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Abstract

It has been proposed that the maintenance of phonological information in verbal working memory (vVWM) is carried by
a domain-specific short-term storage center—the phonological loop—which is composed of a phonological store and an
articulatory rehearsal system. Several brain regions including the left posterior inferior frontal gyrus (pIFG) and anterior
supramarginal gyri (aSMG) are thought to support these processes. However, recent behavioral evidence suggests that verbal
and non-verbal auditory information may be processed as part of a unique domain general short-term storage center instead
of through specialized subsystems such as the phonological loop. In the current study, we used a single-pulse transcranial
magnetic stimulation (TMS)-delayed priming paradigm with speech (syllables) and acoustically complex non-speech sounds
(bird songs) to examine whether the pIFG and aSMG are involved in the processing of verbal information or, alternatively,
in the processing of any complex auditory information. Our results demonstrate that TMS delivered to both regions had
an effect on performance for speech and non-speech stimuli, but the nature of the effect was different. That is, priming was
reduced for the speech sounds because TMS facilitated the detection of different but not identical stimuli, and accuracy was
decreased for non-speech sounds. Since TMS interfered with both speech and non-speech sounds, these findings support the
existence of an auditory short-term storage center located within the dorsal auditory stream.

Keywords Transcranial magnetic stimulation - Auditory working memory - Speech perception - Auditory discrimination -
Inferior frontal gyrus - Supramarginal gyrus

Introduction

The process of spoken language comprehension is com-
plex, involving perceptual, linguistic as well as cognitive
and executive functions such as working memory (WM)
and attention. According to most models of speech percep-
tion/recognition, to allow for meaning to be extracted from
the auditory stream, the auditory speech signal must be
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processed acoustically and decomposed into phonological
units (Gaskell and Marslen-Wilson 1997, 2002; McClelland
and Elman 1986; Norris 1994; Stevens 1972). These phono-
logical units are maintained in transient storage through WM
processes (Jacquemot and Scott 2006) allowing for words to
be recognized and meaning to be accessed.

While most theoretical models converge on the notion
that WM involves several processes related to the encod-
ing, maintenance (i.e., storage), and retrieval of task-relevant
information, questions arise regarding the scope of these
mechanisms: are they domain specific (i.e., verbal, spatial,
auditory) or domain general? In domain-specific WM mod-
els (e.g. Baddeley and Hitch 1974; Martin 2005), different
subsystems are dedicated to the transient storage of specific
types of information (examples of dissociation between pho-
nological WM and semantic WM can be found in Martin
(2005); Martin et al. (1994); Martin et al. (2003)); whereas
in domain-general WM models (e.g. Atkinson and Shiffrin
1968; Barrouillet et al. 2004; Cowan 2001), a single system
receives and stores input from different types of information.
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One of the most influential domain-specific models of
WM (Baddeley and Hitch 1974) proposes four subsystems:
an episodic buffer, a central executive system, a visuo-
spatial sketch pad and a phonological loop. Whereas the
visuo-spatial sketchpad is dedicated to the temporary stor-
age of visual or spatial information, the phonological loop
is involved with the transient storage of verbal information.
The phonological loop is composed of a phonological store
and an articulatory rehearsal system (Baddeley 1975, 1986,
1992, 2003; Hitch and Baddeley 1976). The phonological
store holds memory traces for approximately 1-2 s and the
articulatory rehearsal system refreshes those memory traces
by way of subvocal speech allowing them to stay in WM
for longer periods of time. In this model, auditory verbal
material has direct access to the phonological store, whereas
the visual verbal material (i.e., print) has indirect access;
visually presented verbal stimuli are first coded in the visuo-
spatial sketchpad and then converted into phonological rep-
resentations (i.e., sound-based representations) through the
subvocal rehearsal system (subvocal speech).! While the
phonological loop was initially assumed to hold phonologi-
cal information only (i.e., sound-based representations of
verbal material), there is some evidence to suggest that it
may also process non-speech sounds. For instance, Salamé
and Baddeley (1982, 1986, 1989) demonstrated that dur-
ing the serial recall of verbal material, the presentation of
irrelevant speech material, as well as vocal and instrumental
music, had a detrimental effect on performance. Similarly,
Jones and Macken (1993) have shown that the presentation
of auditory tones can disrupt the serial recall of letters, and
Pechmann and Mohr (1992) demonstrated that the presenta-
tion of spoken verbal material can disrupt the serial recall
of auditory non-verbal material. These findings suggest
that auditory verbal and non-verbal information may be
processed within the same transient storage systems during
WM tasks (Baddeley 2012). However, the extent to which
components of the phonological loop are used to remember
non-speech sounds remains unclear.

The functional architecture of the phonological loop has
been investigated extensively in the context of verbal WM
via fMRI studies (Awh et al. 1996; Buchsbaum et al. 2001;
Chen and Desmond 2005; Fiez et al. 1996; Gruber 2000;
Hartwigsen et al. 2016; Henson et al. 2000; Herwig et al.
2003; Kirschen et al. 2010; Marvel and Desmond 2012;
Paulesu et al. 1993; Rodriguez-Jimenez et al. 2009; Shen
et al. 2015). The results of these studies suggest that the
articulatory rehearsal system engages a network of regions

! In Baddeley’s model of vWM, since print is converted into sound-
based representations before accessing the phonological loop, the
assumption is that that the phonological loop holds sound-based rep-
resentations of print material.
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including the posterior part of the inferior frontal gyrus
(pIFG), the supplementary motor area (SMA), the cerebel-
lum as well as the ventral premotor cortex (PM). In contrast,
the phonological store engages parietal regions such as the
supramarginal gyrus [SMG], the intraparietal sulcus [IPS],
and the parietal operculum as well as area Spt (Sylvian pari-
etal temporal area). However, depending on task demands
and the modality of stimulus presentation (auditory, visual),
different regions within the inferior and superior parietal
lobules as well as the posterior superior temporal gyrus have
been reported. Indeed, some have argued that no single brain
region has a functional profile matching perfectly with the
phonological store, and it may be better to ascribe phono-
logical short-term memory as something that emerges from
the “integrated neural processes that underlie the percep-
tion and production of speech” (Buchsbaum and D’Esposito
2008, p. 762). Interestingly, studies investigating auditory
non-verbal WM (Gaab et al. 2003; Kumar et al. 2016; Mar-
tinkauppi et al. 2000; Zatorre et al. 1994) and the overlap
between auditory verbal and non-verbal WM (Hickok et al.
2003; Koelsch et al. 2009; Schulze et al. 2011) also report
a similar network of regions. These results suggest that the
maintenance of auditory verbal and non-verbal information
involves similar WM components.

