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Musical training is associated with increased structural and functional connectivity between auditory sensory areas and higher-
order brain networks involved in speech and motor processing. Whether such changed connectivity patterns facilitate the cortical
propagation of speech information in musicians remains poorly understood. We here used magnetoencephalography (MEG) source
imaging and a novel seed-based intersubject phase-locking approach to investigate the effects of musical training on the interre-
gional synchronization of stimulus-driven neural responses during listening to naturalistic continuous speech presented in silence.
MEG data were obtained from 20 young human subjects (both sexes) with different degrees of musical training. Our data show ro-
bust bilateral patterns of stimulus-driven interregional phase synchronization between auditory cortex and frontotemporal brain
regions previously associated with speech processing. Stimulus-driven phase locking was maximal in the delta band, but was also
observed in the theta and alpha bands. The individual duration of musical training was positively associated with the magnitude of
stimulus-driven alpha-band phase locking between auditory cortex and parts of the dorsal and ventral auditory processing streams.
These findings provide evidence for a positive relationship between musical training and the propagation of speech-related infor-
mation between auditory sensory areas and higher-order processing networks, even when speech is presented in silence. We sug-
gest that the increased synchronization of higher-order cortical regions to auditory cortex may contribute to the previously
described musician advantage in processing speech in background noise.
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Significance Statement

Musical training has been associated with widespread structural and functional brain plasticity. It has been suggested that these
changes benefit the production and perception of music but can also translate to other domains of auditory processing, such as
speech. We developed a new magnetoencephalography intersubject analysis approach to study the cortical synchronization of stim-
ulus-driven neural responses during the perception of continuous natural speech and its relationship to individual musical training.
Our results provide evidence that musical training is associated with higher synchronization of stimulus-driven activity between
brain regions involved in early auditory sensory and higher-order processing. We suggest that the increased synchronized propaga-
tion of speech information may contribute to the previously described musician advantage in processing speech in background
noise.
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Introduction
There is increasing evidence that musical training can facilitate
the perception of speech in background noise (Patel, 2014;
Coffey et al., 2017a). It is assumed that this musician advantage
in speech processing is, in particular, related to a superior low-
level sensory processing of spoken information. In line with this
view, musical training has been associated with more robust and
distinct neural representations of speech in early auditory regions
both in background noise and silence (Parbery-Clark et al., 2012;
Bidelman et al., 2014; Coffey et al., 2017b). It is also related to
enhanced processing of pitch and timing cues embedded in
speech (Schön et al., 2004; Wong et al., 2007; Chobert et al.,
2014; Coffey et al., 2016; Zhao and Kuhl, 2016). The potential
role of changes in the higher-order processing of speech related
to musical training has not been studied as much, although it has
been shown that that recruitment of motor and higher-order
cortical regions contributes to speech-in-noise success in musi-
cians (Du and Zatorre, 2017).

Functional enhancements in auditory processing are accom-
panied by changes in cortical neuroanatomy and connectivity in
musicians (Herholz and Zatorre, 2012; Moore et al., 2014;
Schlaug, 2015). In the context of speech, diffusion tensor imaging
data demonstrate musical training-related increases in volume
and fractional anisotropy of the arcuate fasciculus (Bengtsson et
al., 2005; Halwani et al., 2011; de Manzano and Ullén, 2018),
which connects auditory sensory areas dorsally to the cortical
speech-processing network (Friederici, 2015). Corroborating this
finding, resting-state data suggest that musical training is associ-
ated with increased functional connectivity between brain regions
involved in auditory sensory and speech processing (Fauvel et al.,
2014; Klein et al., 2016; Palomar-García et al., 2017). Whether
such training-related modulations in structural and resting-state
connectivity facilitate the neural spread of speech information
across brain regions in musicians remains unknown.

We here investigated this question using magnetoencephalog-
raphy (MEG) source imaging and an intersubject phase-locking
analysis. Intersubject approaches allow the isolation of activation
time series reflecting exclusively the stimulus-locked and com-
monly shared brain activity across a group of individuals
(Hasson et al., 2004, 2010). Thus, they can reveal global patterns
of stimulus- and experience-driven brain activity in naturalistic
viewing or listening settings, which are also sensitive to experi-
mental manipulations (Honey et al., 2012; Bacha-Trams et al.,
2017; Regev et al., 2019) and individual differences in brain func-
tion (Naci et al., 2017). Intersubject approaches were first intro-
duced in functional magnetic resonance imaging (fMRI), but
have been extended to electrophysiological data (Dmochowski et
al., 2012; Chang et al., 2015; Ki et al., 2016; Lankinen et al.,
2018). Moreover, recent work demonstrates that intersubject
analyses can also reveal synchronized activity between different
brain areas during exposure to naturalistic stimuli, thus isolating
stimulus-driven components of fMRI functional connectivity
(Simony et al., 2016; Rosenthal et al., 2017; Regev et al., 2019).
Here, we adapted this intersubject approach for the analysis of
MEG data by computing patterns of phase synchronization
across brain regions that are driven by the stimulus-locked proc-
essing of the speech input. In this analysis framework, interre-
gional phase synchronization of MEG activity indicates that
neural populations share time-locked stimulus-related informa-
tion, either directly (i.e., in terms of functional connectivity) or
indirectly.

