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Abstract

“Seeing with the mind’s eye” and “hearing with the mind’s ear” are two common indica-
tors of musical imagery, and they can be referred to as “visual” and “auditory” musical
imagery. However, a question remains open, that is, whether visual and auditory imagery
of the same musical composition share the same neural mechanisms. Moreover, how can
neural mechanisms guarantee the temporal flow of “musical imagery”? To answer these
questions, we report here a preliminary single case study using functional magnetic reso-
nance imaging with an eminent composer who imagined one of his compositions in two
states of mind as compared to his resting-state activity. In the visual imagery condition, he
imagined visually the score of his composition in a continuous way. In the auditory imag-
ery condition, he imagined auditorily the same musical composition with pauses. In spite
of the modality and temporal differences, the two types of mental imagery showed similar
temporal durations for the same musical composition. However, different patterns of neu-
ral activation were observed for visual and auditory imagery with one important exception,
that is, a common activation pattern was observed in the left medial temporal gyrus in
both visual and auditory imagery. We speculate that the left medial temporal gyrus may
play an important role in the creation of apparent temporal continuity in musical imagery
and perhaps even in conscious information processing in general.
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tool (e.g., Griffiths, 2000; von Trott Zu Solz et al., 2017;
Zatorre & Halpern, 1993). Although the term “imagery”

For a better understanding of how cognitive contents like
thoughts, feelings, memories, or images are neuronally repre-
sented, different behavioral and imaging paradigms have been
used, including mental imagery procedures (e.g., von Trott Zu
Solz et al., 2017). One open question is whether “seeing with
the mind’s eye” or “hearing with the mind’s ear” as indicator
of mental imagery may be equivalent (or at least similar) to the
perceptual process itself. Independent of controversies about
potential similarities in neural activation patterns of imagery
and visual or auditory perception, the critical point has been
raised that imagery suffers severe limitations, and should not
be used as an experimental paradigm due to its subjectivity
(e.g., Pylyshyn, 1973; Watson, 1913). However, in spite of
such methodological criticism important insight has been
gained about the neuro-cognitive machinery using imagery as a

might suggest that it refers only to the visual modality, audi-
tory (musical) and tactile imagery are also recognized
(e.g., Halpern et al., 1995; Kraemer et al., 2005; McGuire
et al., 1996; von Trott Zu Solz et al., 2017;). In fact, musical
imagery (Bailes, 2019; Cotter, 2019; Halpern, 2001; Weber &
Brown, 1986; Zatorre & Halpern, 1993) can be quite domi-
nant like echoing a musical motif in our mind for hours. An
impressive individual example for the power of auditory imag-
ery is Ludwig van Beethoven who became deaf later in his life
and in spite of his deafness still was a creative composer. This
process of composing presumably happened on the basis of
auditory imagery initiated and then followed by the visual
equivalent in the musical scores. This duality of the two
involved sensory modalities is another example of complemen-
tarity as a generative principle which can be observed in several
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domains of human cognition like in top-down and bottom-up
visual processing, in content of conscious representation and
logistic functions (like musical motifs and their temporal
dynamics), or aesthetic evaluations when linking aesthetic
appreciation and cognitive appraisal (Bao & Poéppel, 2012;
Bao, von Stosch, et al., 2017b; Bao, Yang, Lin, Fang,
etal., 2016a; Zhang et al., 2017; Zhou et al., 2016).

Considering that both auditory and visual imageries for the
same musical composition share identical musical content, one
question is whether the underlying neural mechanisms of audi-
tory and visual imageries are similar or different. Furthermore,
another question is, how can neural mechanisms guarantee the
temporal flow of “musical imagery”? With respect to the latter
point we would like to cite a statement by the eminent con-
ductor Bruno Walter (1957, p. 36): “Kontinuitit des Tempos
gehort zu den wichtigsten Grundsitzen des Musizierens”
(“The continuity of tempo is one of the most important princi-
ples to make music”). Thus, temporal control is essential in
music, and the open question is whether such temporal control
is equivalent (or at least similar) in imagery compared to the
perceptual process itself. It has been suggested that specific
“time windows” of finite durations are essential for temporal
control. In the low-frequency domain, a time window of 2-3 s
has been experimentally identified for different kinds of cogni-
tive processes like speech segmentation, intentional movement
control, sensorimotor synchronization, bistable perception, or
aesthetic evaluation (Bao et al., 2015; Wang et al., 2015; Yu &
Bao, 2020; Zhao et al., 2018). Furthermore, this time window
may also be essential for the control of tempo in music as
suggested previously (Poppel, 1989).