Several TMS studies using verbal stimuli have confirmed
an implication for the pIFG in the articulatory system of
the phonological loop and an implication for the SMG in
the phonological store component (Deschamps et al. 2014;
Gough et al. 2005; Hartwigsen et al. 2010a, b; Hartwigsen
et al. 2016; Herwig et al. 2003; Kirschen et al. 2006; Nixon
et al. 2004; Romero et al. 2006). Interestingly, a few studies
using repetitive TMS (rTMS) or transcranial direct stimula-
tion (tDCS) have shown that the left SMG is involved in the
storage of non-verbal information. These studies show that
left SMG stimulation is detrimental when applied during the
interval between the first and second tone sequences during
a pitch memory task but not when applied during the pres-
entation of the first sequence (Schaal et al. 2013, 2015a, b;
Vines et al. 2006). The authors interpreted these findings as
indicating that the left SMG is involved in the maintenance
of pitch information, which suggests that the phonological
store holds non-verbal auditory information in transient stor-
age. Whilst results from TMS studies investigating WM with
verbal (print or speech) and non-verbal auditory material
suggest a role for the left SMG in the transient storage of
auditory verbal and non-verbal information, to our knowl-
edge, no study has addressed the role of the pIFG in articu-
latory rehearsal (i.e., subvocal speech) during WM using
both auditory verbal and non-verbal materials. Given that
the pIFG is a core region for articulatory rehearsal, deter-
mining whether it is recruited during non-verbal auditory
WM task could provide valuable insights into the mecha-
nisms underlying the phonological loop components. More
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generally, mapping the scope of the different phonological
loop processes is key to advance current understanding of
the neurobiology of WM.

In the current study, we sought to investigate, using a
TMS-delayed priming paradigm, whether the left pIFG and
aSMG are involved in the storage of auditory verbal and
non-verbal information. To our knowledge, this is the first
TMS study to investigate the role of these two regions using
both auditory verbal (i.e., speech) and non-verbal (i.e., bird
sounds) stimuli. To test this hypothesis, we used a delayed
auditory discrimination task in which identical and differ-
ent pairs of sounds were presented. This allowed us to take
advantage of the well-established phenomenon of repetition
priming—the facilitation of a stimulus that has previously
been processed—to evaluate the effect of TMS during WM
processes. To target WM processes, that is, the phonological
store (maintenance of information) and articulatory rehearsal
mechanisms, we introduced a 750-ms delay between the two
stimuli. This delay was based on a prior electroencephalog-
raphy (EEG) study investigating the time course of verbal
working memory processes (maintenance and rehearsal pro-
cesses) (Ruchkin et al. 1997). Repetition priming manifests
itself behaviorally as a decrease in reaction times (RTs) for
the processing of a repeated stimulus and at the neural level
as areduction in activation (Henson et al. 2000b; Wig et al.
2005). Repetition priming has been reported for the process-
ing of verbal (Kouider and Dupoux 2005; Light et al. 1995;
Rueckl 1990) and non-verbal stimuli (Bergerbest et al. 2004;
Hutchins and Palmer 2008). Of particular interest is the fact
that repetition priming has been observed with both short
(2 s) and long delay (4—12 s) intervals between the pres-
entation of the first stimulus and repeated stimulus (Chao
et al. 1995). This allowed us to investigate, using a TMS-
priming paradigm, whether stimulation to the left aSMG
would interfere with the maintenance in memory of a stimu-
lus. TMS-priming paradigm has been used to investigate the
tuning of neural populations to specific features contained
in a stimulus that has been previously processed (Cattaneo
et al. 2008; Romei et al. 2016; Silvanto and Pascual-Leone
2008). TMS-priming paradigms are based on the concept
that the effects of TMS pulses are “state dependent”. In other
words, the effects of TMS on specific populations of neurons
are dependent on their firing history (Silvanto and Pascual-
Leone 2008). For instance, Cattaneo (2010) demonstrated,
using a TMS-priming paradigm, that neurons within the ven-
tral PM were selectively tuned to different types of grasping
actions (i.e., whole-hand grasp vs. precision grip).

In the present study, we expected TMS to reduce prim-
ing (by increasing the RTs of identical sequences) and sen-
sitivity, reflecting a decrease in the perceptual advantage
of the repeated stimuli. To examine the temporal unfolding
of the involvement of the left pIFG and aSMG throughout
the maintenance phase, TMS was delivered at two different

time points, early (250 ms—storage phase) or late (500 ms—
rehearsal phase), during the interstimulus interval. Our main
hypothesis was that TMS to the left aSMG during the “stor-
age phase” (250 ms into the delay) would disrupt the per-
formance for both auditory speech and non-speech stimuli
reflecting a role for this region in the maintenance of audi-
tory information in the phonological store, a domain-general
mechanism. In contrast, we expected TMS to the left pIFG
during the “rehearsal phase” (500 ms into the delay) to dis-
rupt performance only for the speech stimuli reflecting a
role for this region in the articulatory rehearsal processes,
a domain-specific mechanism.

Method
Participants

Nineteen healthy adults were recruited through emails sent to
Université Laval’s mailing lists as well as from the Lab par-
ticipant databank (BACH, #2014-369). We report the data
from 18 participants (mean age: 25.20+3.91; 10 females),
as one participant was unable to complete the TMS session
due to a headache. All participants were native speakers of
Quebec French, had normal or corrected-to-normal vision
and no self-reported speech, voice, language, swallowing,
psychological, neurological or neurodegenerative disorder,
and no severe respiratory disorder. All participants were
right-handed as assessed by the Edinburgh Handedness
Inventory (mean 18.66 +1.76/20) (Oldfield 1971). Partici-
pants’ cognitive level was assessed using the Montreal Cog-
nitive Assessment scale (MOCA) (mean 28.79 + 1.13/30).
Hearing was assessed using a standard pure tone audiometry
procedure using a clinical audiometer (AC40, Interacoustic).
A pure tone average was computed (at frequencies: .5, 1
and 2 kHz) for each ear. This evaluation confirmed that all
participants had normal hearing (right ear: —5.09 +3.74; left
ear: —2.77+4.35 dB HL). Prior to the experimental session,
all participants were screened for any relative or absolute
contraindication to TMS (Rossi et al. 2009; Wasserman
1998). The study was approved by the Institutional Ethical
Committee of the Institut Universitaire en Santé Mentale de
Quebec (#351-2013).

