stimulus type in the vATL ROIs

6 -
5 Oleft vATL @right vATL

) 4 ll-

=

S |

g 37

3

c 2 [

©

(5]

=

. 1
1t I
0 -l‘_‘lﬁ- ==

1 L

Definition Definition Control Sound Sound Control

Fig. 3 — A. The ventral anterior temporal lobe regions-of-interest shown overlaid on the canonical single-subject MNI brain
from SPM12. B. Plot showing the mean beta values from the left and right vATL ROIs according to stimulus type. Error bars
represent standard errors.
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Table 2 — Mean (standard deviations) of participants’
correct response times (RT) in milliseconds and percent
accuracy for naming to definitions and to environmental
sounds.

Table 3 — Brain regions showing significant BOLD
increases and decreases for contrasts Experimental vs.
Control.

Peak MNI  Z- Cluster
Naming to definitions Naming to (xyz) score size
environmental sounds (N voxels)
Experimental Control Experimental Control Naming to definitions > control
items items items items Left rostral A45 (IFG) —48 30 0 Inf 21,544
Accuracy  89.6(5.5)  99.6(8) 744(04)  982(5.2) ;‘?f;anterfruﬂi e VT ’ii ’72 ’;: IGH;S 13‘7}2
RT 602 (91) 688 (127) 644 (93) 666 (94) 1ght cerebellar lobule It :
Right cerebellar white matter 26 —40 —46 5.45 390
Left cerebellar white matter -2 —60 —26 5.08 331
Left medial A14 (orbital gyrus) -6 50 —14 5.00 175
definitions compared to environmental sounds and for con- Right rostroventral A20 (EG) & S =Es i )
. . Right anterior STS 58 2 -12 465 314
trol compared to experimental items. . o
. L. Naming to definitions < control
The same e?r:‘lalyms performed on RTs revealeq a 51g111§cant Left dorsomedial POS 8 -68 32 Inf 10,911
effect of Condition [F(1,24) = 25.799, p < .001] and interaction [F (precuneus)
(1,24) = 21.526, p < .001]. The main effect of Task was not Left caudal A40 (IPL) -56 58 38 6.47 803
significant [F(1,24) = .732, p = .401]. Responses were quicker for Right inferior frontal junction 44 12 48 6.12 3598
experimental compared to control items overall and quicker (MEG)
for naming to definitions compared to environmental sounds. LEHRVELIT (HOIC) —48 82 2 564 438
Left cerebellar lobule Crus I —46 —74 —38 5.60 370
. Left A46 (MFG) —-38 58 10 5.36 836
3.2.  Imaging results Left TE1.0 and TE1.2 (STG) —42 -22 8 4.98 490
Left postcentral A7 (SPL) —-26 —42 64 458 314
3.2.1. Experimental compared to control stimuli Naming to environmental sounds > control
3.2.1.1. UNRESTRICTED WHOLE-BRAIN ANALYSES. The contrast Right caudal A22 (STG) 64 -20 6 Inf 30,332
Definition > Control revealed significant BOLD signal changes Left medial A8 (SFG) -2 10 56 Inf S
: . . . X Right cerebellar lobule VI 32 —60 —28 6.90 897
peaking in the left rostral inferior frontal gyrus (IFG, Brain- . .
. labelled A45 tendi diallv t d Naming to environmental sounds < control
netome region labelled A4or, extending medially towards Right rostroventral A39 (IPL) 48 —60 38 7.52 3817
subcortical regions), the bilateral anterior superior temporal Right A31 (precuneus) 10 =50 32 6.90 3687
sulcus (STS), the left medial orbital gyrus (Al4m), the right Left rostroventral A39 (IPL) —50 —58 34 6.58 1036
rostroventral fusiform gyrus (A20rv) and in three areas of the Left cerebellar lobule Crus I —42 78 -34 6.22 658
cerebellum (right cerebellar lobule VI and bilateral cerebellar Right medial A10 (SFG) 2 60 4 587 3360
Right cerebellar lobule Crus I 30 —86 —30 5.49 185

white matter) (Fig. 2A and Table 3).

