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Congenital amusia is a neurodevelopmental disorder, characterized by a diﬃculty detecting pitch deviation that
is related to abnormal electrical brain responses. Abnormalities found along the right fronto-temporal pathway
between the inferior frontal gyrus (IFG) and the auditory cortex (AC) are the likely neural mechanism responsible for amusia. To investigate the causal role of these regions during the detection of pitch deviants, we
applied cathodal (inhibitory) transcranial direct current stimulation (tDCS) over right frontal and right temporal
regions during separate testing sessions. We recorded participants’ electrical brain activity (EEG) before and
after tDCS stimulation while they performed a pitch change detection task. Relative to a sham condition, there
was a decrease in P3 amplitude after cathodal stimulation over both frontal and temporal regions compared to
pre-stimulation baseline. This decrease was associated with small pitch deviations (6.25 cents), but not large
pitch deviations (200 cents). Overall, this demonstrates that using tDCS to disrupt regions around the IFG and AC
can induce temporary changes in evoked brain activity when processing pitch deviants. These electrophysiological changes are similar to those observed in amusia and provide causal support for the connection
between P3 and fronto-temporal brain regions.

1. Introduction
The ability to perceive tonal structure in a melody is acquired implicitly through passive exposure to music throughout life. It is, however, estimated that about 1.5% of the population will never develop
normal musical perception and production abilities (Peretz and Vuvan,
2016). This music disorder is known as congenital amusia. One of the
main deﬁning features of amusia is a diﬃculty detecting small pitch
changes, which are easily perceived by people without amusia.
Neurophysiological studies of amusia suggest that the amusic pitch
processing deﬁcit arises from structural and functional abnormalities
that can be found along the right fronto-temporal pathway. These abnormalities lead to a brain that can detect small pitch change, but
cannot become aware of that pitch change (e.g. Peretz et al., 2009;
Zendel et al., 2015). One limitation of the current research is that is it
correlational. That is, people with amusia are compared to people
without amusia. The goal of the current research is to determine if
disrupting right frontal and right temporal regions using transcranial
⁎
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direct current stimulation (tDCS) can induce pitch processing deﬁcits
and neurophysiological indices that mimic amusia in people with
normal pitch processing abilities.
Amusics fail to reliably detect the presence of deviations that are
smaller than one semitone (100 cents; Hyde and Peretz, 2004), however, their brain can successfully track these pitch changes (Moreau
et al., 2009). Indeed, evidence from event-related potential (ERP) studies suggests that amusics have a relatively normal early auditory response to small pitch changes of an eighth of a tone (25 cents) within an
acoustic sequence, indexed by the presence of a mismatch negativity
(MMN) and an auditory N1 component that are comparable to normal
controls (Mignault Goulet et al., 2012; Moreau et al., 2009; Omigie
et al., 2013; Peretz et al., 2005). Further support comes from fMRI research that demonstrated that the blood oxygen-level dependent
(BOLD) signal measured within the auditory cortex of amusics is similar
to those of controls when listening to subtle pitch variations (i.e. 0–2
semitones or 0–200 cents; Hyde et al., 2011). In both groups, the signal
increased linearly as a function of pitch distance, supporting the idea
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and colleagues (2015) showed that stimulation of the right dorsolateral
prefrontal cortex (DLPFC) selectively improved pitch memory performance in amusics. Their rational was based on the Albouy et al. (2013)
study, which revealed decreased low-gamma oscillations (30–40 Hz) in
the right DLPFC of amusics during the retention phase of short tone
sequences. Using tACS to modulate the neural oscillation frequency,
Schaal and colleagues (2015) applied a 35 Hz stimulation over the right
DLPFC of amusics and found that it facilitated their pitch memory to the
level of controls, thus causally relating the dysfunction of the DLPFC to
pitch memory deﬁcits in amusia.
Based on existing ﬁndings in the normal brain, it is unclear whether
it is possible to induce temporary changes to ERPs evoked by pitch
deviants. It is likely that electrical brain stimulation of the key structures within the right fronto-temporal network would modify ERPs in
non-amusics to look more like those observed in amusia. Indeed, EEG
has an excellent temporal resolution allowing for a meticulous examination of the brain response dynamics. Furthermore, the analysis of
ERPs allows the dissociation of perception from awareness; that is, early
from late processing stages. While a number of experiments have suggested that tDCS can be eﬀective in altering cortical reactivity of the
auditory cortex, conclusions are often drawn from the investigation of
behavioural changes associated with tDCS and neurophysiological
evidence is often lacking (For a review see Heimrath et al., 2016). To
address this question, cathodal tDCS stimulation was applied separately
on the right IFG and right auditory cortex of normal subjects to investigate whether a speciﬁc pitch-discrimination deﬁcit could be induced. EEG activity was recorded before and after tDCS stimulation in
order to examine modulations of the auditory evoked potentials. A sham
stimulation, during which the electrical stimulation was only applied
brieﬂy before being turned oﬀ, served as a comparison condition.
We anticipated that cathodal stimulation over the right IFG would
reduce performance accuracy in a pitch discrimination task, but only
for pitch deviances smaller than 2 semitones (200 cents), the perceptual
threshold for amusics. We also predicted that this behavioural eﬀect
would be accompanied by a reduction in the amplitude of the P3
component following tDCS stimulation compared to the pre-stimulation
baseline. Furthermore, we anticipated that cathodal stimulation over
the right auditory cortex would lead to decreased performance accuracy
regardless of the size of the pitch deviance, as stimulation of this region
has been shown to have an impact on pitch-discrimination in general
(Mathys et al., 2010). We also predicted that this behavioural eﬀect
would be accompanied by a reduction in the amplitude of early auditory responses (i.e. MMN, N1 components), which would be the result
of an early auditory processing disturbance.