Materials and procedure

The experiment entailed two visits on two different days.
During the first visit, participants underwent structural mag-
netic resonance imaging (MRI). For 8 of the 19 participants,
the MRI images were acquired as part of previous projects
and retrieved from the Lab databank BACH (#369-2014).
During the second visit, participants completed a delayed
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Fig. 1 Experimental design

and trial structure. During the
750-ms delay between the two
stimuli, a single TMS pulse was
delivered either at 250 ms or
500 ms. Following the offset
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b

Stimulus

Single pulseTMS at
250 or 500 ms

Y

d

I "r

i Dela
before the trial ended '1(rins5)31 (750 n%/S) Stlmu|us
(+ 531 Response
mS) (same or different)  ITl

auditory discrimination task and two visual vVWM tasks
(n-back, Sternberg scanning, see Online Resource 1).

Task

A delayed auditory discrimination task was used to inves-
tigating the maintenance of auditory verbal and non-verbal
information (i.e., transient storage). Unlike other WM tasks,
such as the n-back task, discrimination tasks do not require
manipulation and updating of information, thereby isolating
maintenance mechanisms from other WM processes.

Participants were comfortably seated in a sound-attenu-
ated room wearing insert earphones (TMS compatible, non-
metallic, Etimotic Research INC, ER-1, Illinois, USA). The
auditory stimuli were presented through via a computer con-
trolled by the Presentation® software (version 18.1, http://
www.neurobs.com). For each participant, the volume was
adjusted using an amplifier (HP4, Presonus, Baton Rouge,
Louisiana, US) prior to beginning the experiment. Par-
ticipants responded using a response pad (RB-840 model,
Cedrus, San Pedro, California, US).

The task included a total of 384 trials. Each trial began
with the presentation of a red fixation cross, followed by the
presentation of two auditory stimuli (Fig. 1). The offset of
the first stimulus and the onset of the second stimulus were
separated by a 750-ms delay. This delay was sufficiently long
to target the phonological store and articulatory rehearsal
processes while minimizing difficulty associated with very
long delays. It has been shown, using event-related brain
potentials during a delayed matched to sample task, that
brain waves sensitive to memory load emerge immediately
following presentation of an auditory stimulus (a negative
frontal and a positive centro-posterior) (Ruchkin et al. 1997),
suggesting that such mechanisms were at play during our
750-ms delay.

On half of the trials (N=192), a single TMS pulse was
delivered either at 250 ms or 500 ms during the delay. On
the other half of the trials (N=192), no stimulation was
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(max 2000 ms) +1500 ms

delivered (no-TMS). Following the offset of the second
stimulus, a green question mark appeared on the screen tell-
ing participants that they should indicate whether the second
stimulus was identical to the first or different by pressing a
button on a response box. When the two stimuli in a pair
were identical, participants pressed a green button with their
right hand and when the stimuli differed, they pressed a red
button. The position of the green and red buttons on the
response pad was counterbalanced across participants. Par-
ticipants were given 2000 ms after the presentation of the
question mark to provide an answer. The trial ended with
either the button press or, if the participant failed to respond,
the trial ended after 2000 ms. The average inter-trial interval
was 1516.75 +£280.61 ms, ranging from 1000 to 2000 ms.

Stimuli

Two types of auditory stimuli were used: speech and non-
speech sounds. We refer to this as the “Stimuli” factor. The
speech sounds were 96 pairs of bisyllabic nonwords and
the non-speech sounds were 96 pairs of edited bird sounds.
Half the stimulus pairs were identical and the other half were
different. In addition, half of the pairs was produced by the
same speaker or same bird (i.e., one speaker or one bird
produced all of the sounds within a sequence); whereas, the
other half was produced by different speakers or birds (i.e.,
two different speakers or birds produced the sounds within
one sequence). This was done to make the task more chal-
lenging and more naturalistic by increasing the acoustical
variability of the stimuli.? Participants were asked to focus
on the nature of the sound ignoring the speaker/bird.

2 Each of the 96 speech and 96 non-speech stimuli were presented
twice, once with each stimulation site.

3 This factor was not included in the analyses as it was not a factor of
interest.
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The 96 non-speech sounds were created from 68 unique
sound files featuring thirty-seven different birds (e.g., parrot,
falcon, starling). These recordings are commercially avail-
able on iTunes (The Ultimate Sound Effects Collection:
Birds, 2010 by HDsoundFX). The bird sounds were recorded
at 44 kHz. Bird sounds were chosen, because they are, like
speech, time-varying and acoustically complex (Tremblay
et al. 2012). All sounds were edited for duration using Praat
software (Boersma and Weenink 2011). The resulting stim-
uli were normalized to a mean intensity of 85 dB HL using
Praat. A complete description of these stimuli (including
their spectro-temporal characteristics) can be found in Trem-
blay et al. (2012).

The 96 speech pairs were composed of Quebec French
bisyllabic nonwords not forming real words (a full list of
stimuli is supplied in Online Resource 2). The nonwords
were created from a set of 48 different consonant vowels
(CV) syllables produced by three different native adult male
French speakers from Quebec City (total of 144 tokens). The
syllables were composed of combinations of 12 consonants
(£, s, f,v,z,3, p, t, k, b, d, g/) and 4 vowels (e, 9, €, @/).
The syllabes (but not the pairs) have been used in a prior
study from our group (Tremblay et al. 2018). Each syllable
was recorded at least three times, as part of a carrier sen-
tence (i.e., Now I say _____). The recordings were made
in a double-walled soundproof room using a high-quality
headset microphone (Shure Microflex Beta 53) connected to
a Quartet USB audio interface (Apogee Electronics, Santa
Monica, CA 90,404, USA) and an iMac computer (OS X
10.9.4). All syllables were recorded using Sound Studio 4
software (Felt Tip inc., NYC, USA) at a sampling signal of
44.1 kHz and 24 bits of quantization. The sound files were
edited offline using Praat software (Boersma and Weenink
2011). Each syllable was segmented, and for each speaker,
the best exemplar of each syllable was selected. The result-
ing stimuli were normalized to a mean intensity of 85 dB
HL using Praat. The mean duration of the individual syl-
lables was 299 +72.55 ms; whereas, the mean duration
of the individual bird sounds was 233 +20.45 ms. The
mean duration of the individual syllables was significantly
longer than the mean duration of the individual bird sounds
(t;7=10.16, p<.001, Cohen’s d=1.25). Since the onset of
the delay and stimulation time were based on the offset of
the first sequence, the first sequences with shorter sound
duration were not kept longer in memory, as they would have
been with a fixed onset time for the delay and the stimula-
tion for all sequences. All stimuli and experiment files are
available online on the Scholar Portal Dataverse: https://doi.
org/10.5683/SP2/9YLXDF.