We here analyzed MEG data obtained from 20 young partici-
pants with varying duration of musical training as they listened
to segments of continuous natural speech. If musical training is

related to an increased neural spread of speech information,
stimulus-driven phase synchronization between auditory cortex
and higher-order speech-processing areas should increase as a
function of training duration. Given that neural activity in audi-
tory cortex preferentially tracks temporal fluctuations in the en-
velope of speech input (Ding and Simon, 2012; Kubanek et al.,
2013), we expected stimulus-driven phase synchronization between
auditory cortex and other brain regions to occur primarily at low
frequencies, covering the delta- to alpha-band range (Ding et al.,
2017; Donhauser and Baillet, 2020).

Materials and Methods
Note that all experimental data were originally collected for the study of
Puschmann et al. (2019a). That study, however, did not report any of the
data on speech in silence that are presented here.

Participants. Twenty right-handed volunteers (11 female; mean age:
216 3 years; age range: 19–27years) participated in the experiment. All
participants were native speakers of English and had no history of neu-
rologic, psychiatric, or hearing-related disorders. The experimental pro-
cedures were approved by the Research Ethics Board of the Montreal
Neurologic Institute and Hospital, and written informed consent was
obtained from all participants.

Musical training assessment. Musical training was assessed using the
Montreal Music History questionnaire (Coffey et al., 2011). Data were
analyzed as a function of training duration, which was defined as the
number of years in which participants practiced at least three times per
week for at least 1 h (Puschmann et al., 2019a). In this participant sam-
ple, the duration of musical training ranged from 0 (i.e., no musical
training) to 18 years (Fig. 1C). In individuals who had received musical
training, training duration was correlated with the age at training onset
(age range: 5–14 years; Pearson’s r= –0.78, p, 0.001) and the total num-
ber of self-reported training hours (range: 400–30,400; r=0.58,
p=0.019). Four of 20 participants reported having received no musical
training.

Experimental design. Cortical responses to continuous natural
speech were recorded within the framework of a naturalistic selective lis-
tening experiment. Participants listened attentively to a continuous
speech stream and detected rare target words by pressing a button. To
motivate participants to listen closely to the story content instead of con-
centrating solely on target word detection, they were informed that the
story details would have to be recalled after the experiment.

Single-speaker blocks, in which only one to-be-attended speech
stream was present, alternated with selective-listening blocks, in which a
second to-be-ignored speech stream was superimposed on the to-be-
attended stream. Results on the selective listening task have been previ-
ously reported (Puschmann et al., 2019a); here we report exclusively on
the single-speaker condition of the experiment. In total, participants
were presented with 30 single-speaker blocks of 30 s duration each.

An audio recording of a detective story by Sir Arthur Conan Doyle
served as natural speech input. The audio stream was cut into consecu-
tive 30 s intervals (every other interval was used as a single-speaker
block) and tagged with a sinusoidal amplitude modulation of 105Hz
modulation rate and 50% modulation depth (for an analysis of the enve-
lope following responses; Puschmann et al., 2019a). The speech stream
was presented diotically at a level of 70 dB(A). The mean word rate
within stimulus blocks was 3.46 0.2Hz (range: 2.8–3.9Hz); the mean
syllable rate was 4.56 0.3Hz (range: 3.7–4.9Hz). The mean phoneme
rate was 11.26 0.6Hz (range: 9.8–12.8Hz), as identified using
WebMAUS Basic (RRID:SCR_017436; Schiel, 1999; Kisler et al., 2017).

To control for the allocation of attention toward the speech input, a
different target word was displayed centrally on a presentation screen for
all but the first and last 5 s of each block. For the remaining time, a fixa-
tion cross was shown to stabilize eye gaze. Target word onset lay effec-
tively between 9.9 and 20.8 s after block onset (mean: 14.96 3.5 s). In
half of the blocks, the to-be-detected target word was, however, not part
of the speech stream. Participants were asked to report whether the
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target word appeared in the speech stream by pressing a button using
their right hand.

Five minutes of brain activity during rest were recorded from each
participant before the experiment as an empirical baseline measure of
intersubject functional connectivity in the absence of auditory sensory
input. During the resting-state measurement, participants were
instructed to keep their eyes open and to fixate on a cross presented on
the screen.

MEG data acquisition.MEG data were acquired using a 275-channel
whole-head MEG system (CTF MEG). Data were recorded with a sam-
pling rate of 2400Hz, an antialiasing filter with a 600Hz cutoff, and
third-order spatial gradient noise cancellation. Horizontal and vertical
electro-oculograms, and an electrocardiogram were acquired with bipo-
lar montages. The head position inside the MEG sensor helmet was
determined with coils fixated at the nasion and the preauricular points
(fiducial points). For coregistration with anatomic MRI data, the spatial
positions of the fiducial coils and of ;150 scalp points were obtained
using a 3-D digitizer system (Isotracker, Polhemus). Participants were
seated in upright position in a sound-attenuated, magnetically shielded
recording room. Auditory stimulation was delivered via insert earphones
(E-A-RTONE 3A, 3 M). The earphones were equipped with customized
prolonged air tubes (1.5 m) to increase the distance between audio trans-
ducers and MEG sensors, thus minimizing potential stimulation artifacts
in the MEG signal, which was confirmed with pilot testing using a foam
head.