Although auditory imagery has been studied experimentally
using behavioral paradigms or imaging techniques like
magnetoencephalography (Schiirmann et al., 2002), positron
emission tomography (Halpern & Zatorre, 1999; Zatorre
et al., 1996), functional magnetic resonance imaging (fMRI;
Halpern et al., 2004; Kraemer et al., 2005; Yoo et al., 2001)
with healthy subjects or brain-injured patients (Zatorre &
Halpern, 1993), there has been a neglect in analyzing the tem-
poral continuity of imagery. Thus, temporal processing is an
issue with respect to the question how information processing
in the time domain is implemented on the neural level. Does
the brain process information in a continuous form or in
a sequence of discrete instants? Introspectively, subjective
time has been considered as a continuous flow. William
James (1890) has been one of the pioneers assuming conscious-
ness as “‘sensibly continuous”. Indeed, our intuition suggests
that time is continuous rather than characterized by discrete
temporal steps. However, experimental evidence shows that
the intuition of a continuous time in perception and cognitive
activities in general is misleading, and that this intuition can
perhaps be considered as an illusion (Bao et al., 2015; Bao,
Yang, Lin, & DPoppel, 2016b; Eriksen & Collins, 1968;
Péppel, 1970, 1971, 1997; Zhou et al., 2014). For instance, if
one takes a look at the receptor surface of information
processing in the visual and auditory modality, then discrete
time sampling with distinct time windows is actually a neces-
sity.  The different transduction time in these sensory

modalities, the physical characteristics of stimuli with different
intensities or distances to the observer, or the divergent neuro-
anatomical projection to central regions of the brain have as a
consequence that physical time cannot be mapped directly
onto central areas of the brain like the primary visual or audi-
tory cortices. The resultant distortion can, however, be over-
come by time windows of finite duration within which
information being processed at different physical times is
treated as co-temporal. Such a mechanism of overcoming ill-
defined temporal information can technically be implemented
by neural oscillations with different frequencies (Bao
et al., 2015; Poppel, 1970, 1971, 1997). It is then a general
question how information represented in such sequential time
windows with different frequencies are connected with each
other to result in apparent continuity. What are the neural
mechanisms behind these constructions of continuity, in par-
ticular with respect to the “functional glue” of the time win-
dow of 2-3 s that has been considered as the “subjective
present” (Bao et al., 2015; Péppel, 1997; Yu & Bao, 2020)?
Perhaps by focusing on mental imagery with and without
interruptions to the same musical composition one could
scratch the surface of an answer.

Thus, in the experiment described, we aimed to obtain a
better understanding of the underlying neural mechanisms of
auditory and visual imagery with an identical musical composi-
tion, and furthermore, to get a hint how apparent continuity
might be created in musical imagery. Since there exists only a
small number of exploratory results implemented on musicians
who have received long-term musical training to do both audi-
tory and visual musical imagery, and different musical compo-
sitions might result in diverse mental processes in different
individuals due to the different degrees of familiarity and
understanding of the compositions etc., we decided to conduct
an exploratory single case fMRI experiment trusting in the
power of such studies (Flyvbjerg, 2006). Single case studies
have been proven to be of heuristic value in many domains of
cognitive processes like in better understanding speech, referen-
tial or procedural memory as well as visual, musical, or tactile
imagery (Bao, Péppel, et al., 2017a, Bao, Yang, et al., 2017¢;
Poppel & Bao, 2018; von Trott Zu Solz et al., 2017).