MRI acquisition and co-registration

A high-resolution T1-weighted anatomical MRI scan
was obtained for all participants on a 3T Philips Achieva
TX MRI scanner at the Clinic IRM Quebec-Mailloux
in Quebec City (matrix 256 mm X 256 mm, 180 slices,
I mmXx 1 mmX 1 mm, no gap). Prior to the TMS session, the
anatomical MRI was incorporated into Brainsight 2 (Rogue
Research, Montreal, Canada) to guide coil placement and
identify the stimulation targets. For each participant, four
anatomical landmarks (tip of the nose, bridge of noise and
intertragic notch) were identified on their T1 image to guide
MRI-to-head co-registration using an infrared tracking sys-
tem (Polaris, Northern Digital, Waterloo, Canada). Through-
out the TMS session, infrared tracking was used to monitor
the position of the coil with respect to the participant’s brain.

TMS

Participants were seated in a padded TMS chair with
their head comfortably held in place by a headrest (Rogue
Research, Montreal, Quebec, Canada). Stimulation was per-
formed with a figure of eight D707 coil combined to a Mag-
stim Rapid? stimulator (Magstim Company, Dyfed, UK). To
establish the resting motor threshold (RMT) of each par-
ticipant, the TMS coil was placed over the hand area of the
participant’s left primary motor cortex, previously identified
on the participant’s MRI scan. The coil was held tangen-
tially to the skull with the handle pointing posteriorly and
inferiorly. Single pulses were delivered to the hand motor
cortex and the intensity of the stimulation was adjusted until
the motor evoked potential (MEP) in the right FDI (EMG
Isolation Unit, Brainsight 2, Rogue Research, Montreal, QC,
Canada) was observed in 5 of the 10 trials with an ampli-
tude of at least 50 pV (Rossini et al. 1994). Adjustments
to the location of the stimulation were made to locate the
maximum excitable hand area. The stimulation intensity
was set to 110%* of the participant’s RMT, which ranged
from 45 to 73% (mean 60.5 + 8.3) of the output capacity
of the stimulator. Importantly, the stimulation parameters
used were well within TMS safety guidelines (Rossi et al.
2009; Wasserman 1998). Two cortical sites were selected
for stimulation (Fig. 2): the left pIFG® and the left aSMG.°
For each participant, the coordinates of the stimulation sites

* We selected this parameter based on previous studies that stimu-
lated similar regions within the inferior frontal cortex or the supra-
marginal gyrus (Devlin et al. 2003; Romero et al. 2006).
3 We selected this region based on studies investigating phonological
processes (Gitelman et al. 2005; McDermott et al. 2003).

6 We selected this region based on a previous study from our group
(Deschamps et al. 2014).
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Fig.2 Target region for TMS
stimulation. Sagittal views of
one of the participants’ brain
illustrating the target regions
(pIFG and aSMG)

(left pIFG and left aSMG) were determined based on their
own macrostructural gyral anatomy using Brainsight 2 soft-
ware, a computerized frameless stereotaxic system (Rogue
Research, Montreal, Canada). For the left aSMG, we first
identified the end point of the lateral fissure. The stimula-
tion site was then set by selecting a point that was 5 mm
anterior to the endpoint of the posterior ramus of the lateral
fissure and 5 mm inferior to the anterior point. The mean
coordinates in Talairach space for the left aSMG as defined
by the MNI-152 template in BrainSight 2 software (Rogue
Research, Montreal, Canada) were — 50 to 38 26. For the
left pIFG, we first identified the junction between the pre-
central gyrus (PrCG) and the inferior frontal sulcus (IFS).
The stimulation site was then set by selecting a point that
was 5 mm anterior to the PrCG/IFS junction and halfway
between the IFS and the lateral fissure. The mean coordi-
nates in Talairach space as defined by the MNI-152 tem-
plate in BrainSight 2 software (Rogue Research, Montreal,
Canada) for the left pIFG were —44 10 14.

Each participant underwent four runs of single-pulse
TMS: two runs of pIFG stimulation (including one run of
speech and one run of non-speech stimuli) and two runs
of aSMG stimulation (one run of speech and one run of
non-speech stimuli). At the beginning of each run, the coil
was placed either on the left pIFG or the left aSMG. The
accuracy of the coil placement was monitored continuously
using Brainsight 2. Throughout the experiment, the position
was maintained within .22 +.18 mm of the target on average.

Stimulation was delivered on half of the trials (N=192),
while no stimulation was applied during the other half (no-
TMS) (N=192). On half of the TMS trials (N=48), a pulse
was delivered early during the delay (i.e., 250 ms after delay
onset, “TMS @250”); while on the other half of the trials
(N=48), a pulse was delivered later during the delay (i.e.,
500 ms after delay onset, “TMS@500"; Fig. 1). The order
of the runs and target regions was counterbalanced across
participants. Trial order was randomized within each run.
This experimental set-up resulted in 384 trials distributed
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A. Posterior inferior frontal gyrus

Precentral

B. Anterior supramarginal gyrus

across 16 conditions: 4 stimulation levels (no-TMS @250,
no-TMS @500, TMS @250 ms, TMS @500 ms) X 2 target
areas (pIFG, aSMG) X 2 stimuli (speech, non-speech).

Data analysis

All data were analyzed using SPSS 22 (IBM, Armonk, NY).
Response accuracy was analyzed within the framework of
signal detection theory (Macmillan and Creelman 2004).
Specifically, d-prime (d') and criterion (c) were calculated.
D-prime (d') is defined as the ability to accurately discrimi-
nate between identical syllable pairs (target) and non-iden-
tical syllable pairs (non-target trials). Criterion (c) is defined
as the tendency to select one response (i.e., same or differ-
ent) over the other (Macmillan and Creelman 1990). C is,
thus, a measure of response bias; when ¢ =0, participants
do not have a bias towards one response over the other. For
RTs, a priming score (i.e., the difference in RTs between the
processing of non-identical and identical stimuli) was cal-
culated for each condition. RT was defined as the time from
the offset of the second sound in the second sequence, which
corresponds to the appearance of the question mark (Fig. 1),
to the onset of participants’ response. Priming scores were
calculated after removing incorrect trials and removing RTs
that were three times above or below the interquartile range
for each participant in each condition. Trials containing
errors represented 4.5% of all trials.

