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Abstract

Speech-evoked envelope-following response (EFR) reflects brain encoding of speech periodicity that serves as a biomarker
for pitch and speech perception and various auditory and language disorders. Although EFR is thought to originate from the
subcortex, recent research illustrated a right-hemispheric cortical contribution to EFR. However, it is unclear whether this
contribution is causal. This study aimed to establish this causality by combining transcranial direct current stimulation
(tDCS) and measurement of EFR (pre- and post-tDCS) via scalp-recorded electroencephalography. We applied tDCS over the
left and right auditory cortices in right-handed normal-hearing participants and examined whether altering cortical
excitability via tDCS causes changes in EFR during monaural listening to speech syllables. We showed significant changes
in EFR magnitude when tDCS was applied over the right auditory cortex compared with sham stimulation for the listening
ear contralateral to the stimulation site. No such effect was found when tDCS was applied over the left auditory cortex.
Crucially, we further observed a hemispheric laterality where aftereffect was significantly greater for tDCS applied over the
right than the left auditory cortex in the contralateral ear condition. Our finding thus provides the first evidence that
validates the causal relationship between the right auditory cortex and EFR.

Key words: transcranial direct current stimulation (tDCS), envelope-following response (EFR), electroencephalography (EEG),
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Introduction
The speech-evoked frequency-following responses (FFRs) are
phase-locked neural activities that reflect early processing of
periodic features of input speech signals in the human brain
(Aiken and Picton 2008; Coffey et al. 2019). One of the most
important FFR components in the central auditory systems is
the envelope-following response (EFR) that encodes the period-

icity envelopes at fundamental frequency (F0) that represents
the vocal pitch information (Aiken and Picton 2008; Coffey
et al. 2019). The EFR is associated with various human auditory
and language processing. For example, it reflects the neural
encoding of linguistic pitch and is stronger in tonal language
than nontonal language speakers (Krishnan et al. 2004, 2005,
2009). It has greater strength in musicians who have better pitch
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discrimination ability than people without musical training
(Musacchia et al. 2007; Wong et al. 2007; Strait et al. 2009; Bidel-
man et al. 2011). Also, EFR is associated with speech-in-noise
perception. Greater EFR magnitudes are associated with better
speech recognition ability in noisy environments (Parbery-Clark
et al. 2011; Song et al. 2011). EFR also reflects neural plasticity
related to fundamental cognitive and physiological processes
such as auditory learning (Skoe et al. 2014), changes in arousal
(Mai et al. 2019), and attention (Lehmann and Schönwiesner
2014; Hartmann and Weisz 2019).

Clinically, EFR is proposed as a potential biomarker for
various auditory and language disorders. EFR declines with
age (Anderson et al. 2012; Presacco et al. 2016) and can predict
word recognition ability during speech-in-noise perception in
older adults (Anderson et al. 2011; Fujihira and Shiraishi 2015;
Mai et al. 2018). This indicates that degradations to EFR could
potentially explain the increased speech-in-noise difficulty
experienced during aging. EFRs are also associated with
hearing deficits such as cochlear synaptopathy (Encina-Llamas
et al. 2019) and auditory processing disorders (Schochat et al.
2017). Furthermore, deficits of EFR often occurred along with
functional impairments in learning and cognitive disorders,
such as learning difficulties in literacy (Cunningham et al. 2001;
Banai et al. 2007; White-Schwoch et al. 2015), dyslexia (Hornickel
and Kraus 2013), and autism (Russo et al. 2008) in children and
mild cognitive impairment in older adults (Bidelman et al. 2017).

Because of the relationship between EFR and these fun-
damental and clinical auditory and language processes, it is
essential to understand how different parts of the auditory
systems may contribute to EFR. It has long been argued that
EFR reflects the encoding of periodicity in the inferior colliculus
(IC) at the brainstem, which has been proposed as the main
neural source of EFR (Chandrasekaran and Kraus 2010; Bidelman
2015, 2018). Recent studies, however, have shown cortical con-
tributions to EFR (Coffey et al. 2016, 2017a; Hartmann and Weisz
2019; Ross et al. 2020; Gorina-Careta et al. 2021). These studies
localized the EFR sources along the auditory pathway using mag-
netoencephalography (MEG) and illustrated significant neural
contributions to EFR within the right auditory cortex associated
with musical experience, pitch discrimination ability (Coffey
et al. 2016), speech-in-noise perception (Coffey et al. 2017a),
intermodal attention (Hartmann and Weisz 2019), and aging
(Ross et al. 2020). Another study found that EFR strength was
associated with right, but not left, hemispheric hemodynamic
activity in the auditory cortex (Coffey et al. 2017b), consistent
with the relative specialization of right auditory cortex for pitch
and tonal processing (Zatorre and Belin 2001; Patterson et al.
2002; Hyde et al. 2008; Albouy et al. 2013; Cha et al. 2016).

Despite findings that show the potential cortical contribution
to EFRs, it is unclear whether the relationship between auditory
cortex and EFR is causal and is not simply an observation based
on specific source localization techniques or apparent associa-
tion between cortical activations and EFR. More specifically, it is
unclear whether EFR is susceptible to neuroplasticity at the cor-
tical level, for example, how plastic changes in neural excitability
of the auditory cortex may cause changes in EFR. An important
next step, therefore, is to determine such causality. One way to
achieve this aim is to use neurostimulation tools that are known
to change cortical excitability and test how EFR may be altered
according to these changes. A recent study investigated how
EFR obtained via scalp-recorded electroencephalography (EEG)
was modulated by inhibiting excitability of the right auditory
cortex using repetitive transcranial magnetic stimulation (rTMS)

(López-Caballero et al. 2020). This study, however, did not find
significant changes in EFR following stimulation compared with
sham. The authors argued that the absence of the aftereffect
may be attributed to the ineffectiveness of rTMS to change neu-
ral excitability in the auditory sensory region (López-Caballero
et al. 2020). Here, we address several critical caveats. First, it
is possible that the right auditory cortex contributes to EFR
mainly along the contralateral pathway. Stimulation over the
right auditory cortex might result in significant changes in EFR
when participants listen to sounds from the contralateral ear
(i.e., the left ear from which the right auditory cortex receives the
majority of its auditory information), rather than the ipsilateral
ear (i.e., the right ear). If this is the case, binaural listening during
EFR measurements in López-Caballero et al. (2020) might smear
the rTMS effect dominant in the contralateral ear. Therefore,
using paradigms of monaural listening that allow studying ipsi-
lateral/contralateral effects of stimulation should provide better
insights into cortical contributions to EFR. Second, although
previous research suggested a right-hemispheric cortical con-
tribution to EFR (Coffey et al. 2016, 2017a, 2017b; Hartmann and
Weisz 2019; Ross et al. 2020), a more rigorous design is to include
the left auditory cortex as a control stimulation site. This could
determine whether cortical contribution is made specifically
in the right hemisphere and whether laterality effects occur
by comparing aftereffects of stimulations over different hemi-
spheres. Finally, EEG has a poor source localization capability
to determine the site of occurrence of the aftereffects. It is
therefore necessary to look into the aftereffects at different
neural latencies. EFR originates at the auditory brainstem at 5–
15 ms after stimulus onset (Chandrasekaran and Kraus 2010).
Recent research has further illustrated that there are cortical
EFR activities that peak at 50–60 ms after sound onset (Coffey
et al. 2016). Looking into timing characteristics of aftereffects
could illustrate whether any effects start at the early (brainstem)
or later (auditory cortex) auditory centers. Note that “cortical
contribution” here we refer to includes not only contributions of
cortical EFR, but also corticofugal modulation on the subcortical
EFR (Price and Bidelman 2021) even without cortical sources.
Examining the timing characteristics could help disentangle
whether the cortical contribution is likely made directly at the
cortex or through top-down corticofugal modulation on the
subcortical level.

Based on the discussions above, the aim of the current study
was to establish a causal relationship between the auditory
cortex and EFR. Here, we applied transcranial direct current
stimulation (tDCS) to alter neural excitability in the left and right
auditory cortices. We measured the EFR using scalp-recorded
EEG during monaural listening (left and right ears respectively
to allow for testing contralaterality) to a repeatedly presented
speech syllable pre- and post-tDCS. We then examined the tDCS
aftereffects on EFR. tDCS is a noninvasive neurostimulation that
modulates cortical excitability (Jacobson et al. 2012). By applying
direct currents over the scalp, tDCS leads to neural excitation
or inhibition in proximal parts of the cortex that last for up
to 90 min poststimulation (Nitsche and Paulus 2001). Previous
research has shown that tDCS over auditory cortices can mod-
ulate cortical auditory-evoked responses to pitch (recorded via
EEG) (Zaehle et al. 2011; Impey and Knott 2015; Boroda et al.
2020). As for hemispheric laterality, previous studies showed
that applying tDCS over the right, compared with the left, audi-
tory cortex can significantly change pitch discrimination per-
formances, supporting the causal role of the right auditory
cortex for pitch perception (Mathys et al. 2010; Matsushita et al.
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2015, 2021). However, such causality has not been established
for neurophysiological signatures like EFR. Should cortical con-
tributions to EFR exist, altering cortical excitability via tDCS
should cause consequent changes in EFR. The current study
tested the hypothesis that tDCS over the right auditory cortex
results in changes in EFR that should occur particularly along
the contralateral auditory pathway where participants listen to
speech from the left ear. Besides, we further examined the hemi-
spheric laterality by directly comparing stimulations between
the 2 hemispheres and investigated the timing characteristics
of the aftereffects.

