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Jones KT, Johnson EL, Tauxe ZS, Rojas DC. Modulation of
auditory gamma-band responses using transcranial electrical stimulation. J Neurophysiol 123: 2504 –2514, 2020. First published June 3,
2020; doi:10.1152/jn.00003.2020.—Auditory gamma-band (⬎30 Hz)
activity is a biomarker of cortical excitation/inhibition (E/I) balance in
autism, schizophrenia, and bipolar disorder. We provide a comprehensive account of the effects of transcranial alternating current
stimulation (tACS) and transcranial direct current stimulation (tDCS)
on gamma responses. Forty-five healthy young adults listened to
40-Hz auditory click trains while electroencephalography (EEG) data
were collected to measure stimulus-related gamma activity immediately before and after 10 min of 1 mA tACS (40 Hz), tDCS, or sham
stimulation to left auditory cortex. tACS, but not tDCS, increased
gamma power and phase locking to the auditory stimulus. However,
both tACS and tDCS strengthened the gamma phase connectome, and
effects persisted beyond the stimulus. Finally, tDCS strengthened the
coupling of gamma activity to alpha oscillations after termination of
the stimulus. No effects were observed in prestimulus gamma power,
the gamma amplitude connectome, or any band-limited alpha measure. Whereas both stimulation techniques synchronize gamma responses between regions, tACS also tunes the magnitude and timing
of gamma responses to the stimulus. Results reveal dissociable neurophysiological changes following tACS and tDCS and demonstrate
that clinical biomarkers can be altered with noninvasive neurostimulation, especially frequency-tuned tACS.
NEW & NOTEWORTHY Gamma frequency-tuned transcranial
alternating current stimulation (tACS) adjusts the magnitude and
timing of auditory gamma responses, as compared with both sham
stimulation and transcranial direct current stimulation (tDCS). However, both tACS and tDCS strengthen the gamma phase connectome,
which is disrupted in numerous neurological and psychiatric disorders. These findings reveal dissociable neurophysiological changes
following two noninvasive neurostimulation techniques commonly
applied in clinical and research settings.
biomarker; connectome; cross-frequency coupling; gamma; tACS;
tDCS