For each dependent measure (d’, ¢, and priming), we cal-
culated two difference scores ([TMS @250—no-TMS @250];
[TMS @500—no-TMS @500]). Each of these scores was
entered in a separate ANOVA with three repeated factors:
Region (pIFG, aSMG), Stimuli (speech, non-speech), and
Time (TMS @250, TMS @500). Measures of effect sizes
are provided in the form of partial eta squared (1712)), which
are reported for all main effects and interactions. Significant
interactions were decomposed into simple effects. For all
significant group results, we show corresponding individual
data (Weissgerber et al. 2015).
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jl'ab.le 1 Discriminability Stimuli pIFG aSMG

indices: d' and ¢ for each

condition TMS @250—no- TMS @500—no- TMS @250—no- TMS @500—

TMS @250 TMS @500 TMS @250 no-
TMS @500

Speech d’ .06 (.07) —.02 (.06) 0(.04) .04 (.07)
Non-Speech d’ —.02(.09) —44(13) A1 (.14) —-.31(12)
Speech ¢ .05 (.03) .01 (.02) .2 (.03) .02 (.03)
Non-speech ¢ .09 (.07) .02 (.06) .07 (.06) —.14 (.07)
Mean (SEM)
SEM standard error of the mean

Results differences between no-TMS trials, additional paired-sam-

Discrimination performance

First, we examined whether non-speech stimuli were harder
to discriminate (using d') than speech stimuli in the absence
of TMS. A paired-sample ¢ test was computed. The results
demonstrate that both sound categories were highly dis-
criminable (speech: mean d'=3.35, SD=.13; non-speech:
mean d'=2.93 SD =.34), though the non-speech sounds
were significantly harder to discriminate than the speech
sounds (¢;;,=—5.37, p=.00005, 95% CI [.25, .57], Cohen’s
d=1.31).

Next, we examined the difference between TMS and
no-TMS trial for each discriminability index (d' and ¢) for
each condition (Table 1; Online Resources 3 and 4, respec-
tively). The results of the repeated measures ANOVA for
d' and c are detailed in Table 2A, B, respectively. Only
significant effects are reported in the text. For d’, a main
effect of Stimuli was found (F (1, 17)=7.76, p=.014,
ng =.31), with participants being better at discriminat-
ing between speech than non-speech sequences. A main
effect of Time was also found (F (1, 17)=8.35, p=.010,
5 =.33), with participants being worse at discriminating
between sequences following stimulation at TMS @500
than TMS @250. The Stimuli*Time interaction was also
significant (F (1, 17)=6.76, p=.019, ng =.28). A simple-
effect analysis revealed a significant difference between
the two stimulation times for the non-speech stimuli (F
(1, 17)=8.54, p=.01, ng =.33), with participants being
worse at discriminating between sequences following
stimulation at TMS @500 than TMS @250. No significant
difference between the two stimulation times was found
for the speech stimuli (F (1, 17)=.11, p=.8, ng =.006).
To determine the source of difference for the non-speech
stimuli (i.e. [TMS @250—no-TMS @250] # [TMS @500—
no-TMS @500]), a series of Bonferroni-corrected paired-
sample t-tests were conducted between TMS trials and
the no-TMS trials at each time point for the non-speech
sounds. To ensure that the interaction was not driven by

n

ple ¢ tests were also conducted to compare TMS @250 and
TMS @500 as well as no-TMS @250 and no-TMS @500
trial (level of significant needed is .0125, .05/4 com-
parisons). As illustrated in Fig. 3, a strong significant
difference was found at TMS @500 (¢,;,=4.06, p=.001,
95% CI [.18, .58], Cohen’s d=.97). A significant dif-
ference was also found between TMS trials (TMS @250
— TMS@500) (t;;,=-3.07, p=.005, 95% CI [.09, .46],
Cohen’s d=.74). No other comparison reached signifi-
cance. Thus, TMS interfered with participants’ ability to
discriminate between sequences when delivered 500 ms
into the delay. For ¢, no significant main effects or interac-
tions were found.

Table 2 Results of the repeated-measures ANOVA for d’ and ¢

2

Effects Type Il sum fvalue df  pvalue n
of squares

A. Results for d'
Region .16 1.62 1,17 22 .09
Stimuli 1.26 7.59 1,17 .01 31
Time 1.75 8.39 1.17 .01 33
Region*Stimuli .16 .76 1,17 .40 .04
Region*Time .03 13 1,17 .73 .007
Stimuli*Time 1.49 6.76 1,17 .02 28
Region*Stimuli*Time .04 45 1,17 .51 .03

B. Results for ¢
Region .09 4.03 1,17 .06 .19
Stimuli .005 .08 1,17 .79 .004
Time 23 3.57 1,17 .08 17
Region*Stimuli .06 1.53 1,17 .23 .08
Region*Time .02 .38 1,17 .55 .02
Stimuli*Time .14 3.16 1,17 .09 .16
Region*Stimuli*Time .07 1.16 1,17 .30 .06

Significant effects are in bold. ng partial eta square, df degrees of free-
dom
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Fig.3 TMS-induced changes
in sensitivity for the non-
speech sounds. a The bar charts
illustrate the decomposition of *
the Stimuli*Stimulation time 3 I
interaction for d'. The y axis

represents sensitivity measured
as d'. Error bars represent the
standard error of the mean.
Asterisks indicate a significant
difference. b The individual
value plots show the d’ values
for each subject. Positive values
indicate better sensitivity. The
median sensitivity is repre-
sented as a thick black line

non-speech sounds
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A. Group RT results in the no-TMS trials

A. Group-level sensitivity results for the

TMS @500 ms

B. Individual-level sensitivity results for
the non-speech sounds
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Fig.4 Priming effect during the no-TMS trials. a The bar graphs rep-
resenting reaction times (RT) for identical and different stimuli dur-
ing the no-TMS trials for speech and non-speech stimuli. Lower val-
ues indicate a reduced processing time for repeated stimuli (priming).

Diff. Same Diff. Same

Error bars represent the standard error of the mean. Asterisks indicate
a significant difference. b The line charts illustrate individual RT data
for the different and same stimulus trials. Each line represents one
subject

Table 3 Priming expressed as the difference in log,,. | transformed RT between non-identical and identical stimuli during no-TMS

Stimuli Mean SEM 95% C1 t value daf p value Cohen’s d
Speech .06 .01 [.04,.09] 5.04 17 <.001 1.33
Non-speech 11 .02 [.08, .15] 6.98 17 <.0001 1.55

MS milliseconds, SEM standard error of the mean, CI confidence interval, df degrees of freedom

Priming

First, we validated that priming was indeed observed on RT
in the absence of TMS. To do so, the RTs were first trans-
formed to the log of 10 because they were not normally dis-
tributed. Following the transformation, we compared the RT
of non-identical stimuli to the RT of identical stimuli using
paired-sample 7 tests, separately for the speech and non-
speech trials. As illustrated in Fig. 4 and detailed in Table 3,
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the results demonstrated that non-identical stimuli took
longer to process than identical stimuli regardless of Stim-
uli (speech: #;;=5.04, p <.001, 95% CI [.04, .09], Cohen’s
d=1.33; non-speech: #;;=6.98, p <.0001, 95% CI [.08, .15],
Cohen’s d=1.55). Next, we examined whether non-speech
stimuli regardless of whether the sequences were identical
or different took longer to process than speech stimuli in the
absence of TMS. While both speech sounds and non-speech
sounds were processed relatively fast (speech sounds mean:
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Table 4 Mean (SEM) priming (difference in RT between non-identical and identical stimuli)