Materials and Methods
The present study was approved by the UCL Research Ethics
Committee, and informed consents were obtained from all
participants who were recruited for the experiments. The
recorded EEG data can be publicly accessed through our online
repository (https://gin.g-node.org/guangting-mai/tdcs-eeg_da
ta_cercor-bhab298).

Participants

Ninety right-handed, normal-hearing participants (18–40 years
old; 45 females) were recruited and completed the entire exper-
iment. Two other participants dropped out during the tDCS
phase because they felt uncomfortable with the skin sensa-
tion when stimulation was applied. All participants are right-
handed (handedness index (HI) > 40; Oldfield 1971) and had
normal hearing (pure-tone audiometric (PTA) thresholds ≤ 25 dB
HL within the range of 0.25–6 kHz for both ears). Participants
were all nontonal language (English, Spanish, Portuguese, Pol-
ish, or Russian) speakers, had no long-term musical training,
and reported no history of neurological or speech/language
disorders. No participants participated in any brain stimulation
experiments within the 2 weeks prior to the present experiment.

Participants were assigned at random to 1 of the 5 groups,
each of which received different types of tDCS. HI, age, gen-
der, and audiometric thresholds were all matched across the 5
groups (see “tDCS in Experimental Design” for details).

Experimental Design

The experimental procedure is summarized in Figure 1. EFRs
were recorded pre- and post-tDCS during monaural listening to
a repeatedly presented speech syllable to test for any aftereffects
of tDCS. Details of the EFR recording and tDCS protocols are
described in the following sections.

Speech Stimulus for the EFR Recording
A 120-ms-long syllable /i/ spoken by a male with a static funda-
mental frequency (F0) at 136 Hz was used for the EFR recordings.
The reason for using /i/ was that EFR elicited by this stimulus
had been proved to be robustly measured in our lab (Mai et al.
2018, 2019). The syllable has a stable amplitude profile across
the syllable period except for the 5-ms rising and falling cosine
ramps applied at the onset and offset to avoid transients. The
waveform of the syllable is shown in Figure 2A.

The syllable stimulus was repeatedly presented at ∼ 4
times per second with interstimulus interval (ISI, time interval
between offset of 1 stimulus and onset of the following stimulus)
fixed at 120 ms. The stimulus was played monaurally via
electromagnetically shielded inserted earphone (ER-3 insert
earphone, Intelligent Hearing Systems, Miami, FL) at 85 dB SPL

(excluding ISIs) in each ear (e.g., left ear listening followed by
right ear listening or vice versa with the order of ear presentation
counterbalanced across participants). For each ear, there were
3000 sweeps in total with half of the sweeps (i.e., 1500 sweeps)
having positive polarity and the other half having negative
polarity. The reason for having two different polarities was to
minimize neural responses to the temporal fine structure (TFS),
which mainly occur at auditory periphery (Aiken and Picton
2008) and electrical artifacts by adding responses to the positive
and negative sweeps (see “EEG Signal Processing”). Sweeps
with different polarities were presented in an intermixed
order for all participants (set prior to the experiments via
pseudorandomization).

EFR Recording
EEGs were recorded over participants’ scalps using an ActiveTwo
system (Biosemi ActiView, the Netherlands) with sampling rate
of 16 384 Hz while they listened to the 3000 sweeps of the
syllable stimulus both pre- and post-tDCS. Because of the time
constraints for which EFR recording needed to be completed
as soon as possible after finishing the tDCS phase (in order to
maintain the offline effect of tDCS), only 3 active electrodes
(Cz, C3 and C4) were placed to save time for EEG setups. The
electrodes were localized using a standard Biosemi cap. Here, we
focused on Cz only, as it is the standard conventional site used
for obtaining robust EFR (Skoe and Kraus 2010). Bilateral earlobes
served as the reference and ground electrodes were CMS and
DRL at the parieto-occipital sites. Electrode offsets were always
kept within ±35 mV.

Participants were seated comfortably in an armchair in an
electromagnetically and sound-shielded booth. They listened
passively to the stimuli while keeping their eyes on a fixation
cross in the center of a computer screen. The 3000 syllable
sweeps in each ear were broken into six 2-minute-long blocks
(500 sweeps each) with ∼ 40 s breaks between blocks to minimize
fatigue. Participants were required to keep awake and refrain
from body and head movements while they were listening to
the sounds. Participants were instructed to keep awake because
our previous study has shown that EFR magnitudes decrease sig-
nificantly when participants fall sleep (Mai et al. 2019). Allowing
participants to sleep could result in varying levels of arousal that
affected the EFR in an uncontrolled manner and therefore could
cause confounds for quantifying the tDCS aftereffects. The EFR
recording lasted for ∼ 30 min for both pre- and post-tDCS. The
post-tDCS recording was completed within 45 min after tDCS
was stopped for all participants to ensure that any aftereffects
of tDCS on EFRs were sustained (Nitsche and Paulus 2001).

PTA
Along with EFR recording, audiometric thresholds (PTA at 0.25,
0.5, 1, 2, 3, 4 and 6 kHz) in both ears were also tested pre-
and post-tDCS using a MAICO MA41 Audiometer (MAICO Diag-
nostics, Germany). These were respectively conducted prior to
the pre- and post-tDCS EFR recording to test whether tDCS
changed peripheral hearing and whether aftereffects on EFR
were related to these changes because EFR could be influenced
by individual’s audibility (Ananthakrishnan et al. 2016). Seven
participants’ post-tDCS PTA data were not recorded (1 in the
Left-AC Anodal group, 2 in the Right-AC Anodal group, 3 in the
Right-AC Cathodal group, and 1 in the Sham group; see group
allocations in “tDCS”) due to the unavailability of equipment at
the time of testing. Other than these absent data, PTAs at all
frequencies were within the normal range (≤ 25 dB HL) both
pre- and post-tDCS in both ears. Subsequent analyses showed
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Figure 1. The experimental design. Participants underwent 3 phases (pre-tDCS, tDCS, and post-tDCS). EFRs were measured via scalp EEG at Cz when participants
listened to a repeatedly presented syllable /i/ (120 ms long) monaurally pre- and post-tDCS. A pitch discrimination task was performed during the tDCS application
over the auditory cortex with the reference electrode placed above the contralateral eyebrow on the forehead.

Figure 2. The syllable stimulus for EFR recordings. (A) Temporal waveform of the 120-ms stimulus syllable /i/ with fundamental frequency (F0) at 136 Hz. (B) A
representative sample waveform of EFR (upper) and its spectrogram (lower) showing that the powers are predominated by F0 and 2F0.

baseline (pre-tDCS) PTA and change in PTA (post- vs. pre-tDCS)
did not differ significantly between stimulation groups for either
ear (see “tDCS” for details). Also no significant association was
found between the aftereffect on EFR and baseline PTA or change
in PTA (see “Results”).

tDCS
tDCS was applied over the scalp using a battery-driven direct
current stimulator (Magstim HDCStim, United Kingdom) with a
pair of rubber-surface electrodes (5 × 5 cm) contained in saline-
soaked cotton pads. Center position of the active electrode was
on T7/T8 (according to the 10/20 EEG system) for the left/right
auditory cortex. The exact placement of T7/T8 was determined

with the help of a standard Biosemi EEG cap. The reference
electrode was placed on the forehead above the eyebrow con-
tralateral to the active electrode (see Matsushita et al. 2015; also
see Fig. 1).

