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The present paper reviews behavioral and neuroimaging findings on similarities and differences between verbal and
tonal working memory (WM), the influence of musical training, and the effect of strategy use on WM for tones.
Whereas several studies demonstrate an overlap of core structures (Broca’s area, premotor cortex, inferior parietal
lobule), preliminary findings are discussed that imply, if confirmed, the existence of a tonal and a phonological loop
in musicians. This conclusion is based on the findings of partly differing neural networks underlying verbal and tonal
WM in musicians, suggesting that functional plasticity has been induced by musical training. We further propose a
strong link between production and auditory WM: data indicate that both verbal and tonal auditory WM are based
on the knowledge of how to produce the to-be-remembered sounds and, therefore, that sensorimotor representations
are involved in the temporary maintenance of auditory information in WM.
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Introduction Our paper, however, is theoretically embedded in the
highly influential Baddeley and Hitch® WM model
because studies exploring the question whether WM
for music and language differs have been primarily
based on this WM model.>'*"!8 Furthermore, al-
though parts of this model are still discussed, no
other model of verbal WM is as well investigated,
developed, and accepted as the phonological loop.'®

The terms STM and WM have not been used
consistently in the literature.? One possibility is to
use the term STM to refer to the simple tempo-
rary storage of information, and WM to refer to the
maintenance and manipulation of information.”2
Often it is not well defined whether a task needs
additional processing and/or manipulation;” there-
fore, no distinction has been made between STM
and WM in the present paper, but we will refer only
to WM instead. In addition, we will use the term

Working memory (WM) describes a brain system
responsible for temporary storage and simultane-
ous manipulation of information,' which is criti-
cal for higher cognitive functions such as planning,
problem solving, and reasoning, but also for under-
standing or appreciating speech and music.

The present paper is based on the WM model
developed by Baddeley and Hitch,® which assumes
an attentional control system (the “central execu-
tive”) that operates in conjunction with two sub-
sidiary systems: the visuospatial sketchpad and the
phonological loop. The visuospatial sketchpad pro-
cesses and stores visual and spatial information;
the phonological loop represents verbal short-term
memory (STM). The mutual interaction between
long-term memory (LTM) and WM was recognized
by the introduction of a fourth component to the
model: the episodic buffer. This limited capacity sys-
tem is assumed to bind information from the sub- g, example, if participants in an auditory WM experi-
sidiary systems, store information in a multimodal  ment have to decide whether one test stimulus was pre-
code, and enable the interaction between WM and  gented previously during a sequence consisting of several
LTM.* stimuli, it is not known whether or how much manip-

We acknowledge that there are many other STM  ulation in addition to simply storing and rehearsing the
or WM models (for an overview, see Refs. 5, 6-11).  auditory sequence is required.
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auditory WM to describe WM processes for verbal
or nonverbal stimuli that were presented auditorily.
Finally, it should be noted that whereas verbal WM
experiments used both recall and recognition tasks,
studies exploring WM for tone material were rely-
ing on recognition tasks (but see Ref. 12 for a recall
task for musical stimuli).

Behavioral studies

WM for verbal information

Baddeley and Hitch® suggested a multicomponent
WM model in which verbal information is processed
by a phonological loop. This component can be
further subdivided into a passive storage compo-
nent (phonological storage) and an active rehearsal
mechanism (articulatory rehearsal process). It is as-
sumed that the passive storage component can store
auditory or speech-based information for a few sec-
onds.”® If the information has to be maintained
for longer, the articulatory rehearsal process can re-
hearse the verbal information, a process compara-
ble to subvocal speech. The articulatory rehearsal
can be interrupted by articulatory suppression,'+?
which usually involves overt articulation (for exam-
ple, Refs. 21 and 22-26), preventing the articulatory
rehearsal mechanism to subvocally rehearse verbal
material and thus reducing the verbal WM func-
tion. The word length effect, on the other hand,
refers to the phenomenon that participants show a
greater memory span®? and a superior recognition
accuracy?! for short words than for long words. The
effect of articulatory suppression and of word length
suggested that during the articulatory rehearsal pro-
cess, verbal material is maintained by using a phono-
logical code, comparable to subvocal speech (for an
overview, see Refs. 1, 2, and 5). The phonological
similarity effect describes participants’ inferior per-
formance to recall** or recognize?” phonologically
similar verbal material compared to phonologically
dissimilar verbal material.