Stimuli pIFG aSMG
TMS @250—no-TMS @250 TMS @500—no-TMS @500 TMS @250—no- TMS @500—no-TMS @500
TMS @250

Speech 65.26 (21.5) ms —70.3 (22.6) ms 60.3 (29.9) ms —52.1(14.9) ms

Non-speech —6.4 (38.6) ms —34(22.9) ms —3.1(21.5) ms —41.3 (22.8) ms

SEM standard error from the mean

Table 5 Results of the re.pe.'?lted Effects Type II sum of squares fvalue df p value n’

measures ANOVA for priming b
Region 19,655.39 .07 1,17 8 .004
Stimuli 1,739,627.93 1.53 1,17 23 .08
Time 22,134,226 17.41 1,17 .001 51
Region*Stimuli 67,380.30 .06 1,17 .80 .004
Region*Time 36,129.22 .03 1,17 .88 .001
Stimuli*Time 7,472,528.33 5.65 1,17 .03 25
Region*Stimuli*Time 256,813.08 20 1,17 .66 .01

Significant effects are in bold. ng partial eta square, df degrees of freedom

Fig.5 TMS-induced changes

in priming. a The bar charts
illustrate the decomposition of
the Stimuli*Time interaction for
priming. The y axis represents
priming in milliseconds (dif-
ferent—same stimuli) for speech

A. Group priming data
120

90

sounds. Error bars represent
the standard error of the mean.
Asterisks indicate a significant
difference. b The individual
value plots show priming in ms
for each subject. Positive values

.
1

Priming (ms)

indicate a stronger priming 0
effect. The median priming
values are represented as thick
black lines
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RT=310.57 ms, SD =105.8 ms, non-speech sounds mean:
351.14, SD=110.76), a paired-sample ¢ test demonstrated
that the non-speech sounds took significantly more time to
process than the speech sounds (¢,;=4.24, p=.00005, 95%
CI -60.76, —20.4], Cohen’s d=.90).

The priming scores representing the difference between
identical and different stimuli for each condition are listed
in Table 4. The result of the repeated-measures ANOVA for
priming is summarized in Table 5 and Online Resource 5. A
main effect of Time was found (F (1, 17)=17.41, p=.001,
ng =.51), with participants exhibiting less priming follow-
ing stimulation at TMS @500. The Stimuli*Time interaction
was significant (F (1, 17)=5.65, p=.03, ng =.25). A sim-
ple-effect analysis revealed a significant difference between
the two stimulation times only for the speech stimuli (F (1,

TMS @500 ms

Baseline TMS @500 ms

17)=23.95, p<.0001, ng =.58), with participants exhibit-
ing reduced priming following stimulation at TMS @500
(Fig. 5). No significant difference between the two stimu-
lation times was found for the non-speech stimuli (F (1,
17)=1.35, p=.26, nlz) =.074). To gain a better understand-
ing of these results, a series of Bonferroni-corrected paired-
sample ¢ tests was conducted for speech sounds in TMS
and no-TMS trials at each time point to determine whether
TMS trials were significantly different from no-TMS tri-
als. To ensure that the effect was not driven by differences
between no-TMS trials, additional paired-sample 7 tests were
also conducted to compare TMS @250 and TMS @500 as
well as no-TMS @250 and no-TMS @500 trial (level of
significant needed is .0125, .05/4 comparisons). A strong
and significant difference was found for speech sounds at
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TMS @500 (t,;,=4.42, p=.0004, 95% CI [31.93, 90.44],
Cohen’s d=1.04) and between TMS trials (TMS @250
— TMS@500) (¢,;,=-3.15, p=.005, 95% CI [226.21,
1145.98], Cohen’s d=.74). No other comparisons reached
significance. These results demonstrate that the source of the
effect observed for speech sounds is due to the application of
TMS at 500 ms into the delay (TMS@500). To investigate
the nature of the TMS effect, that is, whether the reduction in
priming that was observed was caused by an inhibitory effect
of TMS (i.e., an increase in RTs for identical sequences dur-
ing TMS trials) or a facilitatory effect (i.e., a decrease in
RTs for different sequences during TMS trials), two paired-
sample ¢ tests were conducted between no-TMS @500 and
TMS @500 trials for both identical and different sequences.
A significant difference was found for the different sequences
(t;7=3.33, p=.004,95% CI [17.76, 79.19], Cohen’s d=.78)
but not for the identical sequences (t,;=.42, p=.68, 95%
CI [-73.98, 48.56], Cohen’s d=-.42). Thus, TMS@500
facilitated the processing of non-identical sequences, thereby
reducing the priming effect.

Discussion

The present experiment aimed to investigate the scope
(domain specific vs. domain general) of auditory WM
mechanisms during the processing of auditory verbal and
non-verbal information. Based on previous studies, we
selected two core regions of the phonological loop, the
left aSMG and the left pIFG. We hypothesized that the left
aSMG would exhibit domain-general sensitivity because of
its involvement in the temporary storage of auditory verbal
and non-verbal information, and that the pIFG would exhibit
domain-specific sensitivity because of its involvement in
articulatory rehearsal. We also expected that TMS applied
to the aSMG during the “storage phase” (TMS @250) would
disrupt performance for both speech and non-speech sounds;
whereas TMS applied to the pIFG during the “rehearsal
phase” (TMS @500) would disrupt only speech sounds. Our
hypotheses were partially verified since TMS to both regions
disrupted performance for the speech and non-speech stim-
uli. There were three main findings: (1) TMS during the
late part of the delay disrupted performance for both speech
and non-speech independently of the target; these effects
were strong (sensitivity: Cohen’s d=.97; priming Cohen’s
d=1.04); (2) specifically, TMS led to a decline in discrimi-
nation of non-speech sounds but (3) to reduced priming for
the speech sounds (due to a facilitation effect).

The finding that TMS only disrupted performance during
the later part of the delay is at odds with our initial hypoth-
esis. The lack of TMS effect during the early phase of the
delay (i.e., TMS @250) for both regions could indicate that,
early into the delay, maintenance/articulatory rehearsal
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mechanisms may not be deployed yet, though this is in
contrast with prior ERP evidence (Ruchkin et al. 1997). It
is possible that encoding mechanisms may still be at play
within the first 500 ms of the delay (Schiller et al. 2003).
The results of the current experiment support this hypoth-
esis as an effect of TMS was only observed during the late
phase of the delay for non-speech and speech stimuli. These
findings are congruent with the results of a TMS experi-
ment that reported TMS effects 300 ms post delay onset
during an auditory verbal and non-verbal n-back tasks (Imm
et al. 2008). Future single-pulse TMS studies using longer
intervals between stimuli (> 1 s) as well as a broader set of
intervals for stimulation within the delay (for example, every
100 ms for a second) are needed to map the temporal unfold-
ing of WM mechanisms and better understand the neural
architecture of WM.