that the amusic brain can unconsciously track small pitch changes.
The diﬃculty in amusia does not lie in the automatic detection of
small pitch changes, but rather in the conscious access to those small
changes. This idea is supported by the fact that in amusia, normal early
auditory responses to small pitch variations (i.e. MMN, N1) are not
followed by a typical later positivity associated with the conscious
detection of those pitch deviants. Namely, the auditory P3 component is
absent in amusics when asked to detect a pitch deviant that is smaller
than 1 semitone (100 cents; Peretz et al., 2005). Moreover, amusics are
not aware of these small pitch deviants. The P3 component has previously been associated with the conscious detection of pitch change,
and is related to orienting attention and working memory processes
(Moreau et al., 2013; Peretz et al., 2005; Polich, 2007). The latency of
the P3 is associated with the task diﬃculty, and longer latencies are
observed when is the task is more diﬃcult (McCarthy and Donchin,
1981; Polich and Kok, 1995). In contrast, an enhanced N2-P3 complex
is observed in amusics when processing large pitch deviance (i.e. larger
than 200 cents), a phenomenon that has been described as an “overreaction” of the brain to the more salient stimuli in an oddball sequence
(Moreau et al., 2013; Peretz et al., 2005). This eﬀect is thought to be the
result of an inequality in the probabilities of perceived pitch deviances
between amusic and controls. That is, when frequency of detection is
controlled, the brain responses of amusics and controls to large pitch
changes are no longer diﬀerent (Moreau et al., 2013).
Available evidence suggests that the pitch-discrimination deﬁcit
that is at the core of amusia is likely the result of an inadequate
transmission of information along the fronto-temporal pathway or
dysfunctions within this network (Chen and Yuan, 2016). Voxel based
morphometry (VBM) studies have shown that, compared to controls,
amusic individuals have reduced white-matter density as well as increased grey-matter density in the right inferior frontal gyrus (IFG)
(Albouy et al., 2013; Hyde et al., 2007, 2006). Neuroanatomical studies
have also identiﬁed morphological brain anomalies aﬀecting the greymatter (i.e. altered cortical thickness in the right superior temporal
gyrus (STG)) (Albouy et al., 2013; Hyde et al., 2007). These cortical
anomalies suggest the presence of malformations in the amusic brain
that might have compromised the development of the right frontotemporal pathway (Hyde et al., 2007). Finally, connectivity is altered in
amusics. Speciﬁcally, amusics present with reduced global connectivity
eﬃciency (Zhao et al., 2016), reduced volume of the right arcuate
fasciculus (Loui et al., 2009; Wilbiks et al., 2016), and reduced functional connectivity between the IFG and STG (Hyde et al., 2011).
To date, there have been very few attempts to establish causality
between the neurophysiolgical and the behavioural expression of
amusia, as the vast majority of experiments have been correlational in
nature; where amusics are compared to controls, and brain activity is
correlated with behavioural performance. One avenue to address this
problem is to use non-invasive brain stimulation techniques, such as
transcranial direct-current stimulation (tDCS), which allows for the
transient modulation of the excitability of a targeted brain region using
low-amplitude electrical current ﬂowing between two electrodes
(Nitsche and Paulus, 2000; Stagg and Nitsche, 2011). When the cathode
is positioned over the region of interest, a transient decrease of cortical
excitability is induced, whereas when the anode is positioned over the
region of interest, increased excitability is observed (Nitsche and
Paulus, 2000, 2001). Using this technique, Mathys et al. (2010) separately applied cathodal and anodal stimulation over bilateral Heschl’s
gyri (HG) of normal participants to investigate whether this would
impact pitch discrimination. The task involved listening to two pure
tones that could either be identical or diﬀerent, and judging whether
the second tone was higher or lower than the ﬁrst one. Pitch diﬀerences, when not identical, ranged from 1.56 to 400 cents. Mathys et al.
(2010) showed that cathodal stimulation to HG’s adversely aﬀected
pitch discrimination compared to sham stimulation, with a larger eﬀect
observed after stimulation to the right hemisphere compared to the left.
Using transcranial alternating current stimulation (tACS), Schaal

2. Materials and methods
2.1. Participants
Fourteen healthy right-handed participants were recruited (M =
22.57 years, SD = 4.18 years; 5 males). One participant (male) did not
complete the study, thus yielding a ﬁnal sample of 13 participants. All
participants were healthy adults without any formal music training, or
known pitch processing deﬁcits. All participants provided written informed consent to participate in the experiment. The research protocols
were approved by the Comité Mixte d′éthique de la recherche du
Regroupement Neuroimagerie Québec (CMER-RNQ) of the Functional
Neuroimaging Unit (UNF) aﬃliated with the Centre de recherche de
l′Institut Universitaire de Gériatrie de Montréal (CRIUGM).
2.2. Stimuli and task
Stimuli were sequences of four synthesized tones. Each tone was
created by combining square and sine waves sampled at 44.1 kHz/16
bits to create a synthesized piano timbre, and was normalized with
Matlab (MATLAB 7.10.0, The MathWorks Inc., Natick, MA). Each tone
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Fig. 1. Stimuli and task. The stimuli (A) and task (B) used in the
experiment. Each tone had a duration (d) of 150 ms and an intertone interval (ITI) of 350 ms. The stimulus-onset asynchrony
(SOA) was ﬁxed at 500 ms. In every sequence, the ﬁrst three tones
were the same (standard), and the fourth tone could either be
identical (50%) or altered in pitch (50%). Altered tones were
created by shifting the standard sound by either 6.25 or 200 cents,
and each deviant represented 25% of the trials.

condition. These stimulation sites were selected as they were the closest
to the locations of anatomical structures of interest on our participants
(i.e. Brodmann area 21–22 (STG) and Brodmann area 45–47 (IFG);
Kaiser, 2010) while maximizing the total number of remaining electrodes on the scalp. For the sham condition, the location of the cathode
was randomly selected between the frontal and temporal site. Electrodes were positioned on the scalp in accordance with the 10/20 EEG
electrode placement system, and relevant electrodes were removed
from the cap depending on the stimulation condition (i.e. AF8, F8, T8 or
TP8). During each session, the tDCS device delivered a 2 mA current for
20 min over the designated target area, with 10 s of ramp up and ramp
down. This type of stimulation has previously been shown to induce an
eﬀect that lasts up to an hour at the stimulated site (Nitsche et al., 2003;
Nitsche and Paulus, 2000, 2011). Critically, participants only report a
physical sensation of tDCS during the ﬁrst few seconds of stimulation.
Therefore, in the sham condition, direct stimulation was applied for
15 s, plus a 10 s of ramp up a 10 s ramp down, in order to recreate the
tingling sensation that is typically present when direct stimulation is
ﬁrst applied on the scalp. After the stimulation ramped down in the
sham condition, the tDCS electrodes remained attached to the participant for 20 min so they were not aware that the stimulation was oﬀ.
None of the participants reported any adverse eﬀect of tDCS.