Participants were assigned at random to 1 of the 5 groups (18
participants per group; single-blinded). The 5 groups received
the following different types of tDCS: 1) anodal stimulation on
the left auditory cortex (Left-AC Anodal), 2) cathodal stimulation
on the left auditory cortex (Left-AC Cathodal), 3) anodal stimula-
tion on the right auditory cortex (Right-AC Anodal), 4) cathodal
stimulation on the right auditory cortex (Right-AC Cathodal),
and 5) Sham. There were equal numbers of males and females in
each group. Subsequent checks via independent-sample t-tests
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between groups confirmed that participants’ age, PTA (averaged
across 0.25–6 kHz for each ear), changes in PTA (post- vs. pre-
tDCS for each ear), and HI were matched across groups (all
P > 0.3, False discovery rate (FDR) corrected according to multiple
(10) comparisons between the 5 groups). Matching of these
factors is important because age and peripheral hearing could
influence EFR strengths (Anderson et al. 2012; Ananthakrishnan
et al. 2016), whereas handedness is associated with hemispheric
specialization (Carey and Johnstone 2014; Willems et al. 2014).
The matching thus minimized possible confounds on any tDCS
effects caused by these factors.

tDCS was applied at 1 mA for 25 min with the currents
ramping up/down for 15 s at the stimulation onset/offset. For
Sham, actual stimulation was applied for only 30 s in total (15 s
ramping up and down respectively) at the very beginning of
the 25-min period. This created the usual sensations associated
with tDCS but without actual stimulation during the remainder
of the run. The electrode configuration for each participant in
the Sham group was randomly chosen from (1) to (4) except that
it was ensured that the active electrode was positioned either
on the left or on the right auditory cortex for an equal number
of participants. Compared with other stimulation techniques
like TMS that emits loud clicking sound during real stimulation,
tDCS is silent, hence avoiding acoustic confounds on blinding
participants. After the experiment, most participants, including
those in the Sham group, orally reported that they believed they
had received real stimulation. All experimental sessions were
conducted during daytime (mornings or early afternoons) and
all participants reported that they had at least 6 h sleep the night
before which ensured adequate cortical plasticity triggered by
tDCS (Salehinejad et al. 2019).

During tDCS, participants completed a pitch discrimination
task while they listened to sound stimuli over a loudspeaker
1 meter in front of them in the same sound-shielded booth
used for the EFR recordings. Three short complex tones (400 ms)
calibrated at 75 dB SL at the 1-meter position were presented on
each trial. The task was an “ABX” task. In each trial, 2 tones “A”
and “B” with different F0 (one of which had the same F0 at 136 Hz
as for the syllable used in the EFR recording) were played consec-
utively followed by a third tone “X” randomly selected from “A”
or “B.” Participants had to identify whether “X” was the same as
“A” or “B.” They gave their best guess if unsure of the answer.
The process followed a “2-down, 1-up” adaptive procedure: F0

difference between “A” and “B” decreased by
√

2 times following
2 consecutive correct trials and increased by

√
2 times following

an incorrect trial. No feedback about response accuracy was
provided. Half-minute breaks were taken every 4 min. The total
number of completed trials was between 160 and 200 based on
each participant’s own pace. This task was included during tDCS
because tDCS preferentially modulates neural networks that are
currently active (Reato et al. 2010; Ranieri et al. 2012; Bikson
and Rahman 2013). Concurrent tDCS and the pitch discrimi-
nation task could therefore maintain auditory cortical activity
during neurostimulation, hence maximizing the effect of tDCS
on neural excitability.

EEG Signal Processing

All EEG signal processing was conducted via Matlab R2017a (The
Mathworks).

Preprocessing
As mentioned, the EFR was captured from Cz. The EEG signals
were first re-referenced to the bilateral earlobes and bandpass

filtered between 90 and 4000 Hz using a second-order zero-
phase Butterworth filter. The filtered signals were then
segmented and baseline-corrected (subtracting the average of
the 50-ms prestimulus period) for each sweep. Sweeps that
exceeded ±25 μV were rejected to minimize movement artifacts.
The resultant rejection rates were less than 2.5% averaged across
participants in all cases (pre- and post-tDCS in the 5 stimulation
groups for both left and right ear conditions).

EFR Magnitudes
FFRs with the positive and negative polarities (FFRPos and
FFRNeg) were first obtained by temporally averaging the pre-
processed signals across sweeps with the respective polarities.
EFR was measured as the response to the envelopes of F0 and its
harmonics by adding FFRPos and FFRNeg (Aiken and Picton 2008).
The addition of responses to the syllables with two polarities
minimized the responses to TFS and cochlear microphonics,
so that purer responses to envelopes were obtained to reflect
the encoding of speech periodicity (Aiken and Picton 2008).
A representative sample of EFR (waveform and spectrogram)
is shown as Figure 2B. Here, EFRF0 and EFR2F0 (EFR at F0 and
its second harmonic, 2F0) that dominate the power of EFR
were focused on. In contrast to higher harmonics (≥3) of EFR
that may reflect distortion products resulting from nonlinear
auditory response on the basilar membrane, EFRF0 and EFR2F0

reflect neural phase locking to sound periodicity in the central
auditory systems (Smalt et al. 2012). Although it is expected
that EFRF0 plays the major role in the phase locking, EFR2F0 also
makes contributions (Aiken and Picton 2008) because of the
nonsinusoidal characteristics of speech periodicity (Holmberg
et al. 1988; also see discussions in Smalt et al. 2012). Magnitudes
of EFRF0 and EFR2F0 were then measured following the procedure
as follows:

1. Optimal neural lags relative to the syllable onset that gen-
erated the maximal stimulus-to-response correlations (Kriz-
man and Kraus 2019) were first obtained for EFR. Specifically,
both the syllable stimulus and EFR waveform were bandpass
filtered at 126–146 and 262–282 Hz (i.e., 20 Hz bandwidth
with center frequencies at F0 and 2F0) using a second-order
zero-phase Butterworth filter. 100 ms pre- and poststimulus
periods were included during filtering to prevent filtering-
induced boundary artifacts from contaminating the wave-
form at the stimulus period. Cross-correlations between the
filtered stimulus and EFR were then conducted over a range
of time delays (EFR lagged behind the stimulus) for the stim-
ulus period at F0 and 2F0, respectively. This range was set
at 6–16 ms, for which 5–15 ms are latencies when EFR starts
to occur in the brainstem (Chandrasekaran and Kraus 2010)
with an additional 1 ms for sound transmission through the
earphone plastic tube to the cochlea. The time delay that
corresponded to the maximum absolute correlation value
was treated as the optimal neural lag.

2. Magnitudes of EFR were then measured (for EFRF0 and EFR2F0

separately). The EFR waveform was windowed with a 5-ms
rising and falling cosine ramp at the onset and offset. Note
that the waveform was the one after preprocessing but prior
to step 1, i.e., the bandpass filtering described in step 1 was
for determining the optimal neural lags only, but not for mea-
suring EFR magnitudes here in step 2. The window was set to
lag behind the stimulus with the optimal neural lag obtained
in the previous step (for EFRF0 and EFR2F0, respectively). The
windowed EFR waveform was then zero-padded to 1 s to
allow for 1 Hz frequency resolution and the log-transformed
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FFT-power spectrum [10∗log10(power)] was measured. EFRF0

and EFR2F0 magnitudes were taken as the powers centered
at F0 and 2F0 (averaged across 136 ± 2 Hz and 272 ± 2 Hz),
respectively.

Statistical Analyses

All statistical analyses were conducted using SPSS Statistics 26.0
(IBM).

Baseline Characteristics
Before testing the aftereffects of tDCS, statistics were first con-
ducted to check whether baseline (pre-tDCS) EFR characteristics
were matched across stimulation groups. Linear mixed-effect
regressions were conducted based on the restricted maximum
likelihood approach. Baseline EFR magnitude and optimal neural
lag were used as dependent variables. Stimulation Group (the
5 stimulation groups), Ear (left vs. right ear), and Harmonic
(F0 vs. 2F0) were fixed-effect factors, and Participant was the
random-effect factor. The covariance matrix type was chosen
among commonly used structures (first-order auto-regression,
compound symmetry, diagonal, scaled identity, Toeplitz, and
unstructured) to generate the lowest Bayesian Information Cri-
terion values (i.e., best goodness of fit). The degrees of freedom
were estimated via Satterthwaite approximation. Post hoc anal-
yses were planned following significant interactions or main
effects (Maxwell et al. 2017). Specifically, when there was a
significant interaction, the whole dataset was split by the inter-
active factors and additional linear mixed-effect regressions
were conducted at the respective levels within these factors.
This procedure was repeated until a significant main effect was
found. Pairwise comparisons were finally conducted between
the underlying levels following a main effect (unless there were
only 2 levels within the factor for the main effect, since in
such cases the main effect already informed the significant
difference between levels). P values for pairwise comparisons
were corrected via FDR according to the multiple number of
comparisons.

Aftereffects across Stimulation Groups and Ears
Analyses were then conducted to investigate how aftereffects of
tDCS differed across stimulation groups and ears. Although we
mainly focused on the aftereffects for EFR magnitude, we also
tested aftereffects for the neural lag, because previous research
also found that there is a potential association between the EFR
neural lag and auditory cortical activities (Coffey et al. 2017b).