MATERIALS AND METHODS
Participant(s)

The 71-year-old German composer P.M.H. took part in the
experiment after giving informed written consent. He had
corrected-to-normal visual acuity, and he had no history of
neurological diseases. He was enthusiastic about being involved
in the study, and he understood the demands upon his time,
effort, and experimental conditions. The study was approved
by the ethical committee of Ludwig Maximilian University
Munich, Germany, in agreement with the Declaration of Hel-
sinki. Prior to the experiment the composer had composed a
piece of some 6 min duration without prescribed limitations to
genre or instrumentation.
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Material

The composition was used as stimulus material for musical
imagery in the fMRI experiment with a block design. The
composer was firstly measured the resting-state activity for
7.5 min; during this condition, the composer was instructed to
keep his eyes closed and was told not to think about anything
particular. After this initial phase, two experimental conditions
with auditory and visual imagery were tested. The reason why
we implemented the experiment into two auditory and visual
conditions lies in two facts: (a) we did not see in the literature
the different temporal aspects of auditory and visual imagery
among musicians; and (b) we wanted to know whether differ-
ent brain patterns are observed during two diverse kinds of

imagery.

Procedure

A pause of 5 min was inserted between adjacent conditions. In
the auditory condition, the composer was asked to imagine
auditorily his composition; in this experimental phase, the
musical imagery was separated into four parts, each lasting
1.5 min. The reason behind separation of auditory imagery
into four sections was determined according to the composer’s
idea. Between sequential parts, he was required to pause for
some 30 s. No explicit feedback was given with respect to the
amount of time that had passed. The composer indicated the
start and the end of each part by pressing a button with his
right index finger. In the visual condition, the composer used
visual imagery going through the score of his composition. No
pause was inserted into the continuous imagery. The composer
simply indicated the beginning and the end of his visual imag-
ery. Both visual and auditory imagery are routine tasks of pro-
fessional musicians. In a report 2 months later after the
experiment, the composer confirmed that he imagined his
composition in the interrupted auditory phase as music

“hearing it with the mind’s ear”, and in the uninterrupted
visual phase he went through the score “seeing it with the
mind’s eye”.

Tools/apparatus

Brain imaging data was obtained with a 3T standard clinical
MRI scanner (Ingenia; Philips Medical Systems Nederland)
with a 32ch receiving head coil. For BOLD signals, T,*-
weighted EPI sequences were used (TR = 2500 ms;
TE = 30 ms; flip angle = 90 ; acquisition matrix = 80 x 80;
number of slices = 43; slice thickness = 3 mm, no gap
between slices). In total, one run of 372 functional volumes
was acquired for the subject. Structural data was acquired
with a T-weighted scan of each participant’s brain anatomy
(I mm X 1 mm X 1 mm; 240 x 240 matrix, field-of
view = 220 mm).

All neuroimaging data were preprocessed and analyzed
using SPM12 (Statistical Parametric Mapping V12, http://
www.fil.ion.ucl.ac.uk/spm). The functional scan volumes were
subjected to spatial realignment to correct for head motion. In
further preprocessing analysis, the mean functional image was
co-registered to the anatomical image, normalized to the Mon-
treal Neurological Institute (MNI) template provided in
SPM12, and spatially smoothed to reduce noise using a Gauss-
ian kernel of 8 mm full width at half maximum. The task was
modeled as a block design. We applied a general linear model
(GLM) using predictors convoluted with a typical hemo-
dynamic response function. Two experimental conditions
(auditory imagery and visual imagery) were compared to the
resting-state condition respectively to generate statistical para-
metric maps of the t-tests (auditory condition vs. resting-state
condition, and visual condition vs. resting-state condition). For
these statistical tests, significant voxels initially passed a voxel-
wise statistical threshold of p < .001, and a cluster-level thresh-
old was obtained at the statistical significance level of p < .01.