WM for tonal information

The Baddeley and Hitch WM model'*> does not
specify whether the phonological loop also serves
the processing of nonphonological information, or
whether different subsystems (a “tonal loop”!* or a
“musical loop”!*) exist in addition to the phonolog-
ical loop. As described previously, verbal informa-
tion can be maintained in verbal WM by internal

articulatory rehearsal. But does internal rehearsal
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also work for pitch information? Studies that inves-
tigated this question yielded conflicting results, indi-
cating either a behavioral improvement of WM per-
formance by internal rehearsal'*'*!® or only a small
improvement or no improvement at all.?*~** How-
ever, these studies differed with regard to the degree
to which participants could imitate and repeat the
experimental stimuli. Experiments that find only a
small or no effect of internal rehearsal used tones,
whose frequencies did not correspond to the fre-
quencies of the Western chromatic scale;***° tones
with a frequency difference smaller than the smallest
difference, namely one semitone, used in songs of
Western tonal music;**** and/or chords consisting
of several simultaneously played sine-wave tones.”
In comparison, if studies used tones whose frequen-
cies did correspond to the frequencies of the Western
chromatic scale,!>!8 or if the frequency differences
between the used tones were not smaller than one
semitone,!>1%1% then the observed results support
the hypothesis of a rehearsal mechanism underlying
WM for tones.

Comparison between verbal and tonal WM

WM for tones is fundamental for music perception
and production. However, the majority of research
on auditory WM has been carried out using verbal
material, namely phonemes, syllables, and words.
Research on WM for pitch or the “tonal loop™!?
is rather scant and does not yet provide a con-
sistent picture. Deutsch®' observed that presenting
intervening tones interfered more strongly with a
WM task for tones than presenting phonemes, and
this was interpreted as evidence for a specialized
tonal WM system. Further, Salame and Baddeley™
showed that instrumental music interfered less with
verbal WM compared to vocal music, supporting
the theory of two independent WM systems for ver-
bal and tonal stimuli. On the other hand, Semal et
al? criticized that the frequency relations between
the standard tones and the intervening verbal mate-
rial were not controlled in Deutsch’s®! study, which
might explain the missing interference between the
standard tones and the intervening verbal material.
Pitch similarity of the intervening stimuli (words or
tones) had a greater effect on the performance rate
than the modality (verbal or tonal) of the interven-
ing stimuli,* indicating that pitches for both verbal
and tonal stimuli are processed in the same WM sys-
tem. Along these lines, Chan et al.** reported that
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musical training increases verbal WM performance,
indicating that rather overlapping mechanisms are
underlying verbal and tonal WM. Further support
for similarities between auditory verbal and tonal
WM comes from an experiment using a suppression
paradigm in musically experienced participants.'®
Musical (singing “la”) and verbal (producing the
words “the”) suppression decreased recognition ac-
curacy for both digit and tone sequences, indicating
that musical or verbal suppression does not selec-
tively impair verbal or tonal WM. In a recent study,
Williamson et al.'> compared WM recall for tones
and letters. Their results suggest that well-known
characteristics of verbal WM could also be observed
for the tonal modality: WM for tonal information
showed limited capacity, and nonmusicians, but not
musicians, showed a decreased performance if the
tone sequences consisted of more proximal pitches
compared to more distal pitches, an effect resem-
bling the phonological similarity effect in the verbal
WM domain.

Neuroanatomical correlates of WM

WM for verbal information

As seen for the behavioral experiments, most stud-
ies investigating the functional neuroarchitecture of
auditory WM used verbal material. Neuroimaging
studies indicate that mainly Broca’s area and premo-
tor areas (as well as pre-SMA and SMA) play a cru-
cial role during the internal rehearsal of verbal ma-
terial.>>° In addition, evidence suggests that both
the insular cortex®®“**! and the cerebellum?®4**3
are involved in internal rehearsal of verbal informa-
tion. Whereas the involvement of Broca’s area and
the premotor cortex during the internal rehearsal
has been supported by numerous studies, the re-
search results regarding the phonological store have
been much less conclusive. The phonological store
has been suggested to rely on parietal areas, partic-
ularly the inferior parietal lobule (IPL; Refs. 35, 37,
38, and 42-46), but also on the superior parietal lob-
ule (SPL, Ref. 35). However, the localization of the
phonological store in the parietal lobe is very con-
troversial for several reasons. First, neural activity
in this area might also reflect increased engagement
of attentional resources.*”*® Second, the reported
coordinates for the phonological store differ greatly
between studies,'” and finally, the IPL is not acti-
vated during passive listening,'**’ which should be
the case if this structure is involved in automatically
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storing incoming auditory information as suggested
by the WM model.!> !