Linear mixed-effect regressions using the same fixed- (Stim-
ulation Group, Ear, and Harmonic) and random-effect (partici-
pant) factors as for the baseline EFR were conducted. The depen-
dent variables were the aftereffects of tDCS (i.e., differences in
EFR magnitude and neural lag between post- and pre-tDCS).
Here, we normalized the aftereffects to z values according to
Sham (Grami et al. 2021) before the mixed-effect regressions
were conducted. The z values were obtained as follows:

Z = XtDCS − MSham

δSham

where XtDCS denotes the raw aftereffects (either real tDCS or
Sham), MSham, and δSham denote the mean and standard devi-
ation of the raw aftereffects across participants in the Sham
group. Note that z values in the left and right ear conditions were

calculated separately, that is, z values for the left ear condition
were calculated according to the Sham data obtained in the left
ear condition, whereas z values for the right ear condition were
calculated according to the Sham data obtained in the right ear
condition. Compared with the raw values of the aftereffects, the
z values account for the Sham effect that normalizes the data to
better reflect aftereffects of the real tDCS (Grami et al. 2021).

Additional analyses were conducted using several poten-
tial confounding factors respectively as a fixed-effect covariate
in the linear mixed-effect regressions. These factors include
age, PTA (pre-tDCS), change in PTA (post- vs. pre-tDCS), and HI
(all mean centered; missing data for the change in PTA were
set as zero). Although all these factors were matched across
stimulation groups (see “Experimental design”), such additional
analyses were conducted to confirm that they did not contribute
statistically to the aftereffects.

Laterality and Contralaterality of Aftereffects
The linear mixed-effect regressions described in the previous
section tested the aftereffects across stimulation groups and
ears. Importantly, they informed how aftereffects of real tDCS
over the auditory cortex differed significantly from Sham. How-
ever, they were unable to directly test the main effect of the
stimulated hemisphere (i.e., left vs. right auditory cortex) that
reflects hemispheric laterality of cortical contributions and how
laterality may depend on whether the listening ear was ipsilat-
eral/contralateral to the stimulated site. This is because data
of the Sham group were included in the analyses, and there
was no definitive correspondence of Sham to specific stimulated
hemispheres in the current design (see “Experimental Design”).

Therefore, a further linear mixed-effect regression was con-
ducted by excluding data in the Sham group to test the laterality
and contralaterality of the aftereffects. Z value of the aftereffect
was used as the dependent variable that had accounted for the
Sham effect. We first conducted a preliminary analysis using
the following 4 fixed-effect factors: Stimulated Hemisphere (the
left vs. right auditory cortex), Contralaterality (the ipsilateral
vs. contralateral ear to the stimulated hemisphere), Stimula-
tion Type (anodal vs. cathodal), and Harmonic (F0 vs. 2F0). Par-
ticipant was the random-effect factor. We found that neither
Stimulation Type nor Harmonic show significant main effects
or interactions with other factors (all P > 0.1), indicating that
effects of these 2 factors were negligible. Therefore, in order to
reduce the analysis complexity and highlight the key effects,
data of participants who received anodal and cathodal tDCS
were grouped together, and the two harmonics were collapsed.
A simplified linear mixed-effect regression was then conducted
using only Stimulated Hemisphere and Contralaterality as fixed-
effect factors and Participant as the random-effect factor. Post
hoc analyses were conducted following a significant interaction
effect (independent sample t-tests were conducted instead of
testing main effects as there were only 2 levels for each fixed-
effect factor). As results using all 4 fixed-effect factors in the
preliminary analysis were similar to those in the simplified
regression and led to the same conclusion, we only reported
results for the simplified regression.

Also note that this linear mixed-effect regression was con-
ducted only for EFR magnitude, but not for the neural lag. This
is because significant aftereffects of real tDCS compared with
Sham were only found for EFR magnitude (according to analyses
in the previous section, see “Results”), following which laterality
and contralaterality were further tested.
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Timing Characteristics of Significant Aftereffects
Analyses were conducted to study when significant aftereffects
on EFR magnitudes started to emerge by looking into variations
of magnitudes across multiple time frames. Instead of measur-
ing FFT power used for the linear mixed-effect regressions, we
measured the power of temporal amplitude profile of the EFR
waveform. This is because, empirically, the length of each time
frame should be at least two F0 cycles (14.7 ms) in order to
accurately measure FFT power at F0 (Liu and Morgan 2006). In
contrast, a shorter length for each frame is needed for measur-
ing power of amplitude profile that results in better temporal
resolution. This is important because the emergence of sub-
cortical/brainstem responses occur within a very narrow time
window (5–15 ms after stimulus onset); hence, relatively fine-
grained temporal resolution is needed to capture detailed mag-
nitude variations so that emergence at subcortical and cortical
responses can be disentangled.

Waveforms of EFR were first band-pass filtered using a
second-order zero-phase Butterworth filter at 100–300 Hz (for
F0 plus 2F0) and 100–200 Hz (for F0). The filtered waveforms
were then Hilbert-transformed to obtain the Hilbert envelope as
the temporal amplitude profile. The profile was then segmented
into successive time frames time-locked to the stimulus onset.
The length of each frame was set at 7.4 ms (corresponding to
1 cycle of F0). We focused on the first 7 frames up till ∼ 50 ms
(Frame 7 ranged at 44.4–51.8 ms after stimulus onset) that cover
the latencies from brainstem to the primary auditory cortex
(see Coffey et al. 2016) at which aftereffects could emerge.
Magnitudes were measured as the log-power of the amplitude
profile within each frame and were z-normalized according to
Sham as conducted for the linear-mixed effect regressions.

The following two comparisons were then conducted via
independent-sample t-tests for the magnitudes in each frame:
(a) tDCS over the right auditory cortex (Right-AC Anodal and
Cathodal) versus Sham in the left ear condition [Comparison
(a)] and (b) tDCS over the right (Right-AC Anodal and Cathodal)
versus left auditory cortex (Left-AC Anodal and Cathodal) in
their respective contralateral ear conditions [Comparison (b)].
These comparisons were chosen because they were found to be
significant according to results of the linear mixed-effect regres-
sions (see “Results”). For simplicity, data for anodal and cathodal
stimulation were grouped together for the t-tests, because no
significant interactions involved with stimulation type (anodal
vs. cathodal) were found in the previous linear mixed-effect
regressions and significant aftereffects of Right-AC Anodal and
Cathodal led to the same direction of changes (see “Results”).
The comparisons were conducted via combining the 2 har-
monics (F0 plus 2F0) due to the lack of interactions involved
with harmonic in the previous linear mixed-effect regressions.
Comparisons were also conducted for the F0 only because the
upper frequency limit of cortical EFR is within the range of vocal
pitch (<200 Hz, Guo et al. 2021). It is thus meaningful to look
specifically into whether aftereffects at F0 alone would start at
a relatively later time frame at the cortical level. P values of the
t-tests were all FDR-corrected according to the total number of
steps (i.e., 7).

Pitch Discrimination Performances
Pitch discrimination was performed during the tDCS application
(see “Experimental Design”) and the change in discrimination
performances was calculated for each participant. On each trial,
pitch difference of the two complex tones (“A” and “B”) was

recorded. The initial and final discrimination thresholds were
measured as the geometric means of the pitch differences across
trials with the first 10 and final 10 reversals, respectively. The
change in discrimination performances was then measured as
the final threshold divided by the initial threshold.

We tested how changes in pitch discrimination differed
across stimulation groups. A linear mixed-effect regression
was conducted using the change in pitch discrimination
performances as the dependent variable, Stimulation Group as
the fixed-effect factor, and Participant as the random-effect
factor. We also tested how changes in pitch discrimination
were associated with changes in EFRs. We conducted Pearson’s
correlations between the changes in performances and afteref-
fects on EFR magnitudes in the respective stimulation groups. P
values of correlations were FDR-corrected according to the total
number of correlations conducted.

Results
Baseline Characteristics

Linear mixed-effect regressions were conducted for the baseline
(pre-tDCS) EFR magnitude and neural lag.

For the EFR magnitude, there were significant main effects
of Ear [F(1, 116.140) = 12.978, P < 0.001, greater magnitude in the
left than the right ear with a small to medium effect size
(Cohen’s d = 0.376)] (Fig. 3) and Harmonic [F(1, 90.631) = 67.029,
P < 10−11, greater magnitude at F0 than at 2F0 with a large
effect size (Cohen’s d = 0.827)]. There was no significant main
effect of Stimulation Group or any 2- or 3-way interaction (all
P > 0.1). Despite the lack of main effect of Stimulation Group,
pairwise comparisons were still conducted in order to reassure
that magnitudes were matched across stimulation groups. No
significant differences were found between any 2 groups in each
Ear and Harmonic condition [all P > 0.1, FDR-corrected according
to multiple number of comparisons in each condition (i.e., 10)].