MEG data preprocessing. MEG data preprocessing and analysis were
performed with Brainstorm (Tadel et al., 2011; RRID:SCR_001761). Line
noise artifacts were removed using notch filters at the power frequency
(60Hz) and its first three harmonics. Artifacts related to eye movements
and cardiac activity were pruned from the data using independent com-
ponent analysis. For this procedure, a copy of the data was filtered offline
between 1 and 40Hz. A principal component analysis was performed to
reduce the dimensionality of the MEG data to 40 dimensions, and 40 in-
dependent components were computed using the extended infomax
algorithm implemented in Brainstorm. The demixing matrix obtained
from this procedure was applied to the original unfiltered MEG dataset
and independent components whose sensor topography and/or time se-
ries reflected eye blinks, lateral eye movements, or cardiac activity were

manually selected and removed. The cleaned data time series were band-
pass filtered (0.1–30Hz; zero-phase and zero-delay FIR (finite impulse
response) filter, 60 dB stopband attenuation) and downsampled to a
120Hz sampling rate for further analysis.

The task data were epoched into 30 segments of 30 s duration, corre-
sponding to the single-speaker blocks of the experiment. Likewise, the
resting-state data were cut into 10 consecutive 30 s intervals.

MEG data were analyzed with cortical source modeling. The partici-
pants’ individual structural T1-weighted MRI images were automatically
segmented and labeled using Freesurfer (RRID:SCR_001847; Dale et al.,
1999; Fischl et al., 1999, 2004), and coregistered to the MEG data in
Brainstorm using the digitized head points. An OPENMEEG boundary
element method head model and a minimum-norm source model with
;15,000 surface vertices and depth weighting (order: 0.5; maximal
amount: 10) was computed for each participant. Dipole orientation was
constrained to be normal to the cortical surface. Noise covariance matri-
ces for the source reconstruction process were estimated from 2 min
empty-room recordings obtained for each participant.

Intersubject PLV computation. The cortical spread of stimulus-
driven neural activity during listening to continuous speech was quanti-
fied in terms of phase synchronization of source-localized MEG activity
to the intersubject time courses of auditory cortex activity. The phase-
locking value (PLV), which represents the absolute value of the mean
phase difference between two time series expressed as a complex unit-
length vector, served as a metric of phase synchronization in each listen-
ing block of the experiment (Lachaux et al., 1999; Mormann et al., 2000).

Figure 1A depicts the pipeline of the intersubject PLV analysis. For
each participant and each trial, mean source time courses were extracted
from left and right auditory cortex seed regions. These seed regions cor-
responded to previously identified parts of the temporal lobe that
showed robust tracking of the speech envelope (Puschmann et al.,
2019a). They encompassed Heschl’s gyrus, the posterior planum polare,
planum temporale, and adjacent parts of the superior temporal gyrus.
The extracted seed time courses were z-normalized to account for indi-
vidual differences in overall signal amplitude and averaged across all but
one participant iteratively. Phase locking was computed between this
intersubject seed time course and all 15,000 source time courses of the
left-out participant, resulting in a whole-brain intersubject PLV map.

Figure 1. Intersubject phase-locking approach. A, Left and right auditory cortices (ACs) served as seed regions for the phase-locking analysis. For each trial, mean signal time courses were
extracted from the seed region (outline shown in gray) for all but one subject. Signals were z-normalized, and averaged across subjects (black lines show individual data; the intersubject aver-
age is depicted in bold red). Phase locking was computed between the intersubject seed time course and 15,000 source time courses of the left-out subject in four frequency bands, covering
the delta to beta range. For each frequency band, the resulting intersubject PLV maps were averaged across all trials and downsampled to 500 similarly sized surface parcels. This procedure
was iterated for all individuals. B, Relative to single-subject (SS) auditory cortex time courses, intersubject (IS) averages showed increased phase locking to the envelope of the speech input,
suggesting that the approach can be used to extract stimulus-driven auditory cortex activity during continuous listening. C, Intersubject phase locking was analyzed as a function of individual
musical training. The figure depicts individual training duration and the main type of training.
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Note that the intersubject averaging of the seed time courses and the
leave-one-out cross-validation approach ensured that phase locking was
driven only by the commonly shared and time-locked processing of the
speech stimulus in auditory cortex and not by individual intrinsic oscilla-
tory activity. Complex PLV estimates were subsequently averaged across
all 30 trials, PLV magnitude was extracted, and maps were projected to
MNI stereotaxic space and downsampled to a random atlas parcellation
that consisted of 500 similarly sized surface parcels. Downsampling aimed
to reduce the number of statistical comparisons while retaining adequate
spatial resolution. The random atlas parcellation was generated using the
surface clustering tool (homogeneous parcellation: random) provided by
Brainstorm. In detail, left and right hemisphere surfaces were generated
by merging respective areas of the Desikan-Killiany atlas template. Each
surface was then parcellated in a stepwise manner into 10 and 25 homoge-
neous surface parcels.