Alternatively, area Spt (Sylvian—parietal-
temporal, left posterior planum temporale) has
been suggested to be involved in the temporary
storage of verbal information during WM tasks."”
This is because activation in the left Spt has been
observed to be enhanced during the delay period
of a WM task!”*" and to be independent of the
modality of the presented stimuli (auditory or
visual; Ref. 50). On the basis of these findings and
because area Spt also supports speech processing,
it has been proposed that area Spt acts as an
auditory-motor interface for WM.!7:1%:50 This
proposition fits nicely with the hypothesis of
a dual-stream model of speech processing.’'~>*
In this model, a ventral stream supports speech
comprehension via a lexical access while a left
dominant dorsal stream, which comprises also
area Spt, enables sensory—motor integration, i.e.,
the mapping of the perceived speech signals onto
articulatory representations.

WM for tonal information

In comparison to the underlying networks of the
phonological loop, far fewer neuroimaging stud-
ies have investigated WM for tones. In participants
who were not selected for musical expertise, Gaab
etal.>® showed activation of the supramarginal gyrus
(SMG), the SPL, the planum temporale, premotor
regions encroaching on Broca’s area, and cerebellar
regions during a pitch memory task. This network
is surprisingly similar to the network subserving
the phonological loop described above. A similar
network, including the inferior frontal and insular
cortex, the planum temporale, and the SMG, had
previously been reported to be activated during the
active retention of pitch.>®

Comparison between verbal and tonal WM

To our knowledge, only three neuroimaging studies
have directly compared the neural correlates un-
derlying auditory WM for tonal and verbal ma-
terial.'>™'” Hickok et al!” compared the neural
correlates underlying verbal and tonal WM in
nonmusicians using functional magnetic resonance
imaging (fMRI). Melodic sequences (tonal con-
dition) and sentences consisting of pseudowords
(verbal condition) were presented auditorily, and
subsequently participants rehearsed internally the
verbal and tonal stimuli. Results showed that
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internal rehearsal of both verbal and tonal mate-
rial activated the area Spt, Broca’s area, and left
premotor regions.!” Very similar activations were
observed in the study by Koelsch et al,'® in which
similarities between the neural components under-
lying WM for verbal (syllables) and tonal (pitch)
material were investigated using a recognition task.
During the verbal rehearsal, a neural network com-
prising the premotor cortex, the anterior insula, the
SMG/intraparietal sulcus (IPS), the planum tempo-
rale, the inferior frontal gyrus, pre-SMA, and the
cerebellum was activated, mainly in the left hemi-
sphere. Importantly, the neural network activated
during the tonal rehearsal was virtually identical to
that observed during verbal rehearsal. In an fMRI
study by Schulze et al.,'® similarities and differences
of the functional networks underlying the internal
rehearsal of verbal and tonal WM were investigated
using a recognition task. Similar to our previous
study,'® both verbal and tonal WM-activated areas
typically reported in previous experiments on either
verbal'-*>37:38 or tonal WM!7+>3¢ in nonmusicians.
The fact that both verbal and tonal WM activated
these core structures, namely Broca’s area, the left
premotor cortex, (pre-)SMA, left insular cortex, and
left IPL, corroborates previous results showing con-
siderable overlap of the networks underlying verbal
and tonal WM.!®!7 Importantly, only in nonmusi-
cians, all structures involved in tonal WM were also
involved in verbal WM in contrast, verbal but not
tonal WM relied on additional structures that have
previously been implicated in verbal WM.!+#7:5” This
difference in activation of WM resources in nonmu-
siciansis reflected in the behavioral data that showed
better performance during verbal compared to tonal
WM.

In summary, consistent across studies,'>"'” data
obtained from nonmusicians indicate a consider-
able overlap of neural resources underlying WM for
both verbal and tonal information. This common
network includes a mainly left-lateralized fronto-
parietal network (premotor cortex, Broca’s area, and
in two of the three studies, the IPL,'>!° the cerebel-
lum,'*! and the planum temporale/area Spt'®17).?