had a duration of 150 ms with the standard attack and decay of a
synthesized piano. The four tones were presented with a ﬁxed intertone interval of 350 ms. The stimulus-onset asynchrony was ﬁxed at
500 ms and there were 2000 ms of silence between each sequence of
four tones (Fig. 1A). The ﬁrst three tones were played at a pitch level of
A4 (440 Hz), and the fourth tone was either identical (AAAA) or altered
(AAAB) in pitch. The altered tones (B) were either higher or lower in
pitch compared to the previous tones (A), and the pitch diﬀerence was
either 6.25 cents (i.e., 438 or 442 Hz) or 200 cents (i.e., 392 or 494 Hz),
where 100 cents corresponds to 1 semitone. Thus, there were three
possible sequence types in this experiment: standard (i.e. identical),
6.25 cent deviant & 200 cent deviant. The standard tone sequence represented 50% of the trials and each type of deviant represented 25% of
the trials. All the stimuli were presented using E-prime software (Psychology SoftwareTools, US) and the subjects were required to ﬁxate a
cross displayed on a 24-in. LG LCD L246WH monitor (LG Electronics
Inc., South Korea). The sounds were presented by two Genelec 8040A
speakers (Bi-ampliﬁed monitoring system, Finland).
The pitch-discrimination task is illustrated in Fig. 1B. Participants
heard a sequence of four tones and had to judge whether the fourth tone
was diﬀerent than the three preceding tones by either pressing the “m”
(same) or “z” (diﬀerent) button on a computer keyboard; button-response mapping was counterbalanced across participants. Their answers (i.e. “same” or “diﬀerent”) as well as their reaction times were
recorded. A trial was judged as correct if the participant accurately
detected the presence or absence of a deviant sound and incorrect if the
participant failed to detect the presence or absence of a deviant sound,
or if no answer was provided during the 2-second response time
window. The entire study consisted of 720 trials (360 standards, 180 of
each deviant).

2.4. Procedure
Throughout each testing session, participants were seated in an
electrically shielded and sound attenuated chamber, and were instructed to place their head on a forehead and chin rest while maintaining their gaze on a cross presented on a computer monitor, which
was displayed for the entire duration of the experiment. Furthermore,
participants were asked to blink between the presentations of sequences
and to remain relaxed to reduce contamination of the EEG signal during
the stimulus presentation and response window.
A within-subjects design was used. Participants ﬁrst completed 16
practice trials of the pitch-discrimination task with feedback provided
by the experimenter. Following the practice trials, participants completed an experimental block (i.e. a pre-stimulation block) consisting of
240 trials (120 standards tones and 60 of each deviant presented randomly). This block lasted 16 min and participants electrophysiological
and behavioural responses were recorded (Fig. 2). No feedback was
provided to the participants throughout the experiment, and they were

2.3. tDCS stimulation parameters
Transcranial direct stimulation was generated by a Magstim device
(Magstim, Dyfed, UK) using two 35 cm2 rectangular electrodes soaked
in sodium chloride solution. For all three possible stimulation conditions (frontal, temporal or sham stimulation), the anode was placed at
the intersecting point between electrodes Fp1, AF3 and AF7. The position of the cathode varied according to the stimulation conditions. It
was placed between the AF8 and F8 electrodes for the frontal stimulation, and between the T8 and TP8 electrodes for the temporal
65
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of pitch deviance, and allow for permutation testing of this eﬀect (see
below).
2.6. Data analyses
2.6.1. Behavioural
Performance was assessed in terms of (A) accuracy and (B) reaction
time using a within-subjects design. A trial was judged as correct if the
participant accurately detected the presence or absence of a deviant
sound (coded as 1) and incorrect if the participant failed to detect the
presence or absence of a deviant sound (coded as 0). In order to measure participants’ overall pitch discrimination abilities, d-prime (d′)
scores were further calculated. A hit was computed when participants
successfully detected the presence of a deviant sound and a false-alarm
corresponded to the wrong detection of a deviant note when all the
presented sounds were identical. d′ score were calculated for each type
of deviant (6.25 and 200 cents), for each experimental block (pre,
post1, post2) and for each stimulation type (frontal, temporal or sham).
Reaction times were measured for successful trials only (i.e. when
participants’ answers were coded as 1). Behavioural data was not
available for one participant due to a technical error.

Fig. 2. Experimental procedure. The procedure consisted of 3 separate experiment
blocks during which participants completed a pitch-discrimination task. One such block
was presented to the participant as a baseline before any type of stimulation was delivered. Participants then received either a frontal, temporal or sham stimulation, after
which they completed another 2 blocks of the pitch discrimination task.

allowed to take a short break after 120 trials.
Following the completion of the pre-stimulation block, participants
were moved to a diﬀerent electrically shielded and sound attenuated
chamber where they received one of the three possible tDCS stimulations (frontal, temporal or sham). After tDCS stimulation was applied,
participants completed another two blocks of trials, each identical to
the pre-stimulation block (120 standard tone sequences and 60 of each
deviant tone sequence, presented randomly), These blocks lasted for
about 32 min and participants electrophysiological as well as behavioural responses were recorded. Participants were allowed short
breaks after each block of 120 trials. Two post-stimulation blocks with
the same number of trials as the pre-stimulation block were presented
in order to observe the time course of the putative tDCS stimulation
eﬀect. Each session lasted about 2 h, including the electrode installation, which took about 30 min on average. The type of stimulation was
counterbalanced across participants for each experiment, and testing
sessions were scheduled at a one-week interval.

2.6.2. Electroencephalography
To quantify EEG data, a series of one-way ANOVAs and t-tests were
performed using BESA Statistics using a within-subjects design (version
2.0; Maris, 2012; Maris and Oostenveld, 2007). The analyses were entirely data-driven and included every time point at each electrode in the
analysis. The main ANOVA analysis focused on within-subject eﬀects
(repeated measures) by comparing the ERP diﬀerence waves (6.25 or
200 cents minus the standard tone) during each block (pre, post1,
post2) for all participants. These comparisons were performed to
identify the changes in the amplitude and latency of ERPs related to
processing pitch deviants before and after tDCS stimulation. The MMN
is evoked by a deviant tone and is observed by calculating the diﬀerence between ERPs evoked by a standard and deviant tone. It was
therefore deﬁned as a diﬀerence in the ERP evoked by the 6.25 or 200cent deviants that was more negative compared to the standard tone at
fronto-central electrodes, with a peak latency of 100–300 ms (Näätänen
et al., 1978). It has previously been shown that when sequences of
standard and deviant sounds are attended, the MMN is elicited in a
comparable way as when participants’ attention is directed away from
the task (Näätänen et al., 2007). However, when participants attend to
the task, the MMN is partially overlapped by the N2b (Näätänen and
Gaillard, 1983; Näätänen et al., 1982). As such, we will refer to this
eﬀect as an MMN/N2b. The P3 was deﬁned as a diﬀerence in the ERP
evoked by the 6.25 or 200-cent deviants that was more positive than for
the standard tone starting between 200 and 500 ms following the stimulus onset (Polich and Kok, 1995; Sutton et al., 1965). The P3 latency
has been shown to vary with stimulus complexity (McCarthy and
Donchin, 1981) and to reﬂect the duration of the evaluation of the
stimulus (Donchin and Coles, 1988).
Furthermore, in order to examine whether changes in N1 amplitude
could be observed as a result of stimulation, additional within-subject
permutation based ANOVAs were performed on the waveforms evoked
by standard tones (not the diﬀerence wave). They were computed separately for each type of stimulation (i.e. frontal, temporal and sham),
and compared the ERPs peaking in the 80–130 ms epoch during each
experimental block (pre, post1, post2). Because the N1 amplitude to
deviant tones would be impacted by the overlapping MMN/N2b, the
comparisons were made for the standard sounds only.
Permutation testing identiﬁed clusters of electrodes and time points
where there were diﬀerences between the three experimental blocks.
Clusters were formed over time by grouping time-points in the data
based on a signiﬁcant main eﬀect of experimental block (i.e., p < .05).
While this analysis compares the amplitude of every sample of the ERP
at the same latency, clusters can be formed when there is a change in