The contrast Definition < Control revealed significant BOLD
signal changes peaking in the left dorsomedial parietooccipi-
tal sulcus (POS, in precuneus, extending towards the right POS
and inferior parietal lobule, IPL, A40c), the left caudal IPL
(A40c), the right inferior frontal junction (in middle frontal
gyrus, MFG), the left area V5/MT (in lateral occipital cortex,
LOC), the left MFG (A46), the left TE1.0 and TE1.2 area (in su-
perior temporal gyrus, STG), the left postcentral superior pa-
rietal lobule (SPL, A7) and in the left cerebellar lobule Crus I
(Fig. 2B and Table 3).

The contrast Environmental Sound > Control revealed
significant BOLD signal changes peaking in the right caudal
STG (A22c, extending towards the left STG), the left medial
superior frontal gyrus (SFG, A8m) and right cerebellar lobule VI
(Fig. 2C and Table 3).

The inverse contrast Environmental Sound < Control
revealed significant BOLD signal changes peaking in the
bilateral rostroventral IPL (A39rv), the right precuneus (A31),
the right medial SFG (A10m) and the bilateral cerebellar lobule
Crus I (Fig. 2D and Table 3).

3.2.1.2. SVC anD INDEPENDENT ROI aNALyses. The contrast
Definition > Control revealed significant clusters in the left
(peak MNI = —38, —18, —26, cluster size = 57, z-score = 5.58)
and right (peak MNI = 34, —10, —34, cluster size = 38, z-
score = 4.27) VATL ROIs using SVC.

Note: Whole-brain analysis, height threshold at p <.001 and spatial
cluster extent threshold at FWE p < .05 (i.e., 175 voxels for
Definition > Control; 314 for Definition < Control; 897 for Environ-
mental Sounds > Control; 185 for Environmental Sounds < Control).
Peak locations were determined using the Brainnetome atlas,
except for peak clusters in the cerebellum that were located using
the CoBrA atlas (Park et al, 2014). FG = fusiform gyrus;
IFG = inferior frontal gyrus; IPL = inferior parietal lobule;
LOC = lateral occipital cortex; MFG = middle frontal gyrus;
POS = parietooccipital sulcus; SFG = superior frontal gyrus;
SPL = superior parietal lobule; STG = superior temporal gyrus;
STS = superior temporal sulcus.

No significant clusters were detected in the vATL ROIs for
the contrasts Definition < Control, Environmental
Sound > Control and Environmental Sound < Control using
SVC.

Fig. 3B shows the mean beta values according to stimulus
type extracted from within each spherical ROI. A three-way
repeated-measures ANOVA with factors Task (Definition vs.
Sound), Condition (Experiment vs. Control) and Hemisphere
(Left vs. Right ATL) was performed on these values using JASP
(JASP team, version .19.3; https://jasp-stats.org/). This analysis
highlighted a significant main effect of Task [F(1,24) = 5.662,


https://jasp-stats.org/
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Definition > Control N Environmental Sound > Control
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Definition < Control N Environmental Sound < Control

Fig. 4 — A. Conjunction clusters showing significant BOLD
signal changes in both Definition > Control and
Environmental Sound > Control. B. Conjunction clusters
showing significant BOLD signal changes in both
Definition < Control and Environmental Sound < Control.
A-B results are shown on inflated surface renderings from
SPM12. Height thresholded at p < .001 with a spatial cluster
extent threshold at p < .05 (FWE-corrected).
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p = .026], a significant main effect of Condition (F = 12.151,
p =.002) but no significant main effect of Hemisphere (F =.019,
p = .893). The interaction effect between Task and Condition
was also significant (F = 4.890, p = .037), and the triple inter-
action effect was trending towards significance (F = 4.165,
p = .052). The other interaction effects were not significant
[Task x Hemisphere: F = .110, p = .743; Condition x Hemi-
sphere: F = .270, p = .608]. Post-hoc comparisons (Bonferroni-
corrected for multiple comparisons) found a significant dif-
ference between Experimental and Control stimuli in the
naming-to-definitions task in both ATL ROIs [left: t(24) = 3.947,
p = .004; right: t = 2.899, p = .047]. However, no significant
difference between Experimental and Control stimuli was
highlighted in the naming-to-environmental-sounds task
(left: t = 1.475, p = .919; right: t = 2.145, p = .254).