The fMRI studies that detected activation in Spt used
continuous scanning,'®:!7-° whereas Schulze et al.'® used
a sparse temporal sampling scanning technique that
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Comparison between nonmusicians
and musicians
Because speech is a fundamental human skill typ-
ically acquired during early childhood, nonmusi-
cians can be considered to be trained in processing
and producing speech, but they possess less exper-
tise in the music domain. Thus, for a more bal-
anced comparison of verbal and tonal WM, Schulze
et al.”” investigated in addition highly trained musi-
cians. Interestingly, many of the structures, namely
Broca’s area, left premotor cortex, left insular cor-
tex, (pre-)SMA, cingulate gyrus, and left IPL, which
were activated more strongly in nonmusicians dur-
ing verbal compared to tonal WM, were activated
more strongly in musicians compared to nonmu-
sicians during tonal WM. That is, the functional
network on which nonmusicians relied for verbal
WM was also used by musicians for tonal WM.
In contrast to nonmusicians, musicians recruited a
number of structures exclusively for either verbal or
tonal WM. For tonal information these areas were
the left cuneus, the right globus pallidus, and the
right caudate nucleus, as well as the left cerebellum,
and for verbal information the right insular cortex.
In addition, activation differences between verbal
and tonal WM were observed in a number of struc-
tures in musicians, providing a first indication of
the existence of two WM systems, namely a phono-
logical loop maintaining phonological information
and a tonal loop dedicated to the maintenance of
tonal information. Both systems activated the same
core structures of WM and therefore showed con-
siderable overlap, but both systems also differed in
that they relied on different neural subcomponents.
Importantly, the structural differences between the
verbal and tonal loop in musicians could not be
explained simply by performance differences be-
tween the tonal and the verbal tasks, because several
brain structures were recruited selectively for ver-
bal or tonal WM (see discussion in Refs. 15 and
58). One hypothesis, based on the assumption of
functional plasticity induced by music, is that mu-
sical expertise leads to a network comprising more
structures underlying tonal WM, therefore showing
a considerable overlap with the functional network

might have not been sensitive enough to capture Spt
activation.
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subserving verbal WM, but also exhibiting substan-
tial differences.

Sensorimotor codes

To account for the similarities between ver-
bal WM with speech production (and speech
perception), the underlying representations of
verbal WM have been termed sensorimotor
codes.”® The following results indicate that, in-
deed, internal verbal rehearsal shares some char-
acteristics with speech production. The word-
length effect and the articulatory-suppression
effect suggest that verbal WM is compara-
ble to subvocal speech (for an overview see
Ref. 1). Furthermore, the phonological loop is con-
ceived asa memory system involving internal articu-
latory speech actions implemented by motor-related
areas such as Broca’s area, premotor and insular cor-
tex,* (pre-)SMA,*’=*° and the cerebellum.**-*?

For tonal WM, findings indicate that internal
rehearsal mainly improves WM performance for
tones if participants are able to imitate and repeat
the auditory stimuli,'>!18 in contrast to studies
in which this might have been more difficult or
impossible. 2830

Remarkably, the superior performance of non-
musicians during verbal compared to tonal WM,
and the better performance of musicians compared
to nonmusicians during tonal WM, were primarily
associated with activation differences in structures
known to be involved in the control, programming,
and planning, in addition to execution of actions,
such as Broca’s area, premotor cortex, (pre-)SMA,
left insular cortex, IPS, IPL, and the cerebellum."

The behavioral and neurophysiological differ-
ences between WM for verbal and tonal information
in nonmusicians were interpreted as a consequence
of a more extensive production and rehearsal of ver-
bal information in everyday life. Musicians, on the
other hand, might have more elaborate sensorimo-
tor codes underlying the internal rehearsal of tones
compared to nonmusicians. This indicates func-
tional plasticity induced by musical training and,
more specifically, might be a consequence of mu-
sicians’ long-term learning of associations between
pitch information and motor actions.®*%

Previous research has established that Broca’s area
and the premotor cortex are involved in the planning
and controlling of vocal and hand actions®>*® and
in auditory-motor mapping;®” movement represen-
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tations for both speech and music are supported
by the anterior insula;>!**% and these structures
serve voluntary motor control and contribute to the
programming, initiation, and execution of move-
ments.”%73