2.5. Electrophysiological recording
Electric brain activity was recorded using a Biosemi ActiveTwo
system (Biosemi) from 69 active electrodes, at a sampling rate of
256 Hz. Three electrodes were placed at ocular sites to monitor eye
movements (LO1, LO2, IO1). All EEG data were processed using Brain
Electrical Source Analysis (BESA; version 6.0) software. The analysis
epoch included 200 ms of pre-stimulus activity and 1500 ms of poststimulus activity. Continuous EEG was averaged separately for each
stimulation type (frontal, temporal, sham), each pitch type (standard,
6.25-cent deviant, 200-cent deviant, each block (pre, post 1, post 2))
and each electrode. EEG data were ﬁltered (.3–30 Hz) and corrected for
eye movements, an automatic artifact rejection procedure was conducted on all channels, and all trials with > 120 uV activity were removed from further analysis. Overall, 26.2% trials were rejected. An
ANOVA including stimulation type, block and pitch type showed no
signiﬁcant diﬀerence in the number of trials rejected between pitch
types (F(2, 24) = .47, p = .63). There was however a main eﬀect of
stimulation with more trials rejected in the frontal stimulation condition (M = 34.8%, SD = 5.6%) compared to the temporal stimulation
condition (M = 18.5%, SD = 3.2%), and a main eﬀect of block with
more trials rejected in the post1 block (M = 30.2%, SD = 4.6%)
compared to the pre-stimulation block (M = 21.7%, SD = 3.1%). After
removing artifacts, data were re-referenced to the linked mastoid. In
addition, diﬀerence waves were also computed between each deviant
and the standard tone (i.e. amplitude of the deviant minus amplitude of
the standard tone) and for each experimental block to isolate the impact
66
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latency, as the amplitude of the response at a given time-point will
change due to a shift in peak latency. Examination of the waveforms
themselves determines if the eﬀect was mainly amplitude and/or latency driven. Clusters were formed over space by grouping electrodes
within 4 cm of each other (i.e., adjacent electrodes) that had signiﬁcant
main eﬀect of experimental block at the same time point. Accordingly,
clusters were dynamic; that is, the electrodes that formed a cluster
could change over the identiﬁed epoch. Critically, the formation of
these clusters was entirely data driven. However, given the number of
multiple comparisons, it was likely that some of the identiﬁed clusters
were actually type I errors. To account for multiple comparisons, a
permutation approach was used to determine the probability of the
diﬀerences being real. This permutation test involved comparing the
clusters identiﬁed in the previous step by randomly assigning participants or conditions into two groups or conditions, and repeating the
one-way ANOVAs. If the eﬀect of condition is real, the one-way
ANOVAs comparing the randomly permutated should yield non-signiﬁcant results (Maris and Oostenveld, 2007). To derive a probability
estimate, 1000 diﬀerent permutations were calculated. The percentage
of permutations where the largest F value in the cluster was signiﬁcant
provides an estimate of the likelihood that the original diﬀerence is due
to chance alone (i.e. a p value; Maris and Oostenveld, 2007). For example, if 100 of the 1000 random permutations were signiﬁcant, then
the p value would be .1; if 800 of the 1000 permutations were signiﬁcant, the p value would be .8. Accordingly, to achieve a p value <
.05, a maximum 50 of the 1000 permutations could be signiﬁcant. All
signiﬁcant clusters are reported by p values.
We focused our analyses on three cluster types based on our hypotheses (i.e. MMN/N2b, and P3 for the diﬀerence waves and N1 for
the average EEG), and we did not interpret other signiﬁcant clusters.
Thus, only time-point that were considered part of the MMN/N2b, N1
and P3 were compared in each experimental block. If a main eﬀect was
present after running an ANOVA, post-hoc tests were performed in
order to ﬁnd out which experimental block (i.e. pre, post1 or post 2)
was responsible for this eﬀect and to see whether there was any difference between experimental blocks. The post-hoc tests consisted of
the computation of pairwise comparisons using Scheﬀe’s test, and followed the same cluster-permutation logic for each comparison. The
signiﬁcance level was adjusted following Bonferroni-Holm procedure.
A supplementary analysis was done to ensure that the pitch discrimination task generated the expected MMN/N2b and P3 waves.
Using the same permutation procedure reported above, we performed a
series of t-tests to determine if deviant tones evoked a MMN/N2b and
P3 before any tDCS stimulation was applied. T-tests were calculated on
the baseline (i.e. pre-stimulation) data for each stimulation session (i.e.
frontal, temporal, sham) and compared the amplitude of the ERPs for
the standard tones to the ERPs for the 6.25 or 200-cent deviants at
every electrode and time point. These analyses were performed on the
raw evoked waveforms (not the diﬀerence waves).
Finally, the quality of the recorded EEG data was very poor for two
participants during the frontal stimulation condition, rending their data
unusable as they were too noisy. Therefore, the EEG data from these
two participants are not included in the analyses for this condition,
yielding a total sample of 11 participants.

Fig. 3. Accuracy. Participants’ accuracy results (d′) are presented as a function of deviant
type (6.25 and 200 cents), experimental block (pre-stimulation, post-stimulation block 1
and post-stimulation block 2) and stimulation type (frontal, temporal and sham).