INTRODUCTION

Neurological and clinical disorders coincide with dysfunction in oscillatory metrics and connectivity that serve as bioCorrespondence: K. T. Jones (kevin.jones2@ucsf.edu).
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markers for disease (Voytek and Knight 2015). For example, in
autism spectrum disorder (ASD), language dysfunctions observed during development (reviewed in Mody and Belliveau
2013) also manifest with underlying disruptions in connectivity
within language networks (Dinstein et al. 2011). Given the
limited success of behavioral interventions (Dawson et al.
2010; Rogers et al. 2012; Van Hecke et al. 2015) and drug
treatments (Erickson et al. 2014), it is critical to identify
biomarkers of ASD and other disorders that can be targeted to
develop treatments that need not rely solely on behavioral or
drug interventions (reviewed in Port et al. 2014, 2015).
Abnormal auditory poststimulus gamma (⬎30 Hz) activity
in the superior temporal gyrus, which contains the auditory
cortex, is a biomarker of ASD (Gandal et al. 2010; Grice et al.
2001; Rojas et al. 2008; Rojas and Wilson 2014; Sun et al.
2012; Wilson et al. 2007), as well as schizophrenia (Edgar et
al. 2014; Krishnan et al. 2009; Steinmann et al. 2014a) and
bipolar disorder (Maharajh et al. 2007). Gamma activity is
believed to reflect coordinated interactions between excitatory
neurons and inhibitory interneurons (E/I balance), as measured
in local field potentials (reviewed in Buzsáki and Wang 2012).
Importantly, gamma activity can be measured noninvasively
using electroencephalography (EEG), and evidence from EEG
corroborates abnormal auditory gamma responses as a reliable
biomarker of ASD symptomology. For instance, auditory poststimulus evoked gamma power (EP) and functional connectivity are reduced in ASD compared with neurotypical individuals
(Edgar et al. 2015, 2016; Gandal et al. 2010; Rojas et al. 2008;
Wilson et al. 2007). Indeed, reduced auditory poststimulus
gamma EP is observed in adults with ASD, adult first-degree
relatives (Rojas et al. 2008, 2011), and children at high-risk of
developing ASD (e.g., siblings of children with ASD; Elsabbagh et al. 2009; Tierney et al. 2012). A longitudinal study
revealed that clinical ASD severity was predicted by reductions
in auditory poststimulus gamma EP (Port et al. 2016). Furthermore, the coupling of gamma activity to alpha (~10 Hz)
oscillations—i.e., cross-frequency phase-amplitude coupling
(PAC), the purported code for information transfer across
temporal scales (Canolty and Knight 2010)—–is reduced in
ASD in the fusiform face area during face viewing (Khan et al.
2013).
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One way to target cortical E/I balance is through transcranial
electrical stimulation, such as transcranial alternating current
stimulation (tACS) and transcranial direct current stimulation
(tDCS). These techniques offer practical translational potential
because they are noninvasive, safe (Matsumoto and Ugawa
2017; Nitsche et al. 2003), and well tolerated (Kessler et al.
2012). Because of its frequency specificity, tACS holds promise for directly targeting rhythmic activity within the typical
EEG range (Kutchko and Fröhlich 2013). Indeed, 1–2 mA of
tACS modulates cortical activity through entrainment of neural
oscillations to the stimulated frequency (reviewed in Herrmann
et al. 2013), suggesting that gamma tACS could target gamma
activity in auditory cortex (Preisig et al. 2020; Rufener et al.
2016, 2019; Wöstmann et al. 2018). A recent study reported
that tACS also increases functional connectivity to the stimulated region (Kar et al. 2020). In contrast, 1–2 mA of tDCS
modulates the excitability of underlying neural populations
(Antal et al. 2004; Nitsche and Paulus 2000; Paulus 2011;
Rosenkranz et al. 2000; Stagg and Nitsche 2011). In addition to
modulating human auditory processing (Heimrath et al. 2016),
tDCS has been shown to treat depression (Brunoni et al. 2011;
Fregni et al. 2006), reduce episodic memory deficits in Alzheimer’s (Ferrucci et al. 2008) and Parkinson’s diseases (Boggio et al. 2006), ameliorate aphasia (Baker et al. 2010; Fridriksson et al. 2011; Monti et al. 2008), and improve poststroke
motor function (Fregni et al. 2005; Kim et al. 2009; Suzuki et
al. 2012). In ASD, tDCS has been shown to improve social
performance in children, with effects lasting up to two months
(Wilson et al. 2017), and to improve working memory (van
Steenburgh et al. 2017). However, conflicting reports exist, as
some tDCS studies report a reduction in ASD symptom severity on standardized tests (Amatachaya et al. 2014; Gómez et al.
2017) whereas others do not (Nobusako et al. 2017). These
conflicting findings illuminate the need to understand how
different neurostimulation techniques might modulate biomarkers of disordered behavior. Establishing the efficacy of
noninvasive neurostimulation in targeting clinical biomarkers
is critical to the development of future individually tailored
treatment regimens.
The goal of the present study is to provide a systematic
investigation of the effects of gamma tACS and tDCS on
auditory gamma responses. Participants received 10 min of 1
mA tACS (40 Hz), tDCS, or sham stimulation to left auditory
cortex. Immediately before and after stimulation, participants
listened to 40-Hz auditory click trains while EEG data were
collected to measure stimulus-related gamma activity (Fig.
1A). This auditory task reliably elicits gamma responses in
frontocentral channels and bilateral temporal lobes, as measured by EEG (McFadden et al. 2014) and magnetoencephalography (MEG; Legget et al. 2017), and consistent with
decades of literature showing auditory-evoked potentials
(AEP) in the same regions (Davis et al. 1966; Picton et al.
1999). We hypothesized that gamma tACS would increase
auditory gamma responses compared with sham stimulation.
We additionally tested the effects of tDCS on gamma responses, as well as the effects of both tACS and tDCS on the
gamma functional connectome and alpha-gamma PAC, to
delineate how different neurostimulation techniques might affect various EEG metrics associated with disordered behavior.
Last, we confirmed the specificity of auditory gamma responses against the induced alpha oscillation (Jensen and
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Fig. 1. Study design and neurostimulation. A: study design. Participants performed the auditory task while electroencephalogram (EEG) data were recorded immediately before and after 10 min of transcranial alternating current
stimulation (tACS), transcranial direct current stimulation (tDCS), or sham
stimulation. B: electrical field changes following neurostimulation. We applied
1 mA tACS, tDCS, or sham stimulation with the anode positioned at T7 and
the cathode at the contralateral cheek.