The findings that TMS has a different impact on sensi-
tivity and RT as a function of stimulus type (speech, non-
speech) and that TMS reduced priming by facilitating the
detection of different sequences were also unexpected. Our
original hypothesis was that TMS would disrupt perfor-
mance by reducing or abolishing priming for both speech
and non-speech sounds. It is possible that a difference in
the vulnerability of the mechanisms involved in processing/
storing speech and non-speech within the phonological loop
may account for this different impact. Moreover, we found
that non-speech sounds were harder to process than speech
sounds, as indicated by globally slower RTs (speech sounds
mean: RT=310.57 ms, SD=105.8 ms, non-speech sounds
mean: 351.14, SD=110.76, a 13% increase) and lower dis-
crimination scores (speech: mean d’'=3.35, SD=.13; non-
speech: mean d'=2.93 SD=.34, a 12.5% decrease) It is pos-
sible that non-speech sounds were processed too slowly to be
affected by TMS in terms of RT. The fact that discriminabil-
ity was affected only for the non-speech sounds may reflect a
harder processing difficulty level. Future TMS studies using
different types of non-speech sounds (e.g., tones, whistling,
humming) are needed to investigate the source of this differ-
ence and to reveal underlying mechanisms. Though discrimi-
nation was high in both conditions, matching performance
between verbal and non-verbal material may help dissociate
difficulty from processing-related differences.

As for the facilitatory effect of TMS observed in the
current study, state-dependent TMS studies have shown
that TMS can reduce priming by selectively enhancing the
detection of non-primed targets. It has been suggested that in
state-dependent priming paradigms, neurons that are tuned
to the prime are more active at the time of the TMS applica-
tion than neurons tuned to the non-prime target. The applica-
tion of TMS enhances the processing of the less active neu-
rons prior to the presentation of the target stimulus, thereby
facilitating the detection of non-primed targets and leaving
primed targets unaffected (Cattaneo et al. 2008; Silvanto
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et al. 2007; Silvanto and Pascual-Leone 2008). Although
these studies are based on state-dependent priming para-
digms, it is plausible that in the current study, TMS intro-
duced “neuronal noise, a term that describes the ‘‘random’’
activity of neurons that is not associated with the encoding
of behaviourally relevant variables.” (Miniussi et al. 2010, p.
129). In non-linear system, such as the brain, the addition of
noise can increase the distinctiveness between the prime and
non-primed target, akin to stochastic resonance (Miniussi
et al. 2010). It is also congruent with a study on auditory
working memory, which found that the addition of white
noise can improve performance on a recall task because the
items become more dissimilar (Othman et al. 2019).

Parallel processing within the phonological loop?

Our finding that TMS to the left aSMG and left pIFG during
the late part of the delay (TMS @500) affected both speech
and non-speech sounds, suggests that these regions may
operate in parallel, at least during the first 500-ms window
and that damage to either part of the system leads to a break-
down. The hypothesis that WM regions operate in parallel is
consistent with a recent fMRI study by Fegen et al. (2015),
in which the authors demonstrated that the pIFG and area
Spt were sensitive to memory load (i.e., number of letters
recalled) and rehearsal rates during a vVWM task, suggesting
that these regions are involved in the maintenance/articu-
latory rehearsal of information. Importantly, the authors
used a long delay (44 s), which was divided into three equal
time bins. The comparison of pIFG and Spt activation lev-
els across these bins revealed no significant difference. The
author interpreted these findings as suggesting that main-
tenance/articulatory rehearsal mechanisms may operate in
parallel. Here, it is important to note that area Spt, not the
aSMG was identified as the anatomical locus of the phono-
logical store. This discrepancy will be addressed in the next
section (i.e., auditory verbal and non-verbal information and
the phonological loop).

It is worth noting that other WM components have been
dissociated in time using single-pulse TMS. Specifically,
a single pulse TMS study by Mottaghy et al. (2003) docu-
mented a detrimental effect of TMS on accuracy 260 ms
post-stimulus onset during a visuo-verbal n-back task when
TMS was applied to the left middle frontal gyrus (MFG) and
220 ms post-stimulus onset when TMS was applied to the
left IPS. These results suggest that the left MFG and left IPS
are involved in different mechanisms during visual verbal
n-back tasks, or at least that they are involved in processes
that operate sequentially within the first 260 ms post-stim-
ulus onset. Mottaghy and colleagues suggested that the left
MFG may be involved with processes associated with the
central executive system, while the IPS may be involved with
storage processes. Thus, it is possible that WM mechanisms

associated with different components (e.g., central execu-
tive vs. phonological loop) are easier to dissociate in time
compared to WM mechanisms that are associated with the
same component (i.e., phonological loop), which may occur
in parallel or closer together.

Another possibility is that, in the present study, WM
mechanisms and auditory sensory memory mechanisms
were involved. Auditory sensory memory (ASM) has been
defined as a modality-specific, passive store not involving
active manipulation or rehearsal, unlike WM, that can be
assessed during a task to compare sounds (Nees 2016).
It was recently suggested that ASM operates in parallel
with WM mechanisms, and that ASM mechanisms can be
observed up to 20 s after the presentation of a stimulus (Nees
2016). The short delay used in the current study does not
allow us to separate ASM from WM mechanisms. As such,
future single-pulse TMS studies using either longer delays
(>20 s) or the presentation of an irrelevant auditory stimulus
just after the target sound to overwrite the ASM trace are
necessary to determine whether WM mechanisms can be
dissociated from ASM mechanisms.

Auditory verbal and non-verbal information
and the phonological loop

The question of the role that the pIFG and the aSMG play
during auditory verbal and non-verbal tasks remains unan-
swered. Are they part of the phonological loop or do they
support other functions involved in auditory WM tasks (e.g.,
ASM, attentional processes, sensorimotor processes)? If
these two regions support functions involved in WM tasks,
perhaps, as suggested by some authors, the phonological
store should not be viewed as a distinct construct local-
izable to a specific anatomical area, but rather as the by-
product of regions that collaborate during WM tasks and
support speech perception and production (Buchsbaum and
D’Esposito 2008, 2019; Macken and Jones 2003). Each
of these possibilities will be discussed in the following
paragraphs.