ANOVA with stimulation type (frontal, temporal, sham), experimental
block (pre, post1, post2) and deviant type (6.25 cents, 200 cents) as
within-subject factors. There was a main eﬀect of deviant type on accuracy, F(1, 11) = 6.43, p = .028, which revealed that participants
were less accurate when discriminating 6.25-cent deviants compared to
200-cent deviants. There was no main eﬀect of stimulation type (F(2,
22) = .09, p = .91) or experimental block (F(2, 22) = 1.62, p = .22)
on accuracy, nor was there any signiﬁcant interaction between the
factors (all F values < .64, all p values > .54).
Reaction time was quantiﬁed using a repeated measures three-way
ANOVA with stimulation type (frontal, temporal, sham), experimental
block (pre, post1, post2) and deviant type (no deviant (identical), 6.25
cents, 200 cents). The experimental block and the deviant type had an
eﬀect on reaction time (F(2, 22) = 7.67, p = .003 and F(2, 22) =
16.33, p < .001 respectively). First, pair-wise comparisons revealed
that reaction time was longer in the pre-stimulation block compared to
the post-stimulation 1 block (p = .003) and compared to the second
post-stimulation block (p = .023). This could indicate a practice eﬀect
with the task. Also, reaction time was shorter when participants had to
discriminate the 200-cent deviant compared to the 6.25-cent deviant or
the identical tone (p < .001 for both pair-wise comparisons). There was
no main eﬀect of stimulation type on reaction time (F(2, 22) = .15, p =
.86), nor was there any signiﬁcant interaction between the factors (all F
values < 1.54, all p values > .21).

3.2. Electroencephalography results
The illustrations of the topography of each statistical eﬀect are
presented in Fig. 5 to highlight a sample of the scalp distribution at the
peak of the eﬀect. The topography of each cluster is dynamic; therefore,
the peak was chosen as a representative distribution of the eﬀect.
In a ﬁrst step, to ensure that the pitch-discrimination task successfully generated a MMN/N2b and a P3 component before any type of
stimulation was applied, t-tests were calculated on the baseline (i.e. prestimulation) data for each stimulation session (i.e. frontal, temporal,
sham) and compared the amplitude of the ERPs for the standard tones
to the ERPs for the 6.25 or 200-cent deviants at every electrode and
time point. The analyses were performed on the raw evoked waveforms
(not the diﬀerence waves). The results are found in Table 1.
In summary, the results of these permutation-based t-tests suggest
that the pitch-discrimination task successfully generated a MMN/N2b
and a P3 component in our participants, before any type of stimulation
was applied.
Within-subject permutation based ANOVAs were then performed on
the diﬀerence wave (deviant minus standard). To assess the eﬀect of
tDCS stimulation, ANOVAs were computed separately for each

3. Results
3.1. Behavioural results
Behavioural results are displayed in Figs. 3 and 4. Participants’
performance was assessed in terms of (A) accuracy (d′) and (B) reaction
time (ms). Unfortunately, errors occurred in the recording of the behavioural data for one participant, rending the data unusable. Therefore, the behavioural data from this participant is not included in the
group analyses.
Accuracy was quantiﬁed using a repeated measures three-way
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Fig. 4. Reaction time. Participants’ reaction times (ms) are
presented as a function of deviant type (identical, 6.25 cents, 200
cents), experimental block (pre-stimulation, post-stimulation 1,
post-stimulation 2) and stimulation type (frontal, temporal and
sham).

the results suggest that the P3 amplitude was reduced in both poststimulation blocks compared to the pre-stimulation block.

stimulation type (frontal, temporal and sham), and compared the difference waves (i.e. amplitude of the deviant minus amplitude of the
standard tone) during each experimental block (pre, post1, post2).
Diﬀerence waves were chosen to highlight the diﬀerence between the
standard and deviants, and because the software package that runs the
permutation test can only be run on a single variable at a time. Separate
ANOVAs were used for the same reason. The illustrations of the topography of each statistical eﬀect are presented to highlight a sample of
the scalp distribution at the peak of the eﬀect. The topography of each
cluster is dynamic; therefore, the peak was chosen as a representative
distribution of the eﬀect.

3.2.2.2. 200-cent deviants. No signiﬁcant eﬀect of block was observed
when comparing the 200-cent – standard diﬀerence wave (lowest p =
.51).
3.2.3. Temporal stimulation
3.2.3.1. 6.25-cent deviants. One signiﬁcant cluster was identiﬁed when
comparing the diﬀerence wave for the standard to the 6.25-cent deviant
for each experimental block. For this cluster, the diﬀerence wave for the
pre-stimulation block was more positive than for the post-stimulation
blocks 1 and 2 from 236 to 738 ms (p = .01). P3 reduction peaked
around 303 ms over parieto-occipital electrodes, and the poststimulation reduction remained signiﬁcant until 738 ms over bilateral
temporal electrodes, with a larger P3 reduction in the right hemisphere
compared to the left. The scalp distribution of the electrodes that form
this cluster at 303 ms is presented in Fig. 6B), along with the waveform
at electrode P1. Given the latency and topography, this cluster likely
represents a temporal tDCS-related reduction in the P3b subcomponent
of the P3, as the P3b is normally observed at parietal sites (for reviews
see Knight and Scabini, 1998; Polich, 2007).
Post-hoc tests revealed that the P3 amplitude recorded during the
pre-stimulation block was signiﬁcantly higher compared to post1 (p =
.022) and the post2 (p = .001) blocks. There was no statistically signiﬁcant diﬀerence between the post1 and post2 blocks (p = .99). Thus,
results suggest that the P3b amplitude was reduced in both post-stimulation blocks compared to the pre-stimulation block.

3.2.1. Sham stimulation
No diﬀerences across block were observed for either deviant, as no
signiﬁcant clusters were observed between blocks when comparing the
6.25-cent minus standard diﬀerence wave (lowest p = .22) nor the 200cent minus standard diﬀerence wave (lowest p = .45). Furthermore, to
ensure that the sham stimulation did not interfere with brain activity
compared to baseline, paired t-tests were performed. They compared
the ERPs obtained following the presentation of a standard tone to the
ERPs obtained after the presentation of a deviant for both the post1 and
post2 experimental blocks. Results mimicked those observed during the
baseline trials, suggesting that MMN/N2bs and P3s were observed for
each type of deviant during both post-stimulation blocks (MMN: poststimulation 1 (p < .001 [6.25 cents], p = .002 [200 cents], post-stimulation 2 (p = .002 [6.25 cents], p < .001 [200 cents]; P3: post-stimulation 1 and 2 (p < .001 [6.25 and 200 cents]), conﬁrming that
sham stimulation did not signiﬁcantly modulate brain activity.
Consequently, these results suggest that the ERP modulations following
the frontal and temporal stimulation that are described below are
probably not due to a fatigue or habituation eﬀect.

3.2.3.2. 200-cent deviants. One signiﬁcant cluster was identiﬁed when
comparing the diﬀerence wave for the standard to the 200-cent deviant
for each experimental block. For this cluster, the diﬀerence wave for the
post-stimulation block 1 was more positive than for the pre-stimulation
block and post-stimulation block 2 from 897 to 1072 ms (p = .022). As
this was not likely related to a MMN/N2b or P3 changes, it will not be
discussed further.