Previous work suggests that neural activity in auditory cortex tracks
slow temporal modulations of speech, such as the speech envelope (e.g.,
Kubanek et al., 2013). Slow temporal modulations in speech occur in the
delta to alpha range and are maximal in the theta band (Ding et al.,
2017). We therefore assumed that intersubject synchronization of audi-
tory cortex activity and intersubject phase locking predominantly occurs
in this frequency range. Previous MEG studies further suggest fre-
quency-specific interactions between auditory cortex and higher-order
brain regions during speech processing (Park et al., 2015; Keitel et al.,
2017, 2018), potentially reflecting the processing of phonemic and pro-
sodic features. We therefore further subdivided the delta to alpha range
into three frequency bands for the whole-brain PLV analysis, covering
the delta (1–4Hz), theta (4–8Hz), and alpha (8–12Hz) bands. Although
we did not expect robust intersubject synchronization and phase locking
at higher frequencies, we also included the beta band (15–30Hz) as a
control. Frequency bands were extracted automatically by Brainstorm
during PLV computation using an FFT-based FIR filter with no phase
shift (Brainstorm function: bst_bandpass_fft).

To explore the spectral profile of the observed phase-locking pattern
in more detail, we computed phase locking within 30 narrow frequency
bands that uniformly covered the frequency range from 0.1 to 30Hz,
and for different surface parcels localized to auditory cortex and tempo-
ral lobe, inferior and middle frontal gyrus, the premotor area, and infe-
rior parietal lobe, all of which showed robust stimulus-driven phase
synchronization to auditory cortex activity in the delta- to alpha-band
range. As all tested surface parcels showed a similar spectral PLV profile,
we exemplarily depict data of only four regions in the article: left and
right auditory cortex, left inferior frontal lobe, and right precentral
gyrus.

Previous fMRI studies confirmed that no meaningful intersubject
alignment of signal time courses and no intersubject functional correla-
tion between brain regions could be observed in the absence of a driving
external sensory stimulation (Simony et al., 2016). Hence, we here com-
puted intersubject PLV obtained from the 5 min resting-state recording
as an empirical baseline for the analysis of stimulus-driven functional
connectivity. The analysis pipeline for the resting state was identical to
the task data.

To control whether intersubject averaging of source time courses, as
expected, strengthens the temporal relationship between ongoing audi-
tory cortex activity and the actual sound input, we computed phase lock-
ing between the envelope of the audio input and the 20 averaged
auditory cortex time courses obtained using the leave-one-out approach
described above (Fig. 1B). The resulting phase-locking pattern was com-
pared with PLVs obtained for the audio envelope and the 20 individual
(i.e., single-subject) auditory cortex time courses. The speech envelope
was determined as described by Puschmann et al. (2019b). Audio signals
were z-normalized and bandpass filtered into 128 logarithmically spaced
frequency bands between 100 and 6500Hz with a gammatone filter bank
(Hohmann, 2002; Herzke and Hohmann, 2004). A Hilbert transforma-
tion was used to compute the signal envelope within each of the 128 fre-
quency bands. The envelope was then obtained by averaging the
absolute Hilbert values across all bands. PLV was computed for each trial
and 30 frequency bands, uniformly covering the frequency range from
0.1 to 30Hz (for filter details, see above). The obtained PLV profiles
were subsequently averaged across the 30 trials.

A potential issue arising from MEG source imaging is that cross talk,
which is a spatial leakage phenomenon between source activity recon-
structed at proximate brain locations, may confound data interpretation.
Although the present intersubject phase-locking approach should be rel-
atively insensitive to such adverse effects when mapping individual
spontaneous activity that is not phase locked to the speech stimulus, the
issue could manifest when detecting auditory cortex activity evoked by
the same acoustic stimulus across individuals, potentially contributing to
the observed phase-locking patterns in nearby areas. We therefore con-
ducted simulations using synthesized data to investigate the potential
confounding influence of source signal leakage from auditory cortex
activity.

This analysis was performed using the Brainstorm data simulation
toolkit. We used the same individual head models, and sensor and envi-
ronmental noise statistics as the original data to synthesize MEG sensor
time series generated from bilateral auditory cortex activity. Sensor noise
levels were computed from the individual noise covariance matrices,
which were based on empty-room MEG recordings. The source loca-
tions were the brain regions used as seeds for the intersubject analysis.
We then mapped the resulting simulated sensor data onto individual
brains to assess the extent of source signal leakage.

We used the envelope of the speech signal (for details on envelope
extraction, see above) plus random noise as the driving source time se-
ries in the seed auditory cortex regions. The mean resulting signal-to-
noise ratio (SNR) of this ground truth signal was �3.4 dB [defined as
rmsSignal/(rmsSignal 1 rmsNoise)]. Note that the SNR and therefore the to-
be-expected signal leakage of the simulated data were higher than for the
actual MEG task data (mean SNR = �9.3 dB, based on the amplitude of
the intersubject average relative to the amplitude of the total signal
obtained from the auditory cortex seed). We ran signal leakage simula-
tions for each subject and all 30 trials of the experiment.

We derived the same phase-locking metric (i.e., PLV) between the
resulting source time series across the entire cortex and the speech signal
envelope within four different frequency bands (1–4, 4–8, 8–12, and 15–
30Hz). Complex PLV estimates were subsequently averaged across the
30 trials, PLV magnitude was extracted, and individual maps were pro-
jected to the MNI stereotaxic space and downsampled to 500 similarly
sized surface parcels for statistical analyses.