In a recent TMS study conducted by Hartwigsen et al.
(2016), it was found that the combination of offline aSMG
TMS prior to online pIFG rTMS leads to the same detrimen-
tal effect on performance during a phonological decision
task (i.e., counting syllables) than the one observed when
stimulating only one of these two regions while performing
the same phonological task. This finding suggests that each
region makes a unique contribution to phonological deci-
sion tasks and that stimulation to one of these two regions
is sufficient to disrupt performance. The authors interpreted
these findings as suggesting that these regions (aSMG and
pIFG) might play a role in working memory. Based on pre-
vious TMS studies, the authors suggested that the aSMG
might be involved in the maintenance of information in the
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phonological store and that the pIFG might be involved in
subarticulatory rehearsal. Of particular interest to the current
study is the finding that the syllable counting task used by
Hartwigsen et al. (2016), in addition to being a phonological
task, also required WM and ASM. That is, in order to be able
to count the number of syllables in a word, participants had
to rely on the short-term storage of phonological informa-
tion as well as rehearsal processes. Similar to the current
study, their task also recruited WM and ASM processes.
It is, therefore, possible that the aSMG and the pIFG are
involved in parallel processes; the aSMG in ASM processes
and the pIFG in WM processes (i.e., articulatory rehearsal).
This also raises the possibility that perhaps the “phonologi-
cal store” as described by Baddeley and Hitch is not a dis-
tinct construct, but rather the by-product of regions within
sensorimotor and cognitive networks (WM, attentional) that
collaborates during WM tasks. Stimulation to either of these
regions would affect performance on WM tasks. This is the
notion of the phonological store presented by Buchsbaum
and D’Esposito (2008, 2019), and others (Jones et al. 2007,
Macken and Jones 2003).

In the current study, stimulation to the aSMG during the
late phase of the delay disrupted the performance for both
speech and non-speech sounds (Cohen’s d=.97; priming
Cohen’s d=1.04). These results are consistent with previ-
ous TMS studies that have documented an effect of TMS and
tDCS during verbal (Deschamps et al. 2014; Kirschen et al.
2006; Romero et al. 2006) and non-verbal auditory WM
tasks (Schaal et al. 2015a, b; Vines et al. 2006). The finding
that TMS also disrupted the performance for non-speech
sounds raises the possibility that the aSMG is involved in the
short-term maintenance of auditory information, a domain-
general mechanism. It should be noted that based on the
paradigm used in this study, it is not possible to dissociate
whether the short-term maintenance of auditory informa-
tion is part of the phonological loop or ASM. In the current
study, to determine whether two sequences were identical
or not, regardless of content (speech vs. non-speech), par-
ticipants could either rely on the lingering ASM trace or the
rehearsed WM trace, as both memory traces exist in paral-
lel (Nees 2016). To be able to dissociate ASM from WM,
a longer delay (> 20 s) or overwriting the auditory trace by
presenting an irrelevant auditory stimulus just after the first
stimuli is needed.

Another possibility that cannot be discarded is that TMS
may not be able to dissociate processes related to the main-
tenance of speech and non-speech sounds in memory if they
occur within adjacent subregions of the aSMG. Given that
cytoarchitectonic and receptor architectonics analyses of the
inferior parietal lobule have identified four subregions (area
PF, PFop, PFt and PFcm) within the aSMG (Caspers et al.
2008, 2012) and that the resolution of TMS ranges between .5
and 1 cm (Sliwinska et al. 2014), if the stimulation site used
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in the current study overlapped two subregions, it might have
affected the maintenance of speech and non-speech sounds
simultaneously.

We also observed a disruption in the performance following
stimulation to the left pIFG during the later phase of the delay
for speech and non-speech sounds (Cohen’s d=.97; priming
Cohen’s d=1.04). While our results converge with previous
TMS studies that have implicated the pIFG in articulatory
rehearsal mechanisms during vWM tasks (Hartwigsen et al.
2010a, b; Nixon et al. 2004; Romero et al. 2006) and phono-
logical judgments (Burton et al. 2000, 2005), the finding of
an effect of TMS on non-speech stimuli is novel. One pos-
sibility is that participants tried to rehearse the sound they
heard, as a strategy to facilitate discrimination. This hypothesis
is congruent with a recent TMS study by Liao et al. (2014),
which demonstrated that the left primary motor cortex (M1)
was involved in motor-based strategies for rehearsal of verbal
(i.e., words and pseudowords) but also non-verbal stimuli (i.e.,
foreign Chinese characters). Thus, the finding that verbal and
non-verbal stimuli engage similar rehearsal mechanisms sup-
ports the hypothesis that WM mechanisms are domain general.
This finding is also congruent with the idea that the phonologi-
cal loop in humans evolved from an auditory—vocal interface
also found in non-human primates to support language learn-
ing capacities. According to this evolutionary perspective, the
evolution in humans of the auditory—vocal interface into the
phonological loop also resulted in enhanced auditory working
memory to support speech as we know it today. Most impor-
tantly, since the auditory—vocal interface interacted with other
sensory modalities, it supports the notion that the phonological
loop is also involved in non-speech processes (Aboitiz 2018;
Michon et al. 2019).

Domain general models of memory (e.g. Atkinson and
Shiffrin 1968; Barrouillet et al. 2004; Cowan 2001) pro-
pose that the same general memory principles (i.e., encod-
ing, recall, etc.) apply to various stimulus modalities. Along
the same conceptual line, it has recently been argued that
language studies tend to focus on language-specific inter-
pretations of results; whereas more basic, domain general
computations and neurobiological mechanisms may provide
valid alternative interpretations for language-related findings
(Hasson, Egidi, Marelli, and Willems 2018). We suggest that
the finding of a general contribution of the pIFG in rehearsal
of auditory stimuli should be interpreted as evidence of
domain-general mechanisms underlying the rehearsal of
auditory information.

Conclusion

Our results demonstrate that TMS delivered to two important
WM regions, the left pIFG and the left aSMG, impairs per-
formance during the processing of speech and non-speech
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stimuli. These findings suggest the existence of domain-
general auditory WM maintenance mechanisms that pro-
cess both speech and non-speech stimuli. Yet, the nature of
the disruptions found for each type of sound was different,
with a reduction in RT for speech sounds and a decrease in
accuracy for non-speech sounds, which suggests different
computations being performed on these different inputs or,
alternatively, different time courses. Future TMS studies are
needed to replicate these results and explore the time course
of auditory WM processes to gain a more thorough under-
standing the underlying mechanisms, as well as examine
whether other WM processes (e.g., storage, manipulation)
are domain general, by exploring the effect of modality and
type of WM process (n-back, delayed discrimination, serial
recall). Such knowledge is needed to inform current neu-
robiological models of WM and eventually contribute to
guiding clinical interventions for WM deficits in adults and
elderly populations.
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