3.2.2. Frontal stimulation
3.2.2.1. 6.25-cent deviants. One signiﬁcant cluster was identiﬁed when
comparing the diﬀerence wave for the standard to the 6.25-cent deviant
for each experimental block. From 393–622 ms there was a reduction in
positivity in post-stimulation blocks 1 and 2 compared to the prestimulation block, and the eﬀect was largest over fronto-central
electrodes (p = .037). The scalp distribution of the electrodes that
form this cluster at 492 ms is presented in Fig. 6A, along with the ERP
waveform at electrode FC1. Given the latency and topography, this
cluster likely represents tDCS-related reduction of P3a subcomponent of
the P3, as the P3a is normally observed at central sites (for reviews see
Knight and Scabini, 1998; Polich, 2007).
Post-hoc tests revealed that the amplitude recorded during the prestimulation block was signiﬁcantly larger compared to the post1 (p =
.009) and the post2 (p = .016). There was no statistically signiﬁcant
diﬀerence between the post-stimulation block 1 and 2 (p > .99). Thus,

3.2.4. Follow up analyses
A permutation based factorial ANOVA was not possible using BESA
statistics (Version 2.0). Therefore, in order to further ensure that the
tDCS stimulation had an impact on the P3, a series of one-way ANOVAs
were run between the diﬀerent stimulation types (i.e. sham, frontal,
temporal), for each of the experimental blocks (pre, post1, post2). To
limit the number of analyses, we focused on the signiﬁcant eﬀects reported above. Accordingly, the analysis was conducted only for the 6.25
cent deviant, yielding 3 analyses. It is expected that signiﬁcant clusters
will occur only during the post1 and post2 analyses, and that these
clusters should yield signiﬁcant reductions at frontal electrodes for
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Fig. 5. Baseline ERPs for the sham, frontal and temporal stimulations. The illustrations of the topography of each statistical eﬀect are presented to highlight a sample of the scalp
distribution at the peak of the eﬀect (A) Sham stimulation, B) Frontal stimulation, C) Temporal stimulation. The boxes represent electrodes included in the signiﬁcant cluster. For the ERP
waveforms, the standard tones are presented in blue, the deviant (6.25 or 200 cents) are presented in red and their diﬀerence is in black. Vertical lines show the epoch of the cluster
identiﬁed. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article).

stimulation types at baseline (i.e. pre-stimulation block) for the 6.25cent deviant (smallest p = .11). During the post1 block there was one
signiﬁcant cluster from 555 to 1146 ms (p = .005) that included frontal
and parietal electrodes. A second cluster approached signiﬁcance (p =

frontal stimulation and at parietal electrodes for temporal stimulation.
Because data was unavailable for two participants during the frontal
stimulation condition, this analysis is based on only 11 participants,
There were no signiﬁcant diﬀerences between the diﬀerent
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Table 1
Signiﬁcant clusters found during the baseline/pre-stimulation blocks of each type of stimulation.
Stimulation

Deviant (cents)

p-value

Latency (ms)

Polarity

Topography

Associated components

A) Sham

6.25

.001
< .001
< .001
< .001
.002
< .001
.02
< .001
.002
< .001
.002
< .001

60–211
256–662
48–188
175–406
96–215
295–854
88–183
153–28
93–169
254–845
7–190
174–417

–
+
–
+
–
+
–
+
–
+
–
+

Widespread
Centro-parieto-occipital
Widespread
Widespread
Fronto-central
Centro-parieto-occipital
Fronto-central
Widespread
Fronto-central
Widespread
Fronto-central
Widespread

MMN/N2b
P3
MMN/N2b
P3
MMN/N2b
P3
MMN/N2b
P3
MMN/N2b
P3
MMN/N2b
P3

200
B) Frontal

6.25
200

C) Temporal

6.25
200

temporal and sham stimulation (p = .009), and between frontal and
sham stimulation (p < .0001). This pattern of results provides further
support for the accuracy of the main analysis.

.07) from 464 to 643 ms, and included mainly frontal electrodes.
During the post2 block, there was one cluster that approached signiﬁcance (p = .08) that lasted from 852 to 992 ms. At the peak of this
cluster (929 ms), signiﬁcant electrodes included those over frontal and
parietal areas, with a slight rightward bias. The lack of diﬀerence in the
pre-stimulation block, coupled with signiﬁcant eﬀects during the post1
and near signiﬁcant eﬀects during the post 2 block support the main
experimental ﬁndings reported above.
To further ensure that the impact of tDCS was real, we calculated a
pre-post diﬀerence wave for each of the 6.25 deviant-standard diﬀerence wave (i.e., a diﬀerence of the diﬀerence) for each of the three
stimulation tDCS stimulation types (Frontal, Temporal & Sham). A oneway permutation based ANOVA was calculated on these diﬀerence
waves to ensure that the pre-post diﬀerence for the temporal and
frontal stimulation diﬀered from the sham stimulation. One signiﬁcant
cluster was identiﬁed in this ANOVA from 586 to 1166 ms, over frontal,
central and parietal electrodes, demonstrating that there was a diﬀerence between the three stimulation types (p = .003). Post-hoc analyses
revealed that this eﬀect was driven by a diﬀerence between the

3.2.5. N1 analyses
In order to examine whether changes in the N1 component amplitude could be observed as a result of stimulation, additional withinsubject permutation based ANOVAs were performed on the raw evoked
waveforms (not the diﬀerence wave). They were computed separately
for each type of stimulation (frontal, temporal and sham), and compared the ERPs peaking in the 80–130 ms epoch during each experimental block (pre, post1, post2). Because the N1 amplitude to deviants
would be impacted by the overlapping MMN/N2b, the comparisons
were made for the standard sounds only. However, no signiﬁcant
cluster emerged when comparing the amplitudes obtained in each experimental block for the frontal, temporal and sham condition.
3.2.6. Brain-behaviour relationships
While there was no impact of tDCS on the ability to detect pitch

Fig. 6. Diﬀerences between the ERPs for the standard to 6.25-cent deviant for each experimental block of the frontal and temporal stimulation condition. The illustrations of the
topography of each statistical eﬀect are presented to highlight a sample of the scalp distribution at the peak of the eﬀect. The boxes represent electrodes included in the signiﬁcant cluster.
For the ERP waveforms, the pre-stimulation block is presented in black, the post-stimulation 1 block is presented in blue, and the post-stimulation 2 block is presented in red. To the left
(A), diﬀerence waves are presented at electrode FC1 for the frontal stimulation and P1 of the temporal stimulation. Vertical lines show the epoch of the cluster identiﬁed. (For
interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article).
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cent deviant was not signiﬁcant (p = .56).