For the EFR neural lag, neither significant main effects nor
any interactions were found (all P > 0. 1). Similar to EFR magni-
tude, pairwise comparisons were still conducted for the neural
lag despite the lack of main effect of Stimulation Group. No
significant differences were found between any 2 groups in each
Ear and Harmonic condition (all P > 0.1, FDR corrected).

Aftereffects across Stimulation Groups and Ears

Figure 4 shows the waveforms and FFT-power spectra of EFR pre-
and post-tDCS in both ears, visualizing the aftereffects across
stimulation groups and ears. Linear mixed-effect regressions
were conducted for the z-normalized tDCS aftereffects on EFR.
Statistical results are summarized in Table 1.

For the aftereffects on EFR magnitude, there were significant
main effects of Stimulation Group [F(4, 136.312) = 3.503, P = 0.009]
and ear [F(1, 238.131) = 16.037, P < 10−4] and a significant (Stim-
ulation Group × Ear) interaction [F(1, 238.131) = 3.045, P = 0.018].
Post hoc analyses following the significant interaction were
conducted via splitting the dataset by Ear. Specifically, additional
linear mixed-effect regressions were conducted in the left ear
and right ear conditions, respectively. A significant main effect
of Stimulation Group was found in the left [F(4, 85) = 3.627,
P = 0.009] but not the right ear condition [F(4, 123.058) = 0.919,
P = 0.455]. Pairwise comparisons were thus conducted between
different stimulation groups using independent-sample t-tests
in the left ear condition (collapsing the two harmonics due to no



1444 Cerebral Cortex, 2022, Vol. 32, No. 7

Figure 3. Comparison of baseline EFR magnitude between the left and the right ear conditions. From left to right shows the EFR waveforms, log-transformed FFT spectra

for EFR at F0 and 2F0, and the data distributions of EFR magnitudes. The EFR waveforms were the temporal grand-averaged waveforms across all participants. FFT
spectra were obtained based on the windowed EFR (zero-padded to 1 second) time-locked to the optimal neural lags (for F0 and 2F0, respectively; see the main text).
The spectra show magnitudes peaking at 136 Hz (for F0) and 272 Hz (for 2F0), respectively. Data distributions were illustrated as violin plots based on collapsing the

two harmonics (addition of EFR magnitudes at F0 and 2F0) for each participant due to the lack of significant interaction involving harmonic. In each violin plot, the
white dot in the middle refers to the median value; the vertical and horizontal lines indicate the ±1.5 interquartile range and the mean value, respectively. Dark and
grey lines/dots denote data in the left and the right ear conditions, respectively. Shaded areas in the spectra cover the ranges of ±1 standard error (SE) from the means.
∗∗∗P < 0.001.

Table 1 Statistics results for linear mixed-effect regressions for the aftereffects (post- vs. pre-tDCS, z-normalized) on EFR magnitude and
neural lag

DV Fixed-effect
factors/interactions

df1 df2 F P

Aftereffect on EFR magnitude
(z-normalized)

Stimulation group × ear 4 238.131 3.045 0.018∗
Stimulation group ×
Harmonic

4 238.131 0.472 0.756

Ear × Harmonic 1 238.131 0.403 0.526
Stimulation group × Ear ×
Harmonic

4 238.131 1.541 0.191

Stimulation group 4 136.312 3.503 0.009∗∗
Ear 1 238.131 16.037 <10−4∗∗∗
Harmonic 1 238.131 1.499 0.222

Aftereffect on EFR neural lag
(z-normalized)

Stimulation group × Ear 4 285.687 0.709 0.586
Stimulation group ×
Harmonic

4 129.520 1.080 0.369

Ear × Harmonic 1 295.884 7.887 0.005∗∗
Stimulation group × Ear ×
Harmonic

4 295.884 1.016 0.399

Stimulation group 4 140.489 0.861 0.489
Ear 1 285.687 0.156 0.693
Harmonic 1 129.520 1.397 0.239

Stimulation Group, Ear, and Harmonic were the fixed-effect factors and Participant was the random-effect factor. DV, df, F, and P denote dependent variables, degrees
of freedom, F values, and P values, respectively. The degrees of freedom were estimated via Satterthwaite approximation. Significant P values (<0.05) are in bold.
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

significant interactions involved with Harmonic). We found that
Right-AC Anodal and Right-AC Cathodal resulted in significant
decreases in EFR magnitude compared with Sham with large
effect sizes [Right-AC Anodal vs. Sham: t(34) = −3.100, P = 0.019,
Cohen’s d = 1.033; Right-AC Cathodal vs. Sham: t(34) = −3.351,
P = 0.019, Cohen’s d = 1.117; P values were FDR corrected accord-
ing to multiple number of comparisons (i.e., 10)]. In the right ear
condition, pairwise comparisons between stimulation groups

were also conducted despite insignificant main effect of Stim-
ulation Group to further reassure that aftereffects did not differ
between groups. Indeed, no significant differences were found
between any 2 groups (all P > 0.5, FDR corrected). Data distribu-
tions of the aftereffects on EFR magnitudes in the respectively
ear conditions are illustrated in Figure 5.

For the aftereffects on EFR neural lag, neither significant
main effects nor interactions were found, except for the
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Figure 4. Pre- and post-tDCS waveforms and power spectra for EFR. (A) and (B) show the waveforms and log-transformed FFT-power spectra in the left and right ear
condition, respectively. Black and red lines indicate the pre- and post-tDCS data, respectively. From left to right shows different stimulation groups (Left-AC Anodal,
Left-AC Cathodal, Right-AC Anodal, Right-AC Cathodal, and Sham). Upper panels show the grand-averaged EFR waveforms. Mid and lower panels show the FFT spectra
based on the windowed EFR time-locked to the optimal neural lags for F0 (mid) and 2F0 (lower). Shaded areas in the spectra cover the ranges of ±1 SE from the means.

(Ear × Harmonic) interaction [F(1, 295.884) = 7.887, P = 0.005]. Post
hoc analyses were thus required via splitting the dataset by Ear
and Harmonic. Such effect, however, did not involve differences
between stimulation groups (hence not within the current
study’s interest), the post hoc results are therefore not reported
here. In addition, to further reassure that aftereffects on neural
lag did not differ significantly between stimulation groups,
pairwise comparisons were still conducted in the respective
ear conditions despite insignificant main effects/interactions
related to Stimulation Group. No significant differences were
found between any stimulation groups in either ear (all P > 0.4,
FDR corrected).

Furthermore, the same linear mixed-effect regressions were
replicated by further including potential confounding factors

(age, PTA (pre-tDCS), change in PTA (post- vs. pre-tDCS), and
HI) as fixed-effect covariates (including 1 confounder at a time).
None of these factors changed the statistical significance of the
original results and no significant main effects of them were
found (all P > 0.2).

Laterality and Contralaterality of Aftereffects

A further linear mixed-effect regression was conducted for the
aftereffects on EFR magnitude with data of the Sham group
excluded. As mentioned in “Materials and Methods”, neither
stimulation type nor harmonics had main effects or interacted
significantly with other factors. To reduce analysis complexity,
data of anodal and cathodal were grouped together and the two
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Figure 5. Data distributions of tDCS aftereffects on EFR magnitudes across stimulation groups. Aftereffects are shown as z values normalized according to Sham in the
respective ear conditions. The distributions are illustrated as violin plots based on collapsing the two harmonics due to the lack of significant interaction involving
harmonic. Data of different ear conditions are shown due to the significant (Stimulation Group × Ear) interaction. Post hoc analyses following the interaction showed
a significant main effect of Stimulation Group in the left but not the right ear condition. Pairwise comparisons showed significant decreases in EFR magnitudes for

the Right-AC Anodal and Right-AC Cathodal compared with Sham in the left ear condition. ∗P < 0.05, FDR-corrected according to multiple number of comparisons in
each ear condition (i.e., 10).

Table 2 Statistics results for linear mixed-effect regressions for the aftereffects (post- vs. pre-tDCS, z-normalized) on EFR magnitude after
excluding the Sham group

DV Fixed-effect
factors/interactions

df1 df2 F P

Aftereffect on EFR magnitude
(z-normalized)

Stimulated hemisphere ×
Contralaterality

1 70 18.394 <10−4∗∗∗

Stimulated hemisphere 1 70 2.863 0.095
Contralaterality 1 70 6.456 0.013∗

Stimulated Hemisphere and Contralaterality were the fixed-effect factors, and Participant was the random-effect factor. DV, df, F, and P denote dependent variables,
degrees of freedom, F values, and P values, respectively. Significant P values (< 0.05) are in bold. ∗P < 0.05, ∗∗∗P < 0.001.

harmonics were collapsed before the regression analysis. Data
distributions of the aftereffects across stimulated hemispheres
and the ipsilateral and contralateral ear conditions are illus-
trated in Figure 6. Statistical results of the regression are shown
in Table 2.