Mazaheri 2010), which may play a role in auditory attention
(Wöstmann et al. 2016).
MATERIALS AND METHODS

Participants. Forty-five right-handed Colorado State University
undergraduates took part in the study (mean ⫾ SD age: 20.9 ⫾ 2.3 yr;
19 men). Participants were randomly assigned to one of three neurostimulation groups: tACS, tDCS, or sham stimulation. All participants
were screened for use of neuroleptic, hypnotic, and seizure medications, and reported no history of neurological disorders or brain injury.
The Colorado State University Institutional Review Board approved
the study protocols and all participants gave written informed consent
before participation.
Electroencephalography. EEG data were recorded in using a g.tec
head cap (Guger Technologies GmbH, Schiedlberg, Austria) at a
sampling rate of 512 Hz from 14 channels (F3, C3, P3, AFz, Fz, FCz,
Cz, CPz, Pz, POz, Oz, F4, C4, P4; International 10 –20 System),
referenced to the right mastoid. This channel montage captures the
known frontocentral distribution of the auditory response (Davis et al.
1966; McFadden et al. 2014; Picton et al. 1999). Channels were
connected to a g.tec USBamp amplifier and data were recorded with
the g.Recorder software. Additional gel (GAMMAgel by g.tec) was
applied to the channels after the cap was positioned to reduce
impedances (⬍50 K⍀). EEG data were collected during the auditory
task immediately before and after neurostimulation (Fig. 1A).
Neurostimulation. Two 5x5 cm2 electrodes encased in saline
soaked sponges were placed underneath the EEG head cap at the left
auditory cortex (T7; International 10 –20 System) and contralateral
cheek. Stimulation was applied via battery-operated stimulator (Soterix Medical, New York, NY) for 10 min. In all conditions, stimulation consisted of 20 s of ramping up to the maximum current (1 mA)
and 20 s of ramping down at the end of the 10-min period. Fifteen
participants received 1 mA of 40-Hz tACS, 15 participants received 1
mA of tDCS, and 15 participants received sham stimulation, where
the first 20 s ramped up to 1 mA then immediately ramped back down
to create the sensation of stimulation. No sham participants indicated
they were aware the stimulation ceased following the initial ramp-up
period. The tACS group reported experiencing minor visual phosphenes, a known phenomenon reflecting the response of the retinae to
tACS within particular frequency ranges (Matsumoto and Ugawa
2017; Schutter and Hortensius 2010), although 40 Hz is at the high
end of frequencies that elicit phosphenes (Lorenz et al. 2019). The
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Fig. 2. Schematic illustration of EEG analyses. A: spectral decomposition. Electroencephalogram (EEG) data were separately filtered per frequency (3–50 Hz),
with analyses performed on the gamma (40 Hz, top) and alpha (10 Hz, bottom) time series. Blue, gamma; gray, alpha. B: power analysis. Amplitude information
was extracted at each frequency (Freq.) and squared to produce power. C: phase locking analysis. Phase information was extracted at each frequency for analysis
of phase locking [intertrial phase coherence (ITPC)]. D: connectome analysis. Functional connectomes were quantified separately from amplitude- and
phase-based measures of connectivity between all channel-by-channel pairs. Warmer colors represent greater connectivity between channel pairs and cooler
colors represent less connectivity (top). Filled black circles indicate a frontocentral channel hub, with connections indicated by black lines between channels
(bottom). E: phase-amplitude coupling (PAC) analysis. PAC was computed between alpha phase and gamma amplitude by measuring the divergence of the
observed phase-amplitude distribution from the uniform distribution.