Statistical analysis. The statistical analysis of MEG and behavioral
data were based on all 20 datasets. All statistical testing was performed
using MATLAB (RRID:SCR_001622). Effects were deemed statistically
significant at p, 0.05, corrected for multiple comparisons. For parcel-
level MEG data analyses, p values were adjusted for false discovery rate
(FDR) over 500 comparisons (i.e., the number of brain parcels) following
Benjamini and Hochberg (1995). For all other analyses, Bonferroni cor-
rection was applied.

Spatial patterns of brain regions showing a robust phase synchroni-
zation to auditory cortex seed time series were assessed by computing
paired t tests between the respective intersubject PLV maps obtained for
listening and resting state. As a reduction of stimulus-driven phase syn-
chronization during listening relative to the resting state baseline cannot
be interpreted meaningfully, one-tailed testing was performed.

Intersubject PLV patterns and simulated PLV maps generated for a
bilateral auditory cortex source were compared using two-tailed paired t
tests to control for effects of signal leakage on intersubject phase locking.
Individual PLV maps were z-transformed before t tests were performed
to account for overall differences in PLV magnitude between simulation
and real task data.

Spearman correlation was used to investigate the relationship
between the duration of musical training and intersubject PLV maps
obtained from the listening blocks. Based on our hypothesis that musical
training strengthens the stimulus-driven phase synchronization between
auditory cortex and higher-order brain regions involved in speech proc-
essing, we tested only for positive correlations. Statistical testing was per-
formed on the parcel level, and separately for both seeds (i.e., left and
right auditory cortex) and the four frequency bands of interest.

Qualitatively, the effects of musical training on intersubject PLV
from left and right seed regions were not symmetric. As a post hoc test of
lateralization, we determined the laterality index (LI) based on the
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number of surface parcels showing significant positive correlations
within each cortex hemisphere. LI was computed as (NLeft – NRight)/
(NLeft 1 NRight), with NLeft and NRight corresponding to the number
of parcels in the left or right hemisphere in which a significant rela-
tionship between PLV and the duration of musical training was
observed (Seghier, 2008). Lateralization was determined based on
the mean LI obtained at four different statistical thresholds (p =
0.05, 0.01, 0.005, 0.001, uncorrected) to minimize effects of the used
significance criterion. The p values corresponding to a given LI were
estimated using a resampling approach (10,000 iterations) in which
hemisphere labels (left, right) were randomly permuted across brain
regions to achieve a sampling distribution of the test statistic under
the null hypothesis.

To control for effects of musical training on behavioral perform-
ance, potentially reflecting differences in task engagement or atten-
tion allocation, two-tailed Spearman correlations between the
duration of musical training and individual hit rates, false alarm
rates, as well as response times in the target word detection task
were computed. Button presses that were registered between 0 and
3000ms after the onset of the target word were regarded as hits; but-
ton presses occurring outside of these intervals were treated as false
alarms.

Results
Behavioral data
To control for attention to the continuous speech input, partici-
pants were asked to respond to rare target words. Overall,
93.06 7.6% of the target words (mean6 SD; range: 73.3–100%)
were detected; 6.36 9.2% (range: 0–25%) of button presses were
false alarms. The mean response time to target words was
7306 134ms (range: 555–1035ms). None of these behavioral
measures was correlated with the duration of musical training
(hit rate: r = 0.04, p= 0.883; false alarm rate: r = 0.18, p=0.458;
response times: r = –0.01, p= 0.957), indicating that the effects
of musical training on neural processing are unlikely to reflect
increased task engagement in this simple listening situation in
which performance is near ceiling.

Spatial pattern of stimulus-driven phase synchronization
To explore the extent of neural synchronization along the audi-
tory-processing hierarchy during speech listening, we computed
intersubject phase locking between the auditory cortices and the
rest of the brain. Figure 2A depicts brain areas in which phase
locking was significantly increased during listening compared
with resting state (at p, 0.05, FDR corrected), for left (Fig. 2A,
top) and right (Fig. 2A, bottom) auditory cortex seeds and all
tested frequency bands. Stimulus-driven intersubject phase lock-
ing was observed in the delta (i.e., 1–4Hz), theta (4–8Hz), and
alpha (8–12Hz) ranges, but not for the beta range. PLV patterns
were largely symmetrical, with global maxima localized over ipsi-
lateral and contralateral auditory sensory regions. Phase-locking
magnitude generally decreased with increasing band frequency;
the overall PLV pattern, however, remained largely unchanged.
As expected without a common driving sensory input, no inter-
subject phase synchronization was observed during resting state,
which was used as an empirical baseline condition for this com-
parison (Fig. 2B, dotted lines; whole-brain maps not shown).

To study in more detail how phase-locking patterns evolve
with frequency, we computed intersubject phase locking for dif-
ferent auditory and frontal brain regions over 30 narrow fre-
quency bands across the [0.1, 30] Hz range. The resulting
spectral intersubject PLV profile of all tested brain regions effec-
tively showed two distinct peaks in the delta range (in the 1–2Hz
band) and the theta range (5–6Hz band), but no peak in the
alpha band. Figure 2B depicts the spectral intersubject PLV pro-
file for left and right auditory cortex, left inferior frontal gyrus,
and right precentral gyrus. Of note, a similar PLV profile was
also found when computing phase locking between the intersub-
ject seed time courses and the envelope of the speech stimulus
(Fig. 1B). This suggests that the observed phase-locking profile
reflects the temporal structure of the auditory input itself.