TABLE 1 Brain regions that respond to the comparisons of auditory imagery versus resting-state, and the visual imagery versus resting-state

Montreal Neurological Institute coordinates

Number of voxels

Brain regions x y z 2z scores

Auditory imagery versus baseline
LMTG =57 -10 =25 5.27 71
LITG —48 -13 —37 4.37 26
LTP —54 5 =31 3.79 70

Visual imagery versus baseline
LMTG —54 —-10 -25 10.94 172
LSTG —60 -31 11 8.98 276
LMTG —60 —-19 -7 7.87 48
LCN —24 —1 23 7.78 37
LSG —45 —40 35 7.78 258
LPG —45 —-22 35 7.64 26

Note. The resting-state activity serves as a baseline in the experiment. Abbreviations: LMTG = left middle temporal gyrus; LTP = left temporal pole; LITG = left inferior temporal gyrus;
LCN = left caudate nucleus; LPG = left postcentral gyrus; LSG = left supramarginal gyrus; LSTG = left superior temporal gyrus.
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FIGURE 1 Differences in brain activation for visual imagery without a
pause versus resting state (A) and for auditory imagery with pauses versus
resting state (B). Activations are cluster-level corrected with p (familywise error;
FWE) < .05. The x, y, and z coordinates are normalized using a standard brain
from the Montreal Neurological Institute and displayed in radiological
convention

RESULTS

Before we focused on the underlying neural mechanisms of
auditory and visual imagery of musical composition, we firstly
checked the behavioral data with respect to the time of imag-
ery. Compared to the consciously perceived time of the musical
composition, that is, 6 min when the composition was made
by the composer, does visually imagining the same musical
piece without interruption share the same temporal duration?
Moreover, when the imagery is interrupted with its four seg-
ments as in the auditory condition, does the mental imagery
still hold the same temporal constant?

When the composer made his continuous visual imagery
with his “inner eye” on the score of the composition, he
showed a rather accurate temporal control; the visual imagery
phase lasted 6 min and 9 s. The durations of the four sequen-
tial parts of the auditory imagery were 80.8, 80.9, 85.3, and
129.3 s, respectively; thus, the three first parts were shorter
than the target duration of 90 s, and the fourth part was con-
siderably longer compared to the preceding three parts and the
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FIGURE 2 Venn diagram illustrating the overlap between auditory
imagery and visual imagery. Circle size is proportional to the size of the
networks identified. Abbreviations indicate the brain regions where activities
were observed: LMTG = left middle temporal gyrus; LTP = left temporal
pole; LITG = left inferior temporal gyrus; LCN = left caudate nucleus;
LPG = left postcentral gyrus; LSG = left supramarginal gyrus; LSTG = left

superior temporal gyrus

target duration of 90 s. To put the four parts together, the
whole auditory imagery lasted 6 min and 27 s.

With respect to the imaging data, the neural network for
visual imagery versus resting-state included the sup-
ramarginal gyrus and the postcentral gyrus, both in the left
hemisphere. In the temporal cortex, the middle temporal
gyrus and the superior temporal gyrus in the left hemisphere
were also activated. In addition, an activation of the left cau-
date nucleus was observed, which is considered part of the
basal ganglia (Table 1, Figure 1A). In the comparison of
auditory imagery versus the resting-state, an activation pat-
tern was observed in the middle and the inferior temporal
gyrus of the left hemisphere. In addition, there was a signifi-
cant activation of the temporal pole in the left hemisphere
(Table 1, Figure 1B). The Venn diagram illustrates the sepa-
ration and the overlap of the two experimental conditions
(Figure 2). Although the patterns of neural activation are
different, there is one important exception, that is, the left
middle temporal gyrus (LMTG) is shared both by visual and
auditory imagery.