electrodes were removed after 10 min and EEG impedances were
checked to ensure no channels were affected by the neurostimulation
procedure. The head cap was not adjusted between EEG sessions and
the position of the EEG channels remained constant. Current modeling was performed using the Realistic vOlumetric Approach to Simulate Transcranial Electric Stimulation (ROAST) software on the
MNI-152 1mm standard head (Huang et al. 2018; Fig. 1B).
Auditory task. Participants placed two foam headphone ear inserts
in their ears and indicated they were ready to begin. The auditory task
consisted of 200 trials in which 40-Hz click trains (2-ms click every
25 ms, boxcar fashion) were presented binaurally at 75 dB for 500 ms
with a 2,000-ms interstimulus interval (ISI; Legget et al. 2017;
McFadden et al. 2014). Participants were instructed to sit still with
their eyes open for the duration of the 7-min auditory click-train task.
They completed two identical sessions of the auditory task while EEG
data were recorded, immediately before and after neurostimulation
(Fig. 1A).
Preprocessing. EEG data were passed through a 0.1- to 70-Hz
two-pass Butterworth infinite impulse response (IIR) bandpass filter
and 60-Hz line noise was removed using discrete Fourier transform.
The outputs were manually inspected to reject any channels displaying artifactual signal (e.g., from poor contact) and segmented into
nonoverlapping trials (⫺500 to ⫹1,500 ms from click onset). Independent components analysis was performed on the remaining channels to remove electromyography and other artifacts (Hipp and Siegel
2013). Data were manually reinspected to reject any trials containing
residual noise. All clean trials were analyzed (mean ⫾ SD: 179 ⫾ 21
trials/session).
Spectral decomposition. Spectral decomposition was performed per
channel using a multitapering approach (Mitra and Pesaran 1999) with
the FieldTrip toolbox (Oostenveld et al. 2011) for MATLAB (MathWorks Inc., Natick, MA). The 2-s data segments were zero-padded to
10 s, and the multitaper time-frequency spectrum was calculated by
sliding a 500-ms window in 10-ms increments at each frequency from
3 to 50 Hz (1/4 fractional bandwidth, rounded up). Alpha time series
were extracted directly from the outputs, centered at 10 Hz (4-Hz
bandwidth). Gamma time series were recalculated by sliding a 300-ms
window in 10-ms increments at 40 Hz (10-Hz bandwidth) to preserve
the temporal resolution of higher-frequency responses.
Evoked power and phase locking. Evoked power (EP) and phase
locking (intertrial phase coherence; ITPC) were computed from the
amplitude and phase outputs of the multitaper time-frequency spec-

trum, respectively (Fig. 2A–C). Absolute EP was defined as the mean
raw power across three nonoverlapping epochs: prestimulus (⫺250 to
⫺50 ms from click onset), click-train, (0 –500 ms from click onset),
and ISI (700 –1,200 ms from click onset). Normalized EP was defined
as the change in poststimulus (0 –1,250 ms from click onset) power
relative to the prestimulus epoch (i.e., (poststimulus power ⫺ mean