We ran simulations to investigate the potential confounding
influence of source signal leakage from auditory cortex activity

Figure 2. Phase synchronization to stimulus-driven auditory cortex (AC) activity during continuous naturalistic listening. A, Relative to resting state, we observed enhanced stimulus-driven
phase synchronization in the delta (1–4 Hz), theta (4–8 Hz), and alpha (8–12 Hz) range while listening to the speech input (at p, 0.05, FDR corrected for multiple comparisons). For all of
these frequency bands and both seed regions (top row: left auditory cortex; bottom row: right auditory cortex; seed outline shown in gray), phase locking was maximal in ipsilateral and contra-
lateral auditory sensory areas. Phase-locking magnitude decreased with increasing frequency; the color bar is adjusted to the maximum (max) phase-locking value in each frequency band. B,
To investigate the spectral profile of the observed intersubject phase locking in more detail, PLV was computed for 30 consecutive frequency bands (0.1–30 Hz) between the auditory cortex
seed time courses and single surface parcels localized to temporal, frontal, and inferior parietal cortices. For all tested brain regions, a consistent PLV profile was observed, which suggests that
intersubject phase locking effectively shows two distinct peaks in the delta- and theta-band range. Exemplarily, the figure depicts the PLV pattern during listening (solid lines) and resting state
(dashed lines) for left AC, right AC, left inferior frontal gyrus (IFG), and right precentral gyrus (PrCG).
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on the observed intersubject phase-locking patterns. Figure 3A
depicts phase locking between the envelope of the speech input
and synthesized source time courses of a bilateral auditory cortex
source that tracks fluctuations in the sound envelope. The phase-
locking map from the synthesized data peaked in the ground
truth auditory cortex regions, spreading to adjacent brain
regions. The phase-locking magnitude decreased from delta to
beta band, which to some extent resembled the PLV patterns
observed in our original data. However, synthesized phase lock-
ing was significantly reduced over frontal and anterior temporal
regions, compared with the original data (Fig. 3B; paired t test,
p, 0.05, FDR corrected; note that PLV was higher over parietal
regions in the synthesized data). We conclude from this simula-
tion that the patterns of phase synchronization between auditory
cortex and frontal and temporal regions, which were salient in
the original data, are unlikely to be caused by stimulus-driven
signal leakage from auditory cortex. The data instead provide
evidence for active frontal and anterior temporal processes
resulting in brain activity synchronized in phase with auditory
cortex activations. The reduced intersubject phase locking in pa-
rietal regions compared with synthesized patterns may, in turn,
point to the presence of parietal activations in the original data
that are not phase locked to the sound envelope reference.

However, note that the SNR of the simulated data were higher
than for the original data, potentially resulting in an increased
signal spread toward the parietal lobe.

Musical training and stimulus-driven phase synchronization
Based on previous data on structural and resting-state connectiv-
ity, we hypothesized that musical training should be associated
with an increased neural spread of speech information across the
auditory processing hierarchy. To investigate this question, the
magnitude of stimulus-driven phase locking was analyzed as a
function of musical training duration. Our data show positive
relationships between the individual duration of musical training
and the magnitude of intersubject phase locking between the au-
ditory cortex seeds and widespread frontotemporal as well as pa-
rietal brain regions, including the middle temporal gyrus, the
temporal pole region, the inferior and middle frontal gyri, the
precentral and postcentral gyri, the angular gyrus, the ante-
rior and posterior cingulate cortices, the medial prefrontal
cortex, the orbitofrontal cortex, and the precuneus (Fig. 4;
one-tailed Spearman correlation, p, 0.05, FDR corrected).

Effects of musical training on cortical phase synchronization
of neural activity could be observed for left and right auditory
cortex seeds. Qualitatively, musical training was more associated

Figure 3. Simulation of phase locking expected as a result of signal leakage from a bilateral auditory source (outline shown in black). A, Simulated stimulus-driven phase locking was maxi-
mal over auditory cortices, spreading toward adjacent brain regions. Phase-locking magnitude decreased from the delta to the beta band; the color bar is adjusted to the maximum (max)
phase-locking value in each frequency band. B, Compared with the original data, simulated phase locking was significantly reduced over frontal and anterior temporal regions, whereas phase
locking to parietal cortex was relatively enhanced (two-tailed paired t test at p, 0.05, FDR corrected).

Figure 4. Relationship between stimulus-driven phase synchronization during listening to continuous speech and musical training: Spearman correlation (one-tailed) showed a positive asso-
ciation between the duration of individual musical training and the magnitude of alpha-band phase locking between auditory cortex seed time courses and various brain regions in frontal and
temporal cortices, and along the midline (at p, 0.05, FDR correction). Brain regions for which stimulus-driven interregional phase synchronization was positively associated with musical train-
ing included the superior (STG), middle (MTG) and inferior temporal gyri (ITG); the insula (INS); the orbitofrontal (OFC) and medial orbitofrontal (mOFC) cortices; the inferior (IFG) and middle
frontal (MFG) gyri; the precentral (PrCG) gyrus; the angular gyrus (AnG); the precuneus (PCUN); and the anterior cingulate cortex (ACC).
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with the spread of speech information from the left auditory cor-
tex. As predicted, the observed anatomic pattern was qualita-
tively similar to the structure of the dual-stream model of speech
processing, including both ventral and dorsal cortical regions
(Hickok and Poeppel, 2007). Effects of musical training, how-
ever, extended beyond this speech-processing network and were
not lateralized toward the left hemisphere. Instead, musical train-
ing was also related to increased phase locking to homologous
speech-processing areas in the right hemisphere. Overall, the
data even suggest some degree of rightward lateralization, both
for the left (LI =–0.22; p=0.014, Bonferroni corrected) and the
right auditory cortex seed (LI = –0.48; p, 0.001, Bonferroni
corrected).