We followed up the null results for the sound contrasts by
performing Bayesian paired samples t-tests in JASP v0.19.3
(Quintana & Williams, 2018; van Doorn et al.,, 2021). This
analysis demonstrated anecdotal evidence for the null hy-
pothesis (Sound = Control; BFy; = 1.820 and .684 for the left
and right ATL, respectively).

3.2.2.  Conjunction of definitions and environmental sounds
3.2.2.1. UNRESTRICTED WHOLE-BRAIN ANALYSES. The conjunction
analysis investigating common activation in the contrasts

Table 4 — Brain regions showing significant BOLD
increases and decreases for the conjunction analysis (null)
for contrasts Experimental vs. Control.

Peak MNI Z- Cluster
(xyz) score size
(N voxels)

Definition > Control n Environmental Sounds > Control

Right ventral caudatenucleus 14 6 0 Inf 11,884
Left lateroventral A37 (FG) —44 —44 -20 7.22 1356
Left medial A8 (SFG) -4 8 56 7.13 1608
Left rostral A22 (STG) -56 -6 -8 6.45 337
Right cerebellar lobule VI 30 —64 —28 6.40 706
Right anterior STS 58 2 -12 4.65 274
Definition < Control n Environmental Sounds < Control

Right rostroventral A39 (IPL) 48 —60 38 7.52 2868
Right A31 (precuneus) 8 60 32 6.80 2382
Left caudal A40 (IPL) —54 -58 36 6.21 579
Left cerebellar lobule CrusI —46 —74 —38 5.58 233
Right dorsal A9/46 (MFG) 30 24 48 5.17 990
Right A46 (MFG) 26 60 6 487 622

Note: Whole-brain analysis, height threshold at p < .001 and spatial
cluster extent threshold at FWE p < .05 (i.e., 274 voxels for
Definition > Control n Environmental Sounds > Control; 233 for
Definition < Control n Environmental Sounds < Control). Peak lo-
cations were determined using the Brainnetome atlas, except for
peak clusters in the cerebellum that were located using the CoBrA
atlas. Conjunction results are marked by n symbol. FG = fusiform
gyrus; IPL = inferior parietal lobule; MFG = middle frontal gyrus;
SFG = superior frontal gyrus; STG = superior temporal gyrus;
STS = superior temporal sulcus.

Definition > Control n Environmental Sound > Control
revealed significant BOLD signal changes in the right ventral
caudate nucleus (extending towards the left rostral IFG, A45r),
the left lateroventral fusiform gyrus (A371v), the left medial
SFG (A8m), the left rostral STG (A22r), the right anterior STS,
and the right cerebellar lobule VI (Fig. 4A and Table 4).

The conjunction analysis with contrasts
Definition < Control n Environmental Sound < Control
revealed significant BOLD signal changes in the right ros-
troventral IPL (A39rv, extending towards the right caudal IPL,
A40c), the right precuneus (A31), the left caudal IPL (A40c), the
right MFG (two clusters: A9/46d and A46), and the left cere-
bellar lobule Crus I (Fig. 4B and Table 4).

3.2.2.2. SVC anaryses. The conjunction analyses with con-
trasts Definition > Control n Environmental Sound > Control
and Definition < Control n Environmental Sound < Control did
not reveal significant BOLD signal changes in either vATL ROI
using SVC.

3.2.3. Task-specific activation for naming to definitions
3.2.3.1. UNRESTRICTED WHOLE-BRAIN ANALYSES. The contrast
Definition > Control masked (exclusively) by Environmental
Sound > Control revealed task-specific clusters of BOLD signal
changes peaking in the left anterior STS, the left dorsomedial
POS (in precuneus), the left caudal IPL (A39c), the left rostral
IFG (A45r1), the left lateral prefrontal thalamus, the left
ventrolateral MFG (A8vl), the right rostroventral fusiform
gyrus (A20rv), as well as two areas of the cerebellum (right
cerebellar lobule Crus I and lobule IX) (Fig. 5A and Table 5).
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Fig. 5 — A. Significant BOLD signal changes in Definition > Control masked exclusively by Environmental Sound > Control. B.
Significant BOLD signal changes in Definition < Control masked exclusively by Environmental Sound < Control. C.
Significant BOLD signal changes in Environmental Sound > Control masked exclusively by Definition > Control. D.
Significant BOLD signal changes in Environmental Sound < Control masked exclusively by Definition < Control. A-D results
are shown on inflated surface renderings from SPM12. Height thresholded at p < .001 with a spatial cluster extent threshold
at p < .05 (FWE-corrected). Mask is set at p < .001 (uncorrected, exclusive).