Fig. 3. Baseline evoked power (EP). A: grand mean baseline normalized EP at
frontocentral channels (inset, filled in black). The auditory gamma response
and low-frequency auditory-evoked potentials (AEP) were specific to the
click-train epoch (0 –500 ms from click onset). The interstimulus interval (ISI)
epoch (700 –1,200 from click onset) is marked for comparison. B: same data as
A shown as means without normalization (i.e., absolute EP) during the 500-ms
click-train (left) and ISI (right) epochs. Note the alpha peaks during both
epochs. Blue, gamma; gray, alpha. Freq., frequency; rel., relative.
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prestimulus power)/mean prestimulus power). ITPC was computed
over the poststimulus epoch.
Graph theory. Amplitude and phase connectomes (AC and PC,
respectively) were computed from the poststimulus time-series data
using both amplitude- and phase-based functional connectivity measures following removal of the AEP. Amplitude connectivity was
quantified using linear correlation independent of phase information,
and phase connectivity was quantified as phase-locking values independent of amplitude information (Lachaux et al. 1999). Connectivity
routines were performed on all channel pairs with the FieldTrip
defaults (Oostenveld et al. 2011). The outputs were separately assessed for network degrees (i.e., the weight of connections between
each channel and all other channels) using a threshold of 0.65 relative
to the maximum of 1 (Fig. 2D).
Cross-frequency coupling. Phase-amplitude coupling (PAC) was
quantified per channel using the modulation index method following
removal of the AEP (Tort et al. 2010; Fig. 2E). The 2-s data segments
were zero-padded to 10 s and separately bandpass filtered at the alpha
(10-Hz center, 4-Hz bandwidth) and gamma (40-Hz center, 12-Hz
bandwidth) frequencies using two-pass Butterworth IIR filters. Phase
values were extracted from the alpha signal and amplitude values
were extracted from the gamma signal using the Hilbert transform.
PAC was computed separately from the click (0 –500 ms from click
onset) and ISI (700 –1,200 ms from click onset) data segments of all
trials for one session pooled together. For each set of trials, the phase
values were pooled and divided into 18 bins, the amplitude values
were averaged and normalized per phase bin, and PAC was calculated
using Kullback-Leibler divergence. Outputs were z-score normalized
on chance PAC distributions generated from the analysis of data
permuted across trials (1,000 iterations; Aru et al. 2015; Tort et al.
2010). This procedure shuffles the timing of the amplitude envelope
relative to the phase without altering the original data and thus
eliminates differences in input data, including known differences in
trial counts between data sets.
Statistics. All EEG measures were tested for 2 group (tACS or
tDCS, sham) ⫻ 2 session (baseline, stimulation) interactions using
Monte Carlo permutations with cluster-based correction for multiple
comparisons (Maris and Oostenveld 2007). In addition, we directly
compared tACS and tDCS groups using the same conventions. The
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click-train (0 –500 ms from click onset) and ISI (700 –1,200 ms from
click onset) data segments were tested separately. For each interaction
test, session effects were calculated as the difference between the
stimulation and baseline data and input into the statistical test as a
function of group. Clusters were formed in space and time by
thresholding t-values at P ⬍ 0.05 using the maximum size criterion.
Permutation distributions were generated by randomly shuffling group
labels (1,000 iterations) and corrected P values were obtained by
comparing the observed data to the random permutation distributions
(e.g., 50 Type I errors out of 1,000 randomizations yields a P of 0.05).
This is an extremely powerful approach because it recreates any
biases in the data with each randomization and thus tests for effects
without any assumption over where they may occur. Interaction effect
sizes were then quantified by means of Cohen’s d (i.e., (mean tACS
or tDCS session effect ⫺ mean sham session effect)/pooled baseline
SD; Morris 2008). Measures with significant interaction effects are
displayed as normalized difference scores (i.e., (stimulation ⫺ baseline)/(stimulation ⫹ baseline)) to show the change from baseline
while controlling for baseline variability.
RESULTS

Left auditory cortex stimulation reaches bilateral temporal
lobes. Current modeling indicated that the neurostimulation
applied between baseline and stimulation auditory task sessions maximally affected the targeted site (Fig. 1B). Anodal
stimulation of left auditory cortex (T7) altered the electrical
field in left temporal lobe and, to a lesser extent, right temporal
lobe.
Gamma click trains induce auditory gamma responses. To
confirm that the auditory click-train stimuli induced activity at
40 Hz (Legget et al. 2017; McFadden et al. 2014), we plotted
the time-frequency representation of power for all subjects at
baseline (3–50 Hz; see Fig. 2B). Figure 3A illustrates the
normalized evoked power (EP) in frontocentral channels (McFadden et al. 2014), demonstrating a 40-Hz gamma response
and a low-frequency response reflecting the AEP during the

Table 1. Summary of all results
tACS ⬎ Sham
Frequency
Gamma

Measure

Epoch

P

Absolute EP
Normalized EP

Prestim.
Click
ISI
Click
ISI
Click
ISI
Click
ISI
Click
ISI
Prestim.
Click
ISI
Click
ISI
Click
ISI
Click
ISI