change, we wanted to ensure that the P3 component impacted by tDCS
were related to the detection of pitch change before it was modiﬁed by
tDCS. Accordingly, we focused on the brain-behaviour relationships
during the three pre-stimulation blocks on the P3 evoked by the 6.25
cent deviant. First we calculated the average d′ score for the 6.25 cent
deviant across the three pre-stimulation blocks. Then we calculated the
peak amplitude and latency of the MMN, P3a and P3b components
based on the diﬀerence waves averaged across the three pre-stimulation
blocks. The MMN was extracted as the largest negative peak between
50 and 250 ms post stimulus onset at nine fronto-central electrodes (F1,
Fz, F2, FC1, FCz, FC2, C1, Cz & C2). The frontal P3a component was
extracted as the largest positive peak between 200 and 500 ms at the
same 9 fronto-central electrodes as the MMN. The P3b component was
extracted as the largest positive peak between 200 and 500 ms at nine
parieto-occipital electrodes (P1, Pz, P2, PO3, POz, PO4, O1, Oz & O2).
Of interest was if the amplitude or latency of either of these measures
predicted accuracy. Accordingly, two regressions were calculated that
included d′ as the dependent measure: MMN, P3a, and P3b latency
evoked by a 6.25 cent deviant & MMN, P3a, and P3b amplitude evoked
by a 200 cent deviant. The latency of the MMN, P3a and P3b evoked by
a 6.25 cent deviant signiﬁcantly predicted d′, F(3, 8) = 5.82, p = .02,
R2 = .67. Given the small sample size, the individual beta weights
suggest that the MMN, P3a and P3b latency each predict unique variance in d′ scores (MMN (β = −.45, p = .05), the P3a (β = .64, p =
.01), and P3b (β = −.37, p = .11)) (Fig. 7). Interestingly, an earlier
MMN and P3b predicted higher accuracy (i.e., beta was negative),
while a delayed P3a predicted higher accuracy (i.e., beta was positive).
The regression based on MMN, P3a and P3b amplitude evoked by a 200

4. Discussion
The aim of the present study was to investigate whether it was
possible to induce temporary pitch processing deﬁcits that are similar to
amusia in healthy participants following the transient disruption of the
right fronto-temporal network. Cathodal (inhibitory) tDCS was applied
separately, to both the IFG and the auditory cortex of participants with
normal hearing. Electrical brain activity was recorded while participants performed a pitch-discrimination task, both before and after tDCS
stimulation, to examine the impact of tDCS on auditory evoked potentials that are aﬀected by amusia. Cathodal stimulation to both the
IFG and auditory cortex resulted in a decrease in P3 amplitude evoked
by a small pitch deviant (6.25 cents), compared with sham stimulation,
suggesting that the eﬀect of tDCS is not a habituation eﬀect.
Interestingly, accuracy and reaction time were not impacted by the
tDCS stimulation when detecting the small pitch deviant. However,
performance and latency of the MMN, P3a and P3b were related. No
post-stimulation change in the P3 evoked by a larger deviant (200
cents) was observed. The present ﬁndings indicate that it is possible to
modify electrophysiological responses to small pitch deviants using
tDCS in healthy adults. Critically, these responses are comparable to the
electrophysiological markers of amusia.
4.1. Modulation of the P3 component evoked by small pitch deviants
The P3 is thought to reﬂect the direction of attention towards a
stimulus to determine whether it diﬀers from another stimulus on a
particular dimension (Polich and Kok, 1995). Subcomponents of the P3
reﬂect context updating (P3b) and top-down monitoring of attention
(P3a). In amusia, the P3 is absent when subjects are presented with
pitch variations smaller than 1 semitone (100 cents), which reﬂects the
lack of awareness to small pitch changes (Moreau et al., 2013; Peretz
et al., 2005; Polich, 2007). In the present study, the post-stimulation
reduction in P3 was only observed when evoked by small pitch deviants
(6.25 cents). This suggests that electrical brain activity associated with
the detection and awareness of small pitch deviants was modulated by
cathodal tDCS on the IFG and auditory cortex. Furthermore, results
show that the P3 latency for the 6.25-cent deviant was related to performance during baseline. Moreover, the inverse pattern of latency
change in P3a and P3b associated with higher accuracy highlights the
independence of these two processes. Their independence suggests that
interrupting one process may not be suﬃcient to interrupt the perception of pitch change. That is either the P3a or P3b is suﬃcient for
detecting pitch change. Overall this supports the idea that the P3 is
related to the ability to detect a deviant, and highlights the brain-behaviour connection.
4.1.1. Frontal stimulation
Cathodal tDCS applied over the right IFG induced a reduction of the
P3 evoked by small pitch deviants. The reduction in P3 amplitude after
frontal stimulation was observed mainly over frontal electrodes. This
pattern of results suggests that frontal stimulation impacts the P3a
subcomponent of the P3. The P3a is associated with top-down monitoring of attentional deployment (Polich, 2007). In fact, a reduction in
P3a amplitude has been associated with less eﬃcient shifting of attentional resources towards novel stimuli (Kopp et al., 2006; Nordby
et al., 1999). Moreover, P3a amplitude was reduced in patients with
frontal lesions (Knight et al., 1995; Knight, 1984; Polich, 2007). The
reduction in P3a amplitude following frontal tDCS stimulation provides
further support for this hypothesis. Importantly, the reduction in P3a
amplitude mimics part of the amusic phenotype, and previous research
suggests that the P3 reduction in amusics was due to anomalies within
the frontal region (Albouy et al., 2013; Hyde et al., 2006, 2011; Schaal
et al., 2015).

Fig. 7. Scatterplots illustrating ERP latency as a function of d′ for the 6.25 cent deviant
during baseline trials. (A) MMN latency. (B) P3a Latency. (C) P3b Latency.
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a high baseline MMN (Impey et al., 2016). It has been proposed that
these diﬀerent lateralization eﬀects might be explained by the level of
familiarity with the diﬀering sound feature (Kujala and Näätänen,
2010; Tervaniemi and Hugdahl, 2003), and also because other brain
regions are also potentially involved in the generation of an auditory
MMN, such as the prefrontal cortex (Doeller et al., 2003; Deouell,
2007).
The lack of eﬀect on early components like the MMN in the current
study may have been due to the use of an active task. It has previous
been shown that when sequences of standard and deviant sounds are
attended, the MMN is elicited in a comparable way as when participants’ attention is directed away from the task (Näätänen et al., 2007).
However, when participants attend to the task, the MMN is partially
overlapped by the N2b (Näätänen and Gaillard, 1983; Näätänen et al.,
1982). It is likely that attending to the pitch deviants engages a more
widespread network, and thus early components like the MMN would
be less aﬀected by tDCS stimulation compared to when participants are
attending to the auditory stimulation. Further support for this hypothesis come from Zaehle at al. (2011) who found that both P1 and N1
could be impacted by tDCS when they were evoked using a passive
listening paradigm. A comparison between an active and passive listening task while using tDCS could conﬁrm how tDCS interacts with
attention to diﬀerentially impact the ﬁrst few hundred milliseconds of
the auditory evoked response.