DISCUSSION

Our behavioral results of the total imagery timing showed
rather similar temporal durations for both visual and auditory
imagery, which were quite close to the consciously perceived
time of the musical composition. However, the experimental
segmentation of the composition may have had an influence
on the temporal control of mental imagery. If one takes only
the first three segments of auditory imagery and compares this
duration with visual imagery, one may conclude that the
visual imagery for the corresponding part had a longer dura-
tion; with this conclusion, one assumes that following the
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score of the composition visually did not change in “mental
speed” throughout the entire composition of 6 min. How-
ever, as the sum of the four segments in auditory imagery is
not too much different from the target duration, one may also
speculate that the different parts of the score had actually
comparable durations during visual and auditory imagery.
Another possibility could be that the composer reported that
he got tired during visual imagery at the end and therefore he
may also have slowed down during the last part of visual
imagery, similar to the auditory imagery. An answer to this
question on the behavioral level has to remain open. Whether
an answer can be obtained with imaging technology is a
major challenge as it requires identification of distinct pat-
terns of neural activation both for visual and auditory imagery
at corresponding phases of the composition. After having ana-
lyzed the MRI data in this experiment it has to be concluded
that it is not possible to get an answer as the patterns of neu-
ral activation are very different for visual and auditory
imagery.

The imaging data in our experiment clearly showed very
different neural patterns for auditory imagery and visual imag-
ery. This was consistent with mental imagery as a unique men-
tal phenomenon being separated from the auditory and visual
sensory channels in general. Thus, mental imagery seems to be
modality-specific, even though common musical composition
is used for different modality imagery. On the other hand,
since both auditory and visual imagery in our experiment share
the same semantic content with similar temporal duration, a
common neural mechanism, if it exists, should be related to
such commonality. Indeed, the temporal gyrus in the left
hemisphere was activated for both auditory and visual imagery
conditions, as shown in the Venn diagram (Figure 2). This
new observation may lead to a potential answer to the question
how apparent continuity is created at neural level. The fact that
discontinuous mental imagery in another modality (auditory
modality) share a common neural underpinning with continu-
ous mental imagery in visual modality has actually provided
better evidence for understanding the temporal continuity of
musical composition, since otherwise it will be difficult to
exclude the modality contribution if discontinuous and contin-
uous mental imagery are compared in the same modality.
Thus, we speculate that the LMTG with its common neural
pattern in the two experimental conditions could be a signature
of temporal continuity in musical imagery, which serves the
function of filling the temporal gap of sequential musical
representations.

Is there any other evidence available for supporting such
a speculation mentioned above? It has for instance been
shown that the LMTG is an important region for the
semantic component in language (Acheson & Hagoort,
2013). As semantics is not limited in typical situations to
separate time windows, it can be assumed that apparent con-
tinuity (or the “illusion of continuity”) may be a conse-
quence of the semantic component in language with its
longer time constant. What an utterance means within one
time window is carried over to the meaning in the next time
window; thus, a long-term narrative can provide in a top-

manner a temporal glue. Supporting evidence comes from
some lesion studies; injuries in this region may cause alexia
and agraphia for kanji characters used in Japanese writing,
thus destroying the capacity to extract the meaning (Sakurai
et al., 2008). The LMTG is also activated during poem com-
position (Liu et al., 2012), and it has been shown to be part
of a conceptual/semantic network (Wei et al., 2012). Another
study shows that theta-band oscillations in the LMTG imitate
novel word consolidation (Bakker-Marshall et al., 2018). In
some schizophrenic patients it has been reported that audi-
tory verbal hallucinations are related to a cortical thinning in
the LMTG (Cui et al.,, 2018). Furthermore, an increased
LMTG was found in both low- and high-function autism in
another study (Jia et al., 2018). Although these different
results can be considered only as circumstantial evidence in
favor of our speculation and not as a proof, they at least do
not contradict it.

In conclusion, auditory and visual imagery of the same
musical composition are characterized by different neural pat-
terns, but meanwhile share a common activation of the
LMTG. On the basis of previous studies (Cui et al., 2018; Jia
etal., 2018; Liu et al., 2012) together with the present exper-
iment, the LMTG might be involved in creating temporal
continuity of mental imagery. If one considers some general
features shared by language and music from a cultural and
evolutionary perspective (Jackendoff, 2009), our experiment
also suggests similarities in composing music and linguistic
artifacts. However, it has to be further investigated whether
the LMTG and its network is indeed causally linked to neural
mechanisms that create continuity of conscious information
processing.
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