1
0.019*
0.683
1
0.315
0.044*
⬎0.37
0.046*
0.05*
1
1
1
0.754
0.273
⬎0.21
⬎0.27
1
0.559
⬎0.20
⬎0.30

AC
ITPC
PC
Alpha ⫻ gamma

PAC

Alpha

Absolute EP
Normalized EP
AC
ITPC
PC

tDCS ⬎ Sham
d

0.906

0.856
1.213
1.133

P
1
⬎0.37
0.663
1
1
0.691
⬎0.17
0.05*
0.052*
0.428
0.044*
0.121
⬎0.08
0.579
0.489
⬎0.31
0.15
⬎0.59
⬎0.30
⬎0.10

tACS versus tDCS
d

0.941
0.957
0.517

P
1
0.007*
1
0.651
⬎0.76
0.027*
⬎0.42
1
1
1
0.0001*
1
0.140
1
⬎0.27
⬎0.29
⬎0.57
0.154
⬎0.45
⬎0.4

d

1.267

1.198

0.445

*Effect sizes (Cohen’s d) are provided for significant interactions after cluster-based correction for multiple comparisons. AC, amplitude connectome; EP,
evoked power; ISI, interstimulus interval; ITPC, intertrial phase coherence; PAC, phase-amplitude coupling; PC, phase connectome; Prestim., prestimulus; tACS,
transcranial alternating current stimulation; tDCS, transcranial direct current stimulation.
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500-ms click-train epoch. Figure 3B shows the mean absolute
EP in the same channels, demonstrating a 40-Hz gamma peak
and a 10-Hz alpha peak during the 500-ms click-train epoch.
Note that the gamma peak was specific to the click-train epoch,
whereas the alpha peak persisted during the ISI.
Neurostimulation does not affect prestimulus evoked power.
The effects of tACS and tDCS were investigated on raw EEG
activity at the 40-Hz frequency entrained via tACS. There were
no effects of neurostimulation on prestimulus absolute EP
(tACS ⬎ sham P ⫽ 1, tDCS ⬎ sham P ⫽ 1; tACS versus tDCS
P ⫽ 1; Table 1).
tACS increases auditory stimulus-evoked power. The effects
of tACS and tDCS were investigated on stimulus-evoked
40-Hz activity. Figure 4, A and B illustrates normalized EP at
baseline, demonstrating a clear auditory gamma response. Both
mean and single-subject EP time series constrain the duration
of the auditory response to the click-train epoch (Legget et al.
2017; McFadden et al. 2014). There was a significant effect of
tACS on the auditory response (tACS ⬎ sham click P ⫽ 0.019,
d ⫽ 0.906; tACS ⬎ tDCS click P ⫽ 0.007, d ⫽ 1.267; Fig. 4,
C and D, Table 1) that did not persist after termination of the
click trains (tACS ⬎ sham ISI P ⫽ 0.683; tACS ⬎ tDCS ISI
P ⫽ 1). There were no significant effects of tDCS on normalized EP (tDCS ⬎ sham click P ⬎ 0.37, ISI P ⫽ 0.663).
Neurostimulation does not affect the amplitude connectome.
Having demonstrated that gamma tACS increased EP during
the click trains (Fig. 4), we next investigated the effects of