Therefore, sensorimotor processes may assist
with the representation and manipulation of infor-
mation, and sensorimotor coding could play an im-
portant role for WM processes. This points toward
a basic mechanism of auditory WM: to translate
the sensory auditory event into a rehearseable sen-
sorimotor code. Action-related sensorimotor codes
are assumed to be based on motor knowledge—
how to produce the auditory stimulus (e.g., sylla-
ble, tone)—and are thought to be involved in the
rehearsal and representation of information in au-
ditory, verbal, and tonal WM.!>-17:74

The dual-stream model of speech perception
assumes that one of the functions of the dorsal path
of the auditory system is sensory—motor integration,
i.e., mapping the perceived speech signals onto ar-
ticulatory representations. The left-dominant dor-
sal stream for sensory—motor integration involves
structures at the parietal-temporal junction and
projects to the premotor cortex and Broca’s area,>
structures that were also observed for verbal and
tonal WM.'>"17 Speech production requires motor
speech representations but also representations of
sensory speech targets that are important for com-
paring between predicted and actual consequences
of motor speech acts.”® Furthermore, in a recent
paper it has been suggested that sensorimotor inte-
gration also plays a role during singing.” In conclu-
sion, we propose that internal rehearsal associated
with auditory WM relies on sensorimotor represen-
tations, which might also be crucial for singing and
speaking.

51-53

WM and strategy

The amount of information that can be main-
tained by the WM system is limited.!"?*7® How-
ever, the use of a strategy, for example chunk-
ing the to-be-remembered information,””’® can
improve WM performance. Chunking refers to a
process in which elements of information are or-
ganized into one unit or chunk,”® with stronger
associations between items within one chunk than
between chunks.”® This process is assumed to be
supported by the episodic buffer enabling features
from different sources to be bound into chunks and
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new information to be integrated into an existing
context stored in LTM.> Previously, the neural corre-
lates underlying such strategy-based memorization
were explored using visual-spatial or verbal mate-
rial,®*-#? but it was mainly unknown whether a sim-
ilar network is also involved during strategy-based
WM for tones.

By using structured (all tones belonged to one
tonality) and unstructured (atonal) five-tone se-
quences, Schulze et al.®* investigated whether mu-
sical structure influences encoding and rehearsal in
a nonverbal auditory WM task and how this is re-
flected in the brain of nonmusicians and musicians.
Musicians, but not nonmusicians, showed better
performance for structured than for unstructured
sequences, indicating that musicians’ knowledge
about musical regularities®>~*® helped them to keep
the structured sequences in WM. The data®* in mu-
sicians showed that a lateral (pre-)frontal-parietal
network, including the right inferior precentral sul-
cus, the premotor cortex, and the left IPS, was more
strongly involved during WM for structured com-
pared to unstructured auditory sequences. Previ-
ous research reported the involvement of a sim-
ilar network during strategy-based WM process-
ing for visual and auditory-verbal stimuli,®!-%
therefore pointing toward a modality-independent
(pre-)frontal—parietal network subserving strategy-
based WM.

In a behavioral study by Schulze et al.,*” partici-
pants had to indicate whether two sequences were
the same or different, the facilitating effect of tonal-
ity (structure) on WM performance for tones could
be confirmed, and was also observed for nonmusi-
cians. Tonality, however, only improved WM perfor-
mance for tones during maintenance (forward task),
but not during manipulation (backward task).

l.,89

Summary and conclusion

This paper reviewed research results indicating dif-
ferences and similarities between verbal and tonal
WM related to the underlying mechanisms and neu-
ral correlates. Whereas the core structures, namely
Broca’s area, premotor cortex, and IPL, show a con-
siderable overlap, these preliminary findings in mu-
sicians suggest that there are also different subcom-
ponents activated either during verbal or tonal WM.
These results indicate, if confirmed, the existence of
both a tonal and a phonological loop in musicians.
We further propose a strong link between produc-
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tion and auditory WM. Both verbal and tonal audi-
tory WM appear to be based on the knowledge of
how to produce the to-be-remembered sounds, and
we therefore suggest that sensorimotor representa-
tions are involved in the temporary maintenance of
auditory information in WM.
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