A significant main effect of Contralaterality [F(1, 70) = 6.456,
P = 0.013] and (Stimulated Hemisphere × Contralaterality)
interaction [F(1, 70) = 18.394, P < 10−4] were found. Post hoc
pairwise comparisons were conducted following the signifi-
cant interaction comparing: 1) aftereffects between different
stimulated hemispheres (Left-AC vs. Right-AC tDCS) in the
ipsilateral and contralateral ear conditions, respectively, and 2)
aftereffects between ipsilateral and contralateral ear conditions
for Left-AC and Right-AC tDCS, respectively. For 1), there was
a significantly greater decrease in EFR magnitude for the
Right-AC tDCS than the Left-AC tDCS in the contralateral ear
condition (t(52.421) = −3.948, P < 0.001, unequal variance due to
statistical significance of Levene’s test; Cohen’s d = 0.913), but
not the ipsilateral ear condition. For 2), there was a significantly
greater decrease in EFR magnitude in the contralateral than the

ipsilateral ear for the Right-AC tDCS (t(50.456) = −4.514, P < 10−4,
unequal variance due to statistical significance of Levene’s
test; Cohen’s d = 1.064), but not Left-AC tDCS. Note that both
significant effects had large effect sizes (Cohen’s d > 0.9).

Besides the post hoc analyses described above, an addi-
tional pairwise comparison was conducted between Left-AC
and Right-AC tDCS in the left ear (ipsilateral to the Left-AC
tDCS but contralateral to the Right-AC tDCS) condition. This
was to reassure whether the right-hemispheric laterality also
occurred for the same ear when the ear was contralateral to
the right auditory cortex. Indeed, we found significantly greater
decrease in EFR magnitude for the Right-AC than the Left-AC
tDCS in the left ear condition (t(70) = 2.389, P = 0.020, Cohen’s
d = 0.563). This significant effect is, however, not as strong as the
laterality in the contralateral ear condition as shown previously.
The reason may be because Left-AC tDCS could also partly
affect the excitability in the right auditory cortex due to wide
dispersion of currents generated by tDCS (Unal and Bikson 2018),
which may in turn influence EFR to some extent in the left ear
condition.
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Figure 6. Data distributions of tDCS aftereffects on EFR magnitudes with data of
Sham excluded. Aftereffects are shown as z values split by Stimulated Hemi-
sphere (left/right auditory cortex) and Contralaterality (ears ipsilateral/con-

tralateral to the stimulated hemispheres). As neither Stimulation Type (anodal/-
cathodal) nor Harmonic (F0/2F0) had main effects or interacted with other fac-
tors, data of anodal and cathodal were group together and the 2 harmonics were
collapsed. Post hoc analyses following a significant (Stimulated Hemisphere ×
Contralaterality) interaction showed a significantly greater decrease in the EFR
magnitude for tDCS over the right (Right-AC tDCS) than the left auditory cortex
(Left-AC tDCS) in the contralateral but not ipsilateral ear condition, and a sig-
nificantly greater decrease in magnitude in the contralateral than the ipsilateral

ear when tDCS was applied over the right (Right-AC tDCS) but not left auditory
cortex (Left-AC tDCS). In addition, Right-AC tDCS showed a significantly greater
decrease in the EFR magnitude than the Left-AC tDCS in the left ear (ipsilateral

to Left-AC but contralateral to Right-AC) condition. ∗P < 0.05, ∗∗∗P < 0.001.

Timing Characteristics of Significant Aftereffects

Independent sample t-tests were conducted in different time
frames comparing z values between the Right-AC tDCS and
Sham in the left ear condition (Fig. 7A), and between the Right-
AC and Left-AC tDCS in their respective contralateral ear condi-
tions (Fig. 7B). The comparisons were conducted when combin-
ing the 2 harmonics (F0 plus 2F0) (see upper panels of Fig. 7) and
for F0 only (see lower panels of Fig. 7). The results show that sig-
nificant aftereffects started to emerge from Frame 2 (7.4–14.8 ms
after stimulus onset) for all comparisons (also see Table 3 for the
t-statistics). P values for the t-tests were FDR-corrected accord-
ing to the total number of frames (i.e., 7). All significant effects
had medium to large effect sizes (all Cohen’s d were in the range
of either 0.5–0.8 or > 0.8, see Table 3). The results thus indicate
that emergence of significant aftereffects started at a relatively
early stage (before 15 ms after stimulus onset, which is likely at
the subcortical level, see Chandrasekaran and Kraus 2010) along
the central auditory systems.

Pitch Discrimination

A linear mixed-effect regression was conducted for the change
in pitch discrimination performances. The results showed no
significant main effect of Stimulation Group [F(4, 85) = 1.036,
P = 0.393] and no significant differences in the change in
performances between any 2 Stimulation Groups (all P > 0.4,
FDR corrected). Also, Pearson’s correlations were conducted

between the changes in performances and the aftereffects on
EFR magnitude (collapsing the two harmonics) in both ears in
the respective stimulation groups. No significant correlations
were found (all P > 0.3, FDR corrected).

Summary of Results

To summarize, our results showed as follows. First, we con-
firmed that EFR magnitude and neural lag were matched across
stimulation groups at the baseline, so any aftereffect should
not be attributed to baseline differences. We further found a
relatively small (small to medium effect size) but significant
left ear laterality for the baseline EFR magnitude. Second, we
showed a significant (Stimulation Group × Ear) interaction for
the aftereffects on EFR magnitude. Post hoc analyses found
that tDCS over the right auditory cortex resulted in significant
changes (decreases) in magnitude compared with Sham in the
left ear (contralateral to the right auditory cortex) condition. On
the other hand, no significant aftereffects were found for tDCS
over the left auditory cortex compared with Sham. Third, we
showed a significant (Stimulated Hemisphere × Contralateral)
interaction and a hemispheric laterality in which the decrease in
EFR magnitude in the contralateral ear was significantly greater
when tDCS was applied over the right than the left auditory
cortex. Finally, analyses on timing characteristics showed that
emergence of the significant aftereffects and laterality men-
tioned in the second and the third points started from the
relatively early, likely subcortical stage in the auditory systems.

The results therefore addressed our hypotheses that tDCS
over the right auditory cortex causes changes in EFR along the
contralateral auditory pathway and validate the causal relation-
ship between the right auditory cortex and EFR.

Discussion
The current study used a combined tDCS and EEG approach
to test for a causal contribution of auditory cortex to speech-
evoked EFR in healthy right-handed participants. This approach
can inform us that the cortical contribution found in the previ-
ous studies is not merely a result of specific source localization
techniques or observed association between cortical activations
and EFR, but that EFR is casually related to neuroplastic changes
induced by neurostimulation in the auditory cortex. The left and
right auditory cortices were neurostimulated in different groups
of participants and the aftereffects of tDCS on the EFR were
examined during monaural listening to a repeated speech sylla-
ble. Our results showed that tDCS over the right auditory cortex
resulted in significant decrease in EFR magnitude compared
with Sham as well as tDCS over the left auditory cortex (i.e.,
hemispheric laterality) when the listening ear was contralateral
to the stimulated site. No significant aftereffects were found for
tDCS over the left auditory cortex. The results thus agree with
previous studies that have shown a close relationship between
the right auditory cortex and EFR (Coffey et al. 2016, 2017a, 2017b;
Hartmann and Weisz 2019; Ross et al. 2020) and provide the very
first evidence for a causal relationship.

Causal Contributions of the Right Auditory Cortex to
EFR and the Hemispheric Laterality

A recent effort was made to study how EFR is modulated by
inhibiting excitability of the right auditory cortex via rTMS
(López-Caballero et al. 2020). rTMS was applied over the right
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Figure 7. Timing characteristics of the aftereffects and hemispheric laterality. Z values are shown for the magnitudes of EFR amplitude profile that compare: (A)
Right-AC tDCS with Sham in the left ear condition and (B) Right-AC with Left-AC tDCS in the respective contralateral ear conditions across time frames (Frame 1 to
7 time-locked to stimulus onset). The length of each frame was 7.4 ms corresponding to 1 cycle of F0. Upper and lower panels respectively indicate the comparisons
when collapsing the magnitudes at the 2 harmonics (F0 + 2F0) and at F0 only. Error bars indicate the SEs. Asterisks indicate the significant differences for each frame

via independent-sample t-tests. Note that the mean values of Sham were all zeros because they were z-normalized in each frame. ∗P < 0.05, FDR corrected according
to multiple number of comparisons (i.e., 7).