tACS and tDCS on the 40-Hz amplitude connectome (AC; see
Fig. 2D). There were no significant effects on the AC (tACS ⬎
sham click P ⫽ 1, ISI P ⫽ 0.315; tDCS ⬎ sham click P ⫽ 1,
ISI P ⫽ 1; tACS versus tDCS click P ⫽ 0.651, ISI P ⬎ 0.76;
Table 1). Thus, gamma tACS increased per-channel stimulusrelated EP but not the strength of amplitude-based functional
connections between channels. tDCS affected neither perchannel EP nor the AC.
Gamma click trains induce gamma phase locking to the
auditory stimulus. To confirm that the auditory click-train
stimuli reset oscillatory activity at 40 Hz (Legget et al. 2017;
McFadden et al. 2014), we plotted the time-frequency representation of ITPC (Tallon-Baudry et al. 1996) for all subjects
at baseline (3–50 Hz; see Fig. 2C). Figure 5A illustrates phase
locking to the auditory stimulus in frontocentral channels
(McFadden et al. 2014), demonstrating a 40-Hz gamma response and a low-frequency response reflecting the AEP during
the 500-ms click-train epoch. Figure 5B shows the mean phase
locking in the same channels, demonstrating phase locking
specific to the click-train epoch.
tACS increases phase locking to the auditory stimulus. The
effects of tACS and tDCS were investigated on 40-Hz phase
locking, as measured by ITPC (Tallon-Baudry et al. 1996).
Figure 6, A and B illustrates gamma ITPC at baseline, further
demonstrating a clear auditory gamma response and constraining the duration of the response to the click-train epoch (Legget
et al. 2017; McFadden et al. 2014). There was a significant

Fig. 4. Transcranial alternating current stimulation (tACS) increases auditory gamma
evoked power (EP). A: grand mean baseline
gamma EP time series across the channels
affected by tACS (inset, filled in black). The
auditory response was specific to the clicktrain epoch (0 –500 ms from click onset).
The interstimulus interval (ISI) epoch (700 –
1,200 ms from click onset) is marked for
comparison. Shading, SE. B: same data as A
shown per subject for all 45 subjects to
emphasize the intersubject reliability of the
auditory response. C: gamma tACS increased the auditory response relative to
baseline across most of the topography, as
shown in the inset in A. Shading, SE; yellow,
epoch of significant interaction. D: same
data as C shown as normalized (Norm.)
difference scores to correct for baseline variability. *Significant interaction; au, arbitrary
unit. rel., Relative; tDCS, transcranial direct
current stimulation.
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coupling between 10-Hz phase and 40-Hz amplitude (PAC).
Figure 8A illustrates alpha-gamma PAC at baseline, demonstrating PAC after termination of the click trains, but not
during the auditory stimulus. There were no effects of gamma
tACS on PAC (tACS ⬎ sham click P ⫽ 1, ISI P ⫽ 1; Table 1).
There was a modest effect of tDCS on PAC after termination
of the click trains (tDCS ⬎ sham ISI P ⫽ 0.044, d ⫽ 0.517;
tDCS ⬎ tACS ISI P ⫽ 0.0001, d ⫽ 0.445; Fig. 8, B and C), but
no effect during the click trains (tDCS ⬎ sham click P ⫽
0.428; tDCS ⬎ tACS click P ⫽ 1). Thus, tDCS increased
non-auditory-evoked PAC.
Neurostimulation does not affect induced alpha responses.
To confirm the specificity of effects to auditory gamma responses, we investigated the effects of tACS and tDCS on the
induced 10-Hz alpha oscillation (see Fig. 3B). There were no
significant effects of tACS or tDCS on alpha power, ITPC, or
functional connectivity (all P ⬎ 0.08). All results are reported
in Table 1.
DISCUSSION

Fig. 5. Baseline intertrial phase coherence (ITPC). A: grand mean baseline
ITPC at frontocentral channels (inset, filled in black). The auditory gamma
response and low-frequency auditory-evoked potentials (AEP) were specific to
the click-train epoch (0 –500 ms from click onset). The interstimulus interval
(ISI) epoch (700 –1,200 from click onset) is marked for comparison. B: same
data as A shown as means during the 500-ms click-train (left) and ISI (right)
epochs to show the specificity of phase locking to the auditory stimulus. Blue,
gamma; gray, alpha. Freq., frequency.