The contrast Definition < Control masked by Environ-
mental Sound < Control revealed task-specific clusters of
BOLD signal changes in the left dorsomedial POS (in pre-
cuneus), the dorsal cingulate cortex (A23d), the right inferior
frontal junction (in MFG), the left V5/MT (in LOC), the left MFG
(A46) and the left TE1.0 and TE1.2 (in STG) (Fig. 5B and Table 5).

3.2.3.2. SVC anaLyses. Significant clusters were detected in the
left (peak MNI = —38, —18, —26, cluster size = 57, z-score = 5.58)
and right (peak MNI = 34, —10, —34, cluster size = 36, z-
score = 4.27) VATL for the contrast Definition > Control exclu-
sively masked by Environmental Sound > Control using SVC.
No significant clusters were detected in the vATL ROIs for the
reverse contrast Definition < Control masked by Environ-
mental Sound < Control using SVC.

3.24.
sounds
3.2.4.1. UNRESTRICTED WHOLE-BRAIN ANALYSES. The contrast Envi-
ronmental Sound > Control masked (exclusively) by
Definition > Control revealed significant task-specific BOLD
signal changes peaking in the right caudal STG (A22c,
extending anteriorly towards the right TE1.0 and TE1.2), the
left TE1.0 and TE1.2 (in STG), the right medial SFG (A8m), and
the left rostral cuneus gyrus (Fig. 5C and Table 5).

The contrast Environmental Sound < Control masked by
Definition < Control revealed significant task-specific BOLD
signal changes peakingin the bilateral rostroventral IPL (A39rv),
the right medial orbital gyrus (A14m), the left caudal SPL (A7c),
the left caudal hippocampus, and two areas of the cerebellum
(bilateral cerebellar lobule Crus I) (Fig. 5D and Table 5).

Task-specific activation for naming to environmental

3.2.4.2. SVC anaLysts. No significant clusters were observed in
the vATL ROIs for either the contrast Environmental
Sound > Control masked by Definition > Control or the
contrast Environmental Sound < Control masked by
Definition < Control using SVC.

4, Discussion

The present study aimed to identify brain regions subtending
spoken word production during auditory naming and estab-
lish whether vATL regions are commonly activated by lin-
guistic and nonverbal auditory stimuli. Our findings show that
both naming tasks activated common regions that are typi-
cally reported in the word production literature. These
encompassed the left-lateralized inferior frontal and superior
temporal areas as well as additional regions that we discuss
below. Task-specific activation was also observed, comprising
a mostly left-lateralized network for naming to definitions,
and a more bilateral network for naming to environmental
sounds. While we predicted common activation in the vATL
consistent with the proposal of a convergent, crossmodal
representation of conceptual knowledge across tasks, we
instead observed significant vATL activation only for naming
to definitions.

4.1. Common regions engaged by auditory naming tasks
The results of the conjunction analysis of Definition > Control

n and Environmental Sound > Control revealed common
BOLD signal increases in regions typically observed for spoken
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Table 5 — Brain regions showing significant task-specific
BOLD increases and decreases using exclusive masking for
contrasts Experimental vs. Control.

Peak MNI  Z- Cluster
(xyz)  score size
(N voxels)

Naming to definitions > Control (masked by Naming to environmental
sounds > Control)

Left anterior STS —-54 -6 -18 Inf 903
Left dorsomedial POS -8 -56 12 7.30 1206
(precuneus)
Left caudal A39 (IPL) —-32 -72 30 6.74 2038
Left rostral A45 (IFG) -56 32 0 5.92 218
Left lateral prefrontal thalamus —-14 -8 12 5.75 973
Left ventrolateral A8 (MFG) —-24 12 52 5.69 1749
Right cerebellar lobule Crus I 24 -78 —-26 524 367
Right rostroventral A20 (FG) 30 —28 —24 4.99 239
Right cerebellar lobule IX 0 -54 -36 494 315

Naming to definitions < Control (masked by Naming to environmental
sounds < Control)
Left dorsomedial POS

(precuneus)