Table 3 Comparisons of aftereffects on EFR magnitudes across time

Frame 1
(0–7.4 ms)

Frame 2
(7.4–14.8 ms)

Frame 3
(14.8–
22.2 ms)

Frame 4
(22.2–
29.6 ms)

Frame 5
(29.6–37 ms)

Frame 6
(37–44.4 ms)

Frame 7
(44.4–
51.8 ms)

Comparison (a) F0 + 2F0 T -0.236 −2.267 −2.948 −2.796 −2.652 −1.929 −3.200
P 0.815 0.028∗ 0.005∗∗ 0.007∗∗ 0.011∗ 0.059 0.002∗∗
d 0.068 0.654 0.851 0.807 0.766 0.557 0.924

F0 T −0.121 −2.146 −2.173 −3.188 −2.988 −2.518 −2.760
P 0.904 0.037∗ 0.034∗ 0.002∗∗ 0.004∗∗ 0.015∗ 0.008∗∗
d 0.035 0.620 0.627 0.920 0.863 0.727 0.797

Comparison (b) F0 + 2F0 T 1.248 −3.460 −3.114 −2.993 −3.084 −0.930 −4.412
P 0.216 <0.001∗∗∗ 0.003∗∗ 0.004∗∗ 0.003∗∗ 0.355 <10−4 ∗∗∗
d 0.294 0.816 0.734 0.705 0.727 0.219 1.040

F0 T −1.464 −4.279 −2.689 −3.910 −3.347 −1.974 −3.352
P 0.148 <10−4 ∗∗∗ 0.009∗∗ <0.001∗∗∗ 0.001∗∗ 0.052 0.001∗∗
d 0.345 1.009 0.634 0.922 0.789 0.465 0.790

Comparisons were conducted between Right-AC tDCS and Sham in the left ear condition [comparison (a)] and between Right-AC tDCS and Left-AC tDCS in their
respective contralateral ear condition [Comparison (b)]. Independent t-tests were conducted from Frame 1 to Frame 7 that combined the 2 harmonics (F0 + 2F0) and
at F0 only. The statistical results in the table correspond to the significant results illustrated in Figure 7 [Comparison (a) corresponds to Fig. 7A and Comparison (b)
corresponds to Fig. 7B]. Numbers in the brackets denote the range for each time frame after the stimulus onset. The length of each frame was 7.4 ms (1 cycle of F0). T,
P, and d refer to the t values, P values, and Cohen’s d, respectively. All P values were FDR corrected according to the number of comparisons (i.e., 7). Significant P values
(<0.05) are in bold. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

auditory cortex and EFR magnitudes obtained via EEG were com-
pared between post- and pre-TMS while participants binaurally
listened to repeated syllables. No significant aftereffects on EFR
were found. Here, we argue that the right auditory cortex may
contribute to EFR mainly along the contralateral pathway. If

this is the case, the insignificant effect from the ipsilateral ear
during binaural listening could conceal the genuine impact of
the neurostimulation. We also argue that it is more appropriate
to also include the condition where stimulation is applied over
the left auditory cortex to test whether the aftereffect occurs
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specifically in the right hemisphere and to test for hemispheric
laterality. The present study, therefore, used an approach in
which participants monaurally listened to stimuli to allow for
testing contralaterality and neurostimulations were applied
over both left and right auditory cortices so that hemispheric
laterality were directly studied.

We found that tDCS over the right, but not left, auditory cor-
tex resulted in significant changes in EFR magnitude compared
with Sham in its contralateral (i.e., left) ear condition. Together
with the hemispheric laterality found in the contralateral ear
condition, our results argue for a causal role of the right auditory
cortex in processing speech periodicity along the contralateral
pathway in the central auditory systems. We suggest that the
present study advances our understanding of the relationship
between EFR and pitch processing in the right auditory cortex.
Previous studies have shown that EFR is closely related to pitch
perception. EFR strength can be enhanced by both short-term
perceptual training of pitch discrimination (Carcagno and Plack
2011) as well as long-term musical experience (Musacchia et al.
2007; Wong et al. 2007; Strait et al. 2009; Bidelman et al. 2011).
Furthermore, EFR has been used as an index of neural fidelity of
linguistic pitch and the fidelity is greater in tonal language than
in nontonal language speakers (Krishnan et al. 2004, 2005, 2009).
Despite this, rather than reflecting the result of pitch extrac-
tion, EFR has been suggested to reflect subcortical responses to
monaural temporal information (e.g., periodicity cues) that are
important for extracting pitch of complex sounds (i.e., “pitch-
bearing” information; Gockel et al. 2011). On the other hand,
the process of pitch extraction itself takes place in the auditory
cortex (Penagos et al. 2004; Bendor and Wang 2005; Puschmann
et al. 2010) with a right hemispheric specialization (Zatorre and
Belin 2001; Patterson et al. 2002; Hyde et al. 2008; Mathys et al.
2010; Albouy et al. 2013; Matsushita et al. 2015, 2021). In this
respect, the current aftereffects of tDCS may reflect a top-down
corticofugal modulation process in which the right auditory
cortex affects the processing of pitch-bearing information that
occurs at the subcortical level. A model of top-down modulation
between auditory cortex and subcortex that controls the tempo-
ral dynamics of pitch processing has been proposed and stresses
that this process is key for pitch perception (Balaguer-Ballester
et al. 2009). Alternatively, although EEG mainly captures EFR
signals originating from the brainstem (Bidelman 2015, 2018),
cortical sources have been found dominated in the right hemi-
sphere (Coffey et al. 2016, 2017a). It may be that the aftereffects
reflected the changes in the cortical EFR activities. Therefore,
additional analyses for the timing characteristics of when sig-
nificant aftereffects started to emerge were further investigated
in the current study. The results seem to support the proposal
arguing for the top-down role of the auditory cortex. This will be
further discussed in the next section “Timing characteristics of
the significant aftereffects”.

It is also noteworthy that we showed a laterality effect at
the baseline as well, where EFR had significantly greater mag-
nitude in the left than the right ear condition. This echoes
previous findings showing right-hemispheric laterality for audi-
tory steady-state responses (ASSRs) (but at lower frequencies
of 40 and 80 Hz, Vanvooren et al, 2015; Ross et al. 2005; Luke
et al. 2017). Both ASSRs and EFR are phase-locked responses
to envelope modulations, implying that phase-locked envelope
responses in general might be more prominent along the con-
tralateral pathway from the left ear to the right auditory cor-
tex. However, it is not clear whether and how auditory cortex
contributes to this laterality for EFR. As such, the current results

provide confirmatory evidence for a causal cortical contribution
to this laterality. It would be interesting to see whether such
causality could be replicated for ASSR in the future. It should
also be noted that the present study was conducted specifically
in right-handed participants. Although hemispheric laterality is
associated with handedness (Carey and Johnstone 2014; Willems
et al. 2014), the current results may not necessarily apply to
people who are left-handed or ambidextrous.

Besides measuring EFR, the present study also used a pitch
discrimination task during tDCS application so that the auditory
cortex was kept active and the tDCS effects were optimized
(Reato et al. 2010; Ranieri et al. 2012; Bikson and Rahman 2013).
Unlike EFR, changes in pitch discrimination performances did
not differ between stimulation groups and no correlations were
found between changes in performances and EFR magnitudes in
any group. This may be because, with our electrode configura-
tion (active electrode on the auditory cortex and reference on the
forehead above the contralateral eyebrow), currents generated
by tDCS would pass through not only auditory cortices but
also various brain regions due to its marked diffusive nature
(Faria et al. 2011; Bai et al. 2014; Unal and Bikson 2018). Pitch
discrimination involves not only sensory regions (i.e., auditory
cortices) but also higher-order regions such as frontal and pre-
frontal cortices (Zatorre et al. 1992; Palomar-Garcia et al. 2020)
and anterior cingulate cortex (Schwenzer and Mathiak 2011) that
may have been stimulated by tDCS. We thus argue that it is
not surprising that no significant results were found for pitch
discrimination because of such diffusive effects of tDCS.