4.1.2. Temporal stimulation
Cathodal tDCS stimulation over the auditory cortex also decreased
P3 amplitude in response to small pitch deviants. Given that the reduction in amplitude was observed over parieto-occipital sites, and not
frontal sites, it likely corresponds to the P3b component. P3b activity is
related to context updating and memory storage (Polich, 2007). Previous experiments have showed that P3b amplitude is modulated by the
integrity of the temporal-parietal junction (Knight et al., 1989; Polich,
2007; Verleger et al., 1994; Yamaguchi and Knight, 1992). At the same
time, the P600, evoked by melodic incongruities is reduced in amusics,
and this reduction was strongest at posterior sites (Zendel et al., 2015).
The P600 evoked by melodic incongruities serves a similar functional
purpose to the P3b, in that it reﬂects an attentive process of integrating
a tonal violation into a melodic context (i.e., context updating) (Besson
and Faïta, 1995; Brattico et al., 2006; Patel et al., 1998). It is therefore,
plausible that temporal tDCS stimulation disrupts the ability to actively
update the current auditory context, as was observed in amusics using
musical stimuli.
4.1.3. Speciﬁcity of the stimulation site and type
There is some evidence that tDCS applied over the left dorsolateral
prefrontal cortex (DLPFC) can also modulate P3 amplitude. Keeser et al.
(2011) found that anodal tDCS over the left DLPFC increased the P3
amplitude during a working memory task (2-back condition). Similarly,
an increase in P3 amplitude was found after anodal tDCS over the left
DLPFC when alcohol-dependent patients listened to sounds related to
alcohol compared with neutral sounds (Nakamura-Palacios et al.,
2012). However, other studies have failed to report signiﬁcant P3
amplitude changes following anodal or cathodal tDCS over the DLPFC
of either normal or clinical populations (i.e. Alzheimer’s disease, Schizophrenia), suggesting that tDCS over the left dorsolateral prefrontal
cortex does not produce reliable eﬀects (e.g. Khedr et al., 2014;
Knechtel et al., 2014a; Knechtel et al., 2014b; Zaehle et al., 2011).
Despite the lack of consistent eﬀects from other stimulation sites, there
was a general pattern where anodal stimulation resulted in an increase
in P3 amplitude, while the cathodal stimulation used in the current
study reduced P3 amplitudes.
Consequently, the eﬀects of anodal stimulation could be compared
with those of cathodal stimulation over the same cortical targets as
those used in the present study. For instance, we would hypothesize
that anodal stimulation could increase the P3 amplitude in response to
small pitch deviants in amusic participants, and could also potentially
improve the detection of such deviants in normal or amusic participants. Future research comparing cathodal and anodal stimulation
should include a larger sample in order to control for inter-individual
variability in tDCS responses to tDCS stimulation. We acknowledge that
this is a limitation in the current experiment.

4.3. Behavioural measures
Participants were less accurate and slower when discriminating
small pitch deviants (6.25 cents) compared to large pitch deviants (200
cents). Despite the impact of tDCS on P3s evoked by the pitch deviants,
there was no impact of tDCS stimulation on accuracy or reaction time.
The lack of behavioural eﬀect of the tDCS may explain why an enhanced MMN/N2b and P3 was not observed for the large pitch deviant
after stimulation. This electrophysiological “overreaction” is typically
observed in amusics, but is related to the probability of perceiving a
deviant (Moreau et al., 2013), and a lack of behavioural eﬀect implies
that the probability of perceiving a deviant did not change due to tDCS
stimulation.
There are inconsistencies in the literature regarding the modulation
of behavioural measures with tDCS, which raises questions concerning
the reliability of tDCS to induce perceptual eﬀects (for reviews see
Brunoni and Vanderhasselt, 2014; Dedoncker et al., 2016; Horvath
et al., 2015). For instance, a previous study showed that cathodal tDCS
over left and right Heschl’s gyrus decreased pitch discrimination abilities, with a greater decrease following the stimulation of right Heschl’s
gyrus (Mathys et al., 2010). In another study, anodal tDCS over the
right Helsch’s gyrus also diminished pitch discrimination abilities,
whereas no eﬀect was observed for cathodal stimulation (Matsushita
et al., 2015). Loui et al. (2010) also demonstrated that cathodal tDCS
over the left posterior IFG and right STG decreased performance in a
pitch matching task. One possible explanation for these inconsistent
behavioural results is a complex interaction between task and site of
stimulation. In the current study, neither stimulation site abolished the
P3, it only aﬀected subcomponents that have generators near the site of
stimulation. At the same time, the behavioural task was rather simple;
participants only had to detect a pitch change. It is therefore likely that
the ability to detect a pitch change relies on multiple distributed brain
regions. Thus, when one region normally involved in detecting a pitch
change is altered by tDCS, other brain regions can compensate. In the
current study, auditory regions may have been suﬃcient to detect a
pitch deviant when frontal regions were stimulated by tDCS, and when
auditory regions were stimulated by tDCS, frontal regions may have
been suﬃcient to detect a small pitch change. More complex discrimination tasks may involve fewer brain areas, and thus targeted
tDCS would likely have a greater impact on these behavioural processes. This suggests that to induce the behavioural phenotype of

4.2. Early auditory components
The ﬁnding that cathodal stimulation over right auditory cortex did
not aﬀect the MMN/N2b or N1 amplitudes was unexpected given that
previous studies had demonstrated that tDCS can alter early auditory
ERP components (for a review, see Heimrath et al., 2016). However,
this is not the ﬁrst instance where tDCS over the auditory cortex had
little eﬀect on MMN amplitude evoked by small pitch deviants. For
instance, cathodal tDCS over the right and left auditory cortex had little
impact on the MMN evoked by both spectral and temporal deviants
(Heimrath et al., 2015). Interestingly, during anodal stimulation over
the left auditory cortex, the MMN evoked by temporal but not spectral
deviants was enhanced. Similarly, Impey and Knott (2015) provided
evidence that anodal tDCS applied over the left auditory cortex increased the MMN amplitude elicited by spectral deviants but only in
individuals with a low baseline MMN amplitude. A reduction in MMN
amplitude following cathodal stimulation over the left temporal cortex
was also observed in another study, but only in a group of subjects with
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amusia, stimulation may be required at multiple sites, including both
frontal and temporal, and the same might be true to improve pitchdiscrimination abilities in amusics.
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