-14 —66 34 6.90 4431

Dorsal A23 (cingulate cortex) 0-22 28 6.31 1099

Right inferior frontal junction 44 10 50 5.87 1874
(MFG)

Left V5/MT (LOC) —-48 -80 2 5.33 314

Left A46 (MEG) —40 56 10 5.33 698

Left TE1.0 and TE1.2 (STG) —42 -22 8 4.98 490

Naming to environmental sounds > Control (masked by Naming to
definitions > Control)

Right caudal A22 (STG) 64 —-20 6 Inf 5769
Left TE1.0 and TE1.2 (STG) -56 -16 4 Inf 4963
Right medial A8 (SFG) 4 14 56 7.82 1762

Left rostral cuneus gyrus -2 -8 8 6.59 4597
Naming to environmental sounds < Control (masked by Naming to
definitions < Control)

Left rostroventral A39 (IPL) -52 —60 30 6.28 442
Left cerebellar lobule Crus I —20 —88 —30 6.04 368
Right rostroventral A39 (IPL) 56 —64 26 5.82 838
Right medial A14 (orbital gyrus) 2 60 0 5.71 1712
Right cerebellar lobule Crus I 30 —86 —30 5.49 185
Left caudal A7 (SPL) —4 —74 54 535 756
Left caudal hippocampus -22 —44 10 4.97 516

Note: Whole-brain analysis, height threshold at p < .001 and spatial
cluster extent threshold at FWE p < .05 (i.e., 175 voxels for
Definition > Control; 314 for Definition < Control; 897 for Environ-
mental Sounds > Control; 185 for Environmental Sounds < Control).
Mask for task-specific activations is set at p < .001 (uncorrected
mask value, exclusive). Peak locations were determined using the
Brainnetome atlas, except for peak clusters in the cerebellum that
were located using the CoBrA atlas. FG = fusiform gyrus;
IFG = inferior frontal gyrus; IPL = inferior parietal lobule;
LOC = lateral occipital cortex; MFG = middle frontal gyrus;
POS = parietooccipital sulcus; SFG = superior frontal gyrus;
SPL = superior parietal lobule; STG = superior temporal gyrus;
STS = superior temporal sulcus.

word production such as the left IFG and STG (e.g., Indefrey,
2011; de Zubicaray, 2023 for reviews supporting their role in
phonological and speech monitoring processes). We also
observed common activation in regions that are less
frequently included in neurobiological models of spoken word
production, including the caudate nucleus, the left posterior
FG, the left SFG, the right cerebellum and the right anterior
STS.

The involvement of the left posterior temporal cortex (FG
and/or ITG; also sometimes referred to as the basal temporal
language area, see Burnstine et al., 1990; Liiders et al., 1991;
Trébuchon-Da Fonseca et al, 2009) has been reported
consistently by naming studies across various modalities (e.g.,
Chouinard & Goodale, 2010; Hamberger et al., 2014; Reilly
et al., 2016; Tranel et al., 2003, 2005). Interestingly, a recent
fMRI study that used auditory naming to definitions and
manipulated the imageability of their definition stimuli and
target words (to be named in response to definition stimuli)
reported a positive correlation between definition image-
ability (regardless of target imageability) and activation in the
bilateral ventro-temporal cortex, peaking in the left posterior
FG (MNI = -42 -52 -16; Garbarini et al., 2020), suggesting that
this region is involved in visual imagery evoked by the sen-
tence meaning. A similar interpretation was offered by Tranel
et al. (2003) for their posterior ventral temporal activation
during naming to environmental sounds. While we lacked
imageability ratings for all our definition and sound stimuli,
they were matched for concreteness (Brysbaert et al., 2014)
which is highly correlated with imageability (e.g., Altarriba
et al., 1999) and both stimulus types were rated highly con-
crete on average (4.76 and 4.75 on a 5-point scale for defini-
tions and sounds, respectively). Hence, a similar visual
imagery interpretation seems reasonable for our common
posterior fusiform activation. An alternative interpretation for
this left FG peak is that it might reflect a top-down activation
of the visual orthographic form of the named targets, which
would be consistent with coordinates for the so-called Visual
Word Form Area (VWFA; e.g., —43, —54, —12 in Talaraich
space’ in Cohen et al., 2000, see also 2002; Ludersdorfer et al.,
2016; see also Debska et al., 2023 for recent review).