The reported effects of musical training were exclusive to the
alpha band (i.e., 8–12Hz), which represents the upper boundary
of frequencies in which stimulus-driven phase locking was
observed (Fig. 2, compare A, B). Except for a single surface parcel
in the right frontal pole showing a positive association between
delta-band phase locking and musical training duration, no
effects of musical training were found for any of the other fre-
quency bands (at p, 0.05, FDR corrected). As an exploratory
analysis, we also checked for potential negative correlations
between intersubject PLV and the duration of musical training.
This analysis did not reveal statistically significant effects in any
of the tested frequency bands (one-tailed Spearman correlation,
all p. 0.4, FDR corrected).

Discussion
We here investigated the effect of musical training on the neural
synchronization between auditory cortices and high-order brain
regions during continuous listening to naturalistic speech. For
this purpose, we implemented a novel intersubject phase-locking
method that allowed isolating patterns of interregional phase
synchronization driven by the commonly shared processing of
speech signals in auditory cortex (Fig. 1). Our results show ro-
bust cortical patterns of phase synchronization in the delta-
to alpha-band range, in line with the modulation spectrum of
continuous speech (Ding et al., 2017). Stimulus-driven phase
locking was maximal in a bilateral frontoparietal brain net-
work (Fig. 2). Across participants, stimulus-driven phase
synchronization between auditory cortex and multiple fron-
toparietal and temporal brain structures was positively asso-
ciated with the duration of musical training (Fig. 4). This
finding provides evidence that musical training can facilitate
the cortical spread of stimulus-driven auditory cortex activ-
ity, in line with previous anatomic and resting-state data,
suggesting an increased connectivity between auditory sen-
sory and higher-order regions involved in speech and motor
processing.

Stimulus-driven phase synchronization during listening to
natural speech
There exist two main cortical speech-processing streams, origi-
nating from auditory cortex: a ventral stream that connects audi-
tory cortex via the superior temporal gyrus to ventrolateral
frontal cortex; and a dorsal stream that connects posterior por-
tions of auditory cortex to premotor cortex via the inferior parie-
tal lobe (Hickok and Poeppel, 2007; Petrides and Pandya, 2009;
Rauschecker and Scott, 2009; Friederici, 2011). Our data show
widespread phase synchronization between stimulus-driven ac-
tivity in auditory cortex and neural response time courses in sev-
eral brain regions that are part of both streams, including

superior and middle temporal gyrus, inferior parietal lobe, pre-
motor cortex, and inferior frontal regions. While previous work
provided compelling evidence that speech-processing streams
are lateralized toward the left hemisphere (Vigneau et al., 2011;
Hickok, 2012), our current data, however, show largely symmet-
rical bilateral patterns of stimulus-driven phase synchronization.
We assume that this pattern predominantly reflects the neural
spread of acoustic information from early sensory brain regions,
as ongoing activity in auditory cortex is tightly linked to the
acoustic properties of the speech signal (Kubanek et al., 2013;
Brodbeck et al., 2018b; but see Brodbeck et al., 2018a; Donhauser
and Baillet, 2020).

Increased interregional phase synchronization in individuals
with musical training
Previous studies provided evidence for a more developed macro-
structure and microstructure of the fiber bundles underlying the
higher-order auditory processing pathways in professional musi-
cians compared with nonmusicians (Bengtsson et al., 2005;
Halwani et al., 2011; de Manzano and Ullén, 2018; Oechslin et
al., 2018). These observations are presumably related to the im-
portant sensory–motor integration demands of musical perform-
ance (Zatorre et al., 2007). Complementing these anatomic data,
resting-state data suggest an increased functional connectivity
between auditory cortices and the cortical speech-processing net-
work in musicians (Fauvel et al., 2014; Klein et al., 2016;
Palomar-García et al., 2017). These functional and anatomic fea-
tures may potentially lead to a more efficient flow of spoken in-
formation in musicians from auditory sensory to higher-order
brain regions and, conversely, may also provide an enhanced
pathway for top-down effects. In line with this notion, our cur-
rent data show a positive association between the duration of
individual musical training and the stimulus-driven information
shared between auditory cortex and higher-order brain regions
while listening to continuous speech. Thus, we demonstrate that
the previously reported changes in neural wiring infrastructure
may indeed support an increased spread of task-relevant infor-
mation. The observed pattern of brain regions in which phase
locking increased as a function of musical training duration were
largely in line with the anatomic structure of the dual-stream
model of higher-order auditory processing. Effects of musical
training, however, exceeded the traditional language network
and encompassed also other higher-order cognitive regions such
as the precuneus, orbitofrontal areas, and the medial prefrontal
cortex, which have been shown to be involved in processing of
spoken stories (Xu et al., 2005; Lerner et al., 2011; Ben-Yakov et
al., 2012; AbdulSabur et al., 2014).