Another important issue that needs discussion is that the
present study focused on EFR that reflects neural encoding
of periodicity envelope at F0 and its harmonic (2F0). Besides
periodicity envelope, TFS, particularly at the resolved harmonic
region, is also essential for pitch perception (Moore 2014). Here,
we did not include responses to TFS because they mainly reflect
encoding of sounds at the auditory periphery or cochlear micro-
phonics (Aiken and Picton 2008) rather than responses at the
central auditory systems. Also, there may be electrical artifacts
when recording responses to TFS, whereas EFR was obtained by
adding responses to the positive and negative polarities such
that artifacts are minimized (Skoe and Kraus 2010). It is therefore
valuable for the future to explore an artifact-free response to TFS
located in the central auditory systems and how it may relate
to cortical hemispheric laterality. In contrast to TFS, periodicity
envelope is most important for pitch perception when audi-
tory signals are dominated by unresolved harmonics (Oxenham
et al. 2009; Moore and Gockel 2011). Furthermore, periodicity
encoding is more important when TFS is not well perceived or
available in clinical populations. For example, evidence showed
that encoding of periodicity envelope is less deteriorated than
TFS by aging and hearing loss (Halliday et al. 2019; Moore 2021).
In hearing protheses such as cochlear implants (CI), periodicity
envelope rather than TFS is effectively conveyed, so CI recipients
would rely mainly on periodicity encoding to perceive pitch
(Hofmann and Wouters 2010; Wouters et al. 2015; Gransier et al.
2020). Therefore, it would be also meaningful for future studies
to investigate cortical contributions to EFR in hearing-impaired
populations.

Timing Characteristics of the Significant Aftereffects

Analyses of the timing characteristics showed that the signif-
icant aftereffects and hemispheric laterality observed in the
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present study emerged at a relative early, subcortical time win-
dow (∼7–15 ms after stimulus onset). This early emergence
happened both when collapsing EFR magnitudes at F0 and 2F0

and for magnitudes at F0 only.
Therefore, such results indicate that the aftereffects may be

introduced via a top-down corticofugal modulation process in
which excitability changes in the right auditory cortex affected
EFR that occurs at the subcortical level. It is noteworthy that “cor-
tical contribution” we refer to here is not only limited to possible
contributions of cortical sources of EFR, but also corticofugal
modulation that involves changes in the right auditory cortex.
Another argument may be that, although tDCS was applied over
the auditory cortices, the aftereffects could be due to the impact
of tDCS directly on the brainstem without cortical contributions.
However, we argue that this latter proposal was not likely to
be the case, because if it were, impacts imposed by tDCS on
the brainstem are expected to be similar between stimulations
over different hemispheres. In such case, the laterality of after-
effects should be determined only by factors below the cortical
level (i.e., ipsilateral/contralateral ear) regardless of which hemi-
spheres were stimulated. Our current results, however, showed
a significant interaction between Stimulated Hemisphere and
Contralaterality (ear ipsilateral/contralateral to the stimulated
hemisphere). Hemispheric laterality was shown in which tDCS
resulted in significantly greater aftereffects over the right than
the left auditory cortex in the contralateral, but not ipsilateral,
ear condition. This therefore argues against the possibility that
the aftereffects were consequences of the tDCS directly imposed
on the brainstem and argues for the top-down corticofugal
modulation process.

The auditory corticofugal modulation has been well estab-
lished in animal studies (Suga et al. 2000; Bajo et al. 2010;
Bajo and King 2013; Suga 2020). Specifically, excitatory electrical
stimulations in the auditory cortex can facilitate the responses
of IC neurons that have the same tuning frequencies as the
stimulated cortical neurons (Bajo and King 2013; Suga 2020).
On the other hand, inactivating auditory cortex reduces the
responses of IC neurons (Zhang and Suga 1997; Yan and Suga
1999; Bajo and King 2013). Therefore, a possible mechanism that
underlies the current observed aftereffects would be that tDCS
altered the excitability in the auditory cortex. This would then
lead to hyperpolarization of subcortical postsynaptic neurons
through the efferent connections from the auditory cortex to
the subcortex. The hyperpolarization would raise the thresholds
for the occurrence of action potentials in response to speech
periodicity, reflected by the decrease in EFR magnitude. The
interesting result we observed here is that this process happens
specifically for the right auditory cortex along the contralateral
pathway. The human auditory cortex has been shown to have
sharper frequency tuning in the right than the left hemisphere
(Liégeois-Chauvel et al. 1999, 2001), suggesting greater num-
ber of neurons responsible for spectral analyses of periodicity
information that support pitch perception in the right hemi-
sphere (Zatorre et al. 2002). Therefore, top-down corticofugal
modulation for pitch perception (Balaguer-Ballester et al. 2009)
may be prominent in the right hemisphere and hence more
susceptible to external neurostimulations compared with Sham
and stimulations over the left hemisphere.

Despite our observations of the timing characteristics, some
limitations are yet to be addressed. First, previous research
argued that cortical EFRs have upper frequency limit at ∼ 100 Hz
(Bidelman 2018). However, recent data have shown that cortical
EFRs also include frequencies that cover a more common range

of human vocal pitch (100–140 Hz, Ross et al. 2020; 100–200 Hz,
Guo et al. 2021). The present study used a speech syllable with F0

at 136 Hz that falls within the 100–200 Hz range. Nonetheless, we
had not obtained compelling results here in order to conclude
that the aftereffects were directly from the cortex. Future studies
may use a lower F0 to clarify whether the timing characteristics
are different across F0 frequencies. Second, using scalp-recorded
EEG, we were not able to spatially localize the aftereffects. There-
fore, an even better approach for future studies to consider is to
use technique like MEG that is capable of localizing the afteref-
fects at the subcortical and/or cortical level (Coffey et al. 2016).
Combining the timing and spatial information could provide a
more comprehensive image showing us both when and where
the effects start to emerge.

Neurophysiological Consequences of tDCS

An intriguing finding of the current study is that anodal and
cathodal tDCS resulted in the same direction of changes, both
causing decreases in EFR magnitude for tDCS over the right audi-
tory cortex in the contralateral (i.e., left) ear condition. Conven-
tionally, anodal and cathodal stimulations reflect depolarization
and hyperpolarization of neurons, respectively, which should
lead to opposite directions of aftereffects (Jacobson et al. 2012).
However, it is not unusual that tDCS has polarity-independent
effects due to the underlying complexity of its neurophysiologi-
cal consequences. For example, several studies have shown that
anodal and cathodal tDCS have the same effects on excitability
of motor cortex (Antal et al. 2007), motor learning (de Xivry et al.
2011), cerebellar functions for working memory (Ferrucci et al.
2008), and visuomotor learning (Shah et al. 2013). The mecha-
nisms underlying excitatory/inhibitory consequences of anodal
and cathodal stimulations may be the changes in concentrations
of relevant neurotransmitters. Stagg et al. (2009) found that
anodal tDCS over the motor cortex causes decreases in gamma-
amino butyric acid (GABA) concentration that lead to excita-
tion, whereas cathodal tDCS also causes decreases in GABA but
greater concurrent decreases in glutamate that lead to cortical
inhibition. A recent study applied tDCS over the human auditory
cortex and found that both anodal and cathodal stimulations
resulted in increases in relative concentration of GABA to gluta-
mate (Heimrath et al. 2020). This is consistent with the current
results that both anodal and cathodal tDCS led to decreased
EFR magnitude, indicating that both stimulation types may have
introduced neural inhibition in the auditory cortex. It would
be worthwhile for future studies to investigate how changes in
concentrations of neurotransmitters by neurostimulation relate
to changes in EFR, which can help us better understand the
underlying mechanisms of cortical contributions to EFR.

Speech-Specific or Domain-General

Our auditory stimulus used to obtain EFR was a speech syllable.
Another important question is whether our results are speech-
specific or could be generalized to nonspeech stimuli. It has
been shown that the right auditory cortical contributions are
similar when using a speech syllable and a music note (Coffey
et al. 2017a). However, speech and music notes share a great deal
of physical properties (e.g., spectral complexity and harmonic
structures), which may lead to such similarity. It is not clear
whether using other stimuli such as complex tones, amplitude-
modulated tones or iterated rippled noise (Krishnan et al. 2009;
Ananthakrishnan and Krishnan 2018) would lead to the same or
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different effects as observed here. A future direction is then to
examine whether the causal contribution of the right auditory
cortex is speech-specific or domain-general.

Conclusion
We showed that tDCS over the right, but not left, auditory cortex
resulted in significant changes in speech-evoked EFR magnitude
compared with Sham in the contralateral (i.e., left) ear condition.
Crucially, we also showed a hemispheric laterality in which the
aftereffect was greater when tDCS was applied over the right
than the left auditory cortex in the contralateral ear condition.
Furthermore, we showed that the aftereffects and the laterality
emerged from the relatively early, subcortical stages, indicating
a top-down corticofugal modulation of the right auditory cortex
on the subcortex. The current results thus validate the previous
findings that the right auditory cortex makes significant con-
tributions to EFR by establishing a causal relationship between
the two. To our knowledge, this is the first evidence for this
causality. Our findings should advance the understanding of
how periodicity and pitch information are processed along the
central auditory pathways in the human brain.
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