In a well-known meta-analysis of 120 functional neuro-
imaging studies, Binder et al. (2009) reported that the left
medial SFG (also called dorsomedial prefrontal cortex, DMPFC)
was consistently associated with semantic processing, and
others have supported a role for this region in representing
conceptual knowledge across modalities (e.g., Fairhall &
Caramazza, 2013). More recent studies have refined the role
of this region, linking it to controlled, executive aspects of
retrieving semantic knowledge (Noonan et al., 2013; Jackson,
2021; Rabini et al., 2023; see also Geranmayeh et al., 2014).
Our finding of a common cluster in the left medial SFG pro-
vides further evidence supporting this region's involvement in
accessing and retrieving semantic knowledge from both ver-
bal and nonverbal auditory inputs.

We also observed significant activation in the anterior STS
of both hemispheres, i.e., the dorsal ATL. This finding is
consistent with this region receiving unimodal input from
auditory association areas and the posterior STG (e.g., Herlin
et al.,, 2021; Jackson et al., 2016; Mesulam, 2023; Pascual
et al., 2015). The dorsal ATL is consistently engaged during
both passive listening of meaningful auditory stimuli (e.g.,
Engelien et al., 2006; Humphries et al., 2001; Wilson et al,,
2018) and during performance of semantic tasks with audi-
tory stimuli (e.g., Dick et al., 2007; Thierry et al., 2003; Visser
and Lambon Ralph 2011). Of note, studies comparing sen-
sory modalities (e.g., picture vs. auditory word or spoken vs.

7 Conversion to MNI coordinates: —46, —53, —20.
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written narratives) indicate that bilateral anterior STS regions
may be specifically activated for the auditory rather than
other modalities (Visser and Lambon Ralph 2011; Wilson et al.,
2018).

Finally, extra-cortical regions such as the cerebellum or
basal ganglia (caudate nucleus) have often been reported
during speech production (e.g., Abdullaev & Melnichuk, 1997;
Ali et al, 2010; Crosson et al.,, 2003; Riecker et al.,, 2005;
Runnqvist et al., 2016). However, evidence for a production-
specific role is equivocal (for a review, see de Zubicaray,
2023). Activity in these regions has instead been attributed
to more domain—general processes (e.g., auditory working
memory maintenance demands, speech motor planning or
language control; Petacchi et al., 2005; Grahn et al., 2008; Ali
et al., 2010; Marién et al., 2014).

The reverse conjunction contrast of Definition < Control n
and Environmental Sound < Control revealed significant BOLD
signal decreases in bilateral IPL regions, right precuneus, right
MFG, and left cerebellum. These clusters are consistent with
those reported in an earlier study using covert naming to
definitions and a control condition involving passive listening
of the same stimuli (Hamberger et al.,, 2014). Interestingly,
these regions overlap with those usually reported as part of
the default-mode network in resting state fMRI studies
(Buckner, 2012; Buckner & DiNicola, 2019; Raichle, 2015;
Raichle et al., 2001). While participants attended and respon-
ded to both experimental and control items, the processing
demands of the latter were substantially weaker (reversed
speech and white noise versus meaningful items) as was their
response planning (identical responses to control versus
unique responses to meaningful items). This may indicate that
the regions implicated in the default mode network respond
preferentially to shallow (less meaningful) processing.

4.2.  Task-specific activation

We also investigated the task-specific correlates of naming to
definitions and to environmental sounds via exclusive
masking. This revealed multiple and mostly left-lateralized
clusters for naming to definitions while naming to environ-
mental sounds was associated with more extensive bilateral
activation of the auditory cortices. These differences between
input types are likely to reflect the higher demands on lin-
guistic processes for naming to definitions, compared to
decoding the idiosyncratic nonverbal, acoustic features of the
environmental sounds. In addition, we employed a control
condition with reversed speech that comprised identical
acoustic information to the sentence definitions, although
this was not the case for the white noise control we employed
for the environmental sounds. Hence, this difference in
acoustic complexity is likely to explain the more extensive
bilateral activation we observed in superior temporal regions
and auditory cortices for environmental sounds (see Lewis
et al., 2004 for discussion on this topic). While white noise is
typically used as a control for environmental sounds (e.g.,
Giraud & Price, 2001; Maeder et al., 2001), future studies might
consider opting for a control with better-matched acoustic
features, although it should be noted that some reversed
sounds can still be recognizable (e.g., Lewis et al., 2004).