While resembling the overall pattern of speech processing,
effects of musical training were—again—not lateralized to the
left hemisphere in our dataset (although the effects appeared to
be stronger for the left auditory cortex seed). Instead, a longer
duration of musical training was also associated with increased
stimulus-driven phase synchronization between auditory cortices
and brain regions in the right ventral and dorsal processing
streams, effectively even leading to some degree of rightward later-
alization. Neural activity along these auditory processing streams
of the right hemisphere has been previously associated with the
neural processing of music (Koelsch et al., 2005; Hyde et al., 2006;
Klein and Zatorre, 2011). It seems likely that this rightward lateral-
ization reflects the proposed right-hemispheric bias for fine-
grained spectral processing that underlies the perception of music
(Zatorre et al., 2002; Poeppel, 2003; Albouy et al., 2020). Our data
suggest that musicians may show a stronger recruitment of the
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dorsal and ventral streams during speech processing both in the
left hemisphere, supporting more canonical linguistic analysis, as
well as in the right hemisphere, which may reflect a more exten-
sive processing of spectral cues, including fundamental frequency
variations, harmonic information in vowels, vocal timbre, and
other paralinguistic elements, all of which could also be relevant to
segregate speech sounds from background noise (Sammler et al.,
2015; Kreitewolf et al., 2018).

Effects of musical training on stimulus-driven phase synchro-
nization were restricted to the alpha band, despite intersubject
phase locking being more pronounced in the slower delta and
theta ranges (Fig. 2A). In principle, the alpha range corresponds
to the phoneme rate of natural speech (Keitel et al., 2018; mean
phoneme rate in this study: 11.26 0.6Hz). Therefore, increased
alpha-band phase locking could potentially reflect a superior
phoneme-level processing (Di Liberto et al., 2015; Daube et al.,
2019) in musically trained individuals. In line with this notion,
there exist data showing better behavioral phoneme classification
in musicians (Varnet et al., 2015; but see Swaminathan and
Schellenberg, 2017). However, the spectral phase-locking profile
(Fig. 2B) showed no peak in the alpha range that would be indic-
ative of specific phoneme-level processing. Therefore, the exact
functional processes underlying the observed increase of interre-
gional neural synchronization in the alpha band, which repre-
sents the upper frequency range of slow temporal modulations
in speech (Ding et al., 2017), remain unclear at present and need
further analysis. Given that no increased phase synchronization
related to musical training was observed in auditory cortex itself
(i.e., the seed region of our analysis), it seems rather unlikely that
the effect can be simply explained by a more accurate auditory
cortex tracking of alpha-band modulations in speech (Fig. 4).

Musical training and speech-in-noise perception
Previous research suggests that musical training can benefit
speech perception in adverse listening conditions (Coffey et al.,
2017a; Puschmann et al., 2019a), and may to some extent miti-
gate the age-related decline in segregating target sounds from
background noise (Parbery-Clark et al., 2011; Alain et al., 2014).
Beneficial effects of musical training on speech processing have
been associated with a superior low-level processing of auditory
information (Strait et al., 2014), even when measured in quiet
(Coffey et al., 2016) like in the present study, as well as with
enhancements in top-down processing (Strait and Kraus, 2011;
Kraus et al., 2012; Du and Zatorre, 2017). Based on our current
findings, we speculate that increased synchronization of stimu-
lus-driven neural activity between auditory cortex and linguistic
or other higher-cognitive cortical areas may also contribute to
this musician advantage, because it reflects higher rates of infor-
mation sharing between sensory processing areas and higher-
order mechanisms involved in top-down processes. However,
additional work is necessary to test this hypothesis in more detail
and to understand the potential role of patterns of information
propagation along the processing hierarchy.

Conclusions
Intersubject comparisons have been shown to help remove
intrinsic neural fluctuations and non-neural artifacts (e.g., physi-
ological noise), and, therefore, to improve sensitivity to stimulus-
locked information (Simony et al., 2016). We here demonstrated
that this approach can be adapted for MEG to reveal interre-
gional patterns of synchronized stimulus-driven brain activity.
By measuring responses to complex time-varying stimuli, inter-
subject approaches provide a complementary method to resting-

state connectivity (Liu et al., 2010; Brookes et al., 2011; Hipp et
al., 2012). It can serve as a tool to track individual differences in
information propagation, for example, as a result of training or
neurologic disorders, and the modulation of functional networks
by cognitive processing.

Our data provide new evidence for a positive relationship
between musical training and the propagation of stimulus-
related information along the auditory processing hierarchy.
This finding complements previous reports on strengthened ana-
tomic and resting-state connections of auditory cortex in musi-
cians and demonstrates that enhanced connectivity patterns may
indeed facilitate the cortical processing of spoken information.
Our results add to the view that musical training can benefit the
processing of speech information and suggests that the previ-
ously reported musician benefit in speech-in-noise perception
may not only be related to a superior low-level processing of
speech information within the auditory system, but also to a
stronger neural synchronization between brain regions involved
in early sensory and higher-order auditory processing.
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