4.3.  Task-specific vVATL involvement in naming to
definitions

While Definition > Control elicited significant bilateral vATL
ROI activation, this was not the case for Environmental
Sound > Control. The conjunction analysis that identified
common activation across naming to definitions and to
environmental sounds likewise did not elicit significant vATL
activation, indicating activation in this region was likely spe-
cific to the linguistic stimuli. To further explore this relation-
ship, we investigated task-specific activation by exclusively
masking each contrast with the other, which again confirmed
significant vATL activation only for naming to definitions. We
also conducted an independent repeated-measures ANOVA
and Bayesian t-tests on the beta values extracted from these
ATL ROIs which confirmed these results by showing evidence
of a significant difference between experimental stimuli and
their control in the bilateral ATL for definitions but not for
environmental sounds. Overall, these results indicate that the
VATL regions were reliably engaged only by the linguistic
stimuli in the present study. Note that the lack of significant
activation in the vATL ROI for environmental sounds cannot
be attributed to signal dropout or distortion as both tasks were
acquired with the same multiband sequence in identical
participants, and the tSNR in each of the vATL ROIs did not
differ significantly between tasks (see Supplementary
Material).

As mentioned in the Introduction, several iEEG studies
reported gamma modulation to visual naming but not
auditory (definition or sound) naming in ventral temporal
regions (lkegaya et al., 2019; Kitazawa et al., 2023; Kojima
et al,, 2013; Nakai et al., 2019). Yet, using fMRI we found
that the vATL was activated during naming to definitions.
One reason for the discrepant results might be that the
abovementioned iEEG studies did not distinguish between
anterior and posterior ventral temporal regions (except for
Nakai et al., 2019). Our results align well with another
naming study using both intracerebral recordings and fMRI
(Forseth et al.,, 2018) that used more precise anatomical
localization of the contacts centered on coordinates (rather
than grouping within gyri) and observed common left-
lateralized activation for naming to pictures and to audi-
tory definitions in the fusiform gyrus, the y coordinate of
which was very similar to the one we used and to those of
previous studies investigating semantic processing that
labelled this region as anterior temporal (MNI y = —15;
Binney et al.,, 2010). Given the considerable heterogeneity
of results over anterior and posterior ventral temporal re-
gions that we noted in our review of the literature, it would
be helpful if future studies employed a-priori defined ROIs to
distinguish them, especially considering that iEEG methods
allow very high spatial and time resolution although with a
sparser coverage. In addition, most of the studies mentioned
above involved ECoG recordings (except for Ikegaya et al,
2019 who used both ECoG and depth electrodes) which
capture electrophysiological activity of neuronal populations
in gyri but are much less sensitive to activity in sulci. Further
research is thus needed to investigate anterior vs. posterior
ventral temporal activity with intracerebral EEG using depth
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electrodes that adequately sample electrophysiological ac-
tivity from both gyri and sulci.

While our vATL ROI was slightly more lateral and superior
to the one used by Forseth and colleagues, our results provide
further evidence for a role of this ventral region in naming
from auditory definitions. However, the fact that we did not
observe significant activation in this ROI for naming of envi-
ronmental sounds is surprising considering the wealth of
evidence for a role of the VATL in supporting cross-modal
semantic representations of both concrete and abstract con-
cepts (e.g., Binney et al., 2016; Muraki et al., 2025; Rice et al.,
2018; Visser and Lambon Ralph 2011). Our findings indicate
that environmental sounds do not activate the vATL to the
same extent as auditory definitions, consistently with pro-
posals suggesting that they have weaker conceptual-to-lexical
connections during naming (e.g.,, Brownsett et al., 2022;
Wohner et al., 2020).

4.4. Limitations

It should be acknowledged that accuracy for naming to envi-
ronmental sounds was lower (by ~15%) compared to naming
to definitions. Despite this imbalance, the number of correct
trials per participant for naming environmental sounds
generally exceeded 25, which is well within the recommended
range of 20—30 trials to observe reliable BOLD signal responses
in single-echo fMRI studies (e.g., Huettel & McCarthy, 2001; see
also Steele et al., 2016 suggesting that as few as 8 trials could
be sufficient depending on the experimental task, sample size,
fMRI acquisition parameters, etc.). In addition, we included
both error trials and RTs as covariates of no interest in our
analyses to control for these effects.

Dick et al. (2016) noted similar brain regions have been
observed during spoken language and environmental sound
processing across various comprehension tasks. While our
study focussed on the role of the vATL in spoken word pro-
duction, it is worth noting that an fMRI study using a semantic
judgment task with pictures, auditory words and environ-
mental sounds as input stimuli reported common activation
in the left and right vATL compared to control conditions
(Visser and Lambon Ralph 2011). Hence, it is possible the
processes required for naming may not activate the vATL to
the same extent as a comprehension task (the latter requiring
controlled retrieval of specific semantic knowledge), as we
noted in the Introduction. In our study, we investigated
common as well as task-specific brain activation for two
auditory naming tasks using conjunction and exclusive
masking approaches (Friston et al., 2005; Nichols et al., 2005) to
infer whether the vATL was commonly activated across tasks.
However, naming also involves later stages of lexical selec-
tion, phonological word form retrieval and articulation (e.g.,
Indefrey, 2011). Future studies might consider using decod-
ing approaches such as representational similarity analysis
(Kriegeskorte et al., 2008) to distinguish the different pro-
cessing stages underlying naming of auditory input types (e.g.,
semantic versus phonological). It is also important to mention
that, while the control condition used for the naming-to-
definitions task was designed to control for low-level audi-
tory and motor aspects of the task, it does not account for the
linguistic = comprehension  processes  involved in

understanding the definitions. As a result, the observed vATL
activation in this contrast may reflect not only conceptual
access and production, but also comprehension of the verbal
input. In comparison, naming-to-environmental-sounds did
not imply understanding lexical stimuli and their relation to
each other within a sentence.

Both of our auditory naming tasks comprised target objects
from both living (e.g., animals) and non-living categories (e.g.,
musical instruments), consistent with previous fMRI and TMS
studies (e.g., Forseth et al., 2018; Hamberger et al., 2014; Pobric
et al.,, 2010; Reilly et al., 2016). In a PET study, Tranel et al.
(2005) reported a cluster in the anterior temporal lobe that
responded selectively to animals versus tools during both
auditory and visual naming, although they did not observe
activation in this region using the same animal sound naming
task compared to a low-level baseline auditory task in an
earlier PET study (Tranel et al., 2003). Conversely, Pobric et al.
(2010) reported that TMS applied to the ATL impaired visual
naming of both living and non-living items, which they inter-
preted as evidence for a common semantic hub account. In
the present study, 40% (20/50) of the environmental sound
stimuli were from the living category, compared to 26% (13/50)
of the auditory definitions. However, considering previous
evidence of vATL engagement for both living and non-living
objects (e.g., Pobric et al., 2010), we consider it unlikely that
the differential vATL activity we observed across tasks could
be attributed to the different proportions of living versus non-
living stimuli. Beyond the living/non-living distinction, we
also acknowledge that our stimuli belonged to several se-
mantic categories (similarly to previous studies, e.g,
Hamberger et al., 2014; Kitazawa et al., 2023) and that the
distribution of target stimuli across these categories differed
across tasks (e.g., 11 musical instruments in the environ-
mental sound naming task and none in the definition naming
task). Hence, it is possible that the null result we observed for
the sound naming task could be due to the different semantic
categories involved, although this would imply that the vATL
responds in a category-specific manner which is inconsistent
with a common semantic hub account (e.g., Lambon Ralph
et al., 2017; Pobric et al., 2010). Future studies might consider
matching stimuli across tasks according to category and
ensure the same target names are elicited.

5. Conclusion

Using auditory naming and multiband fMRI, we investigated
brain activity during spoken word production focussing on
whether VATL regions are commonly activated by linguistic
and nonverbal environmental sound stimuli. Our findings
showed that both naming tasks activated common regions
that are typically reported in the word production literature.
We also observed task-specific activation. While we expected
to observe common activation in the vATL consistent with the
proposal of a convergent, crossmodal representation of con-
ceptual knowledge across tasks, we observed significant vATL
activation only for naming to definitions. These findings
suggest a differential pattern of activation in the vATL
depending on the type of naming task.
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