effect of tACS on the auditory response (tACS ⬎ sham click
P ⫽ 0.044, d ⫽ 0.856; tACS ⬎ tDCS click P ⫽ 0.027,
d ⫽ 1.198; Fig. 6, C and D, Table 1) that did not persist after
termination of the click trains (tACS ⬎ sham ISI P ⬎ 0.37;
tACS ⬎ tDCS ISI P ⬎ 0.42). There were no significant effects
of tDCS on ITPC (tDCS ⬎ sham click P ⫽ 0.691, ISI P ⬎
0.17).
Both tACS and tDCS strengthen the phase connectome.
Having demonstrated that gamma tACS increased phase locking during the click trains (Fig. 6), we next investigated the
effects of tACS and tDCS on the 40-Hz phase connectome
(PC; see Fig. 2D). There was a significant effect of tACS on the
PC during the click trains (tACS ⬎ sham click P ⫽ 0.046,
d ⫽ 1.213; Fig. 7, A–C, Table 1) that persisted after termination of the click trains (ISI P ⫽ 0.05, d ⫽ 1.133). There was
also a significant effect of tDCS on the PC during the click
trains (tDCS ⬎ sham click P ⫽ 0.05, d ⫽ 0.941; Fig. 7, D–F)
that persisted after termination of the click trains (ISI P ⫽
0.052, d ⫽ 0.957). Thus, gamma tACS increased per-channel
phase locking and the strength of phase-based functional connections between channels. tDCS increased only the strength
of phase-based functional connections between channels. tACS
and tDCS had equal effects on the PC (all P ⫽ 1).
tDCS strengthens alpha-gamma coupling during the ISI.
Having demonstrated peaks in the power spectrum at both 10
and 40 Hz during the auditory task (Fig. 3B), we next investigated the effects of tACS and tDCS on cross-frequency

This study systematically investigated the aftereffect of two
different noninvasive neurostimulation techniques on gamma
activity during a passive auditory task. Contrary to reports that
transcranial alternating current stimulation (tACS) has little
persisting offline effect (Stecher and Herrmann 2018), the
results revealed offline effects in multiple metrics of the stimulus-related gamma response. Gamma tACS increased both
gamma evoked power (EP) and phase locking (intertrial phase
coherence; ITPC) to the auditory stimulus compared with sham
stimulation and transcranial direct current stimulation (tDCS),
but only during the click trains and not during the interstimulus
interval (ISI). There were no significant effects in absolute EP
before stimulus presentation. These temporally distinct findings demonstrate the specificity of offline tACS to affect neural
responses evoked by a frequency-tuned external stimulus
(Heise et al. 2019). These results suggest that frequency-tuned
tACS can be a valuable tool to target oscillatory biomarkers
associated with excitatory/inhibitory (E/I) imbalance in autism
spectrum disorder (ASD), schizophrenia, and bipolar disorder.
Disruption of the functional connectome is also observed in
many neuropsychiatric disorders, linking ASD, schizophrenia,
and bipolar disorder to abnormal neural interactions across
spatial scales (de Lange et al. 2019; Steinmann et al. 2014b;
reviewed in van den Heuvel and Sporns 2019). Here, both
tACS and tDCS strengthened the gamma phase connectome
(PC) compared with sham stimulation, and effects persisted
through the auditory click trains and ISI. These results extend
previous reports of changes in functional or resting-state connectivity during and following tDCS (Kunze et al. 2016;
Polanía et al. 2011a, 2011b) and tACS (Kar et al. 2020; Meier
et al. 2019; Onoda et al. 2017; Preisig et al. 2020) by suggesting that both techniques strengthen communication across
spatial scales. Furthermore, these findings establish that transcranial electrical stimulation elicits offline changes in the
functional gamma PC even in the absence of stimulus-related
phase locking within channels. As there were no changes in the
gamma amplitude connectome (AC), these findings further
show that neurostimulation affects the connectome by way of
affecting the relative timing, but not magnitude, of neural
activity between cortical areas.
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Fig. 6. Transcranial alternating current stimulation (tACS) increases auditory gamma
intertrial phase coherence (ITPC). A: grand
mean baseline gamma ITPC time series
across the channels affected by tACS (inset,
filled in black). The auditory response was
specific to the click-train epoch (0 –500 ms
from click onset). The interstimulus interval
(ISI) epoch (700 –1,200 ms from click onset)
is marked for comparison. Shading, SE. B:
same data as A shown per subject for all 45
subjects to emphasize the intersubject reliability of the auditory response. C: gamma
tACS increased the auditory response relative to baseline across most of the topography, as shown in the inset in A. Shading, SE;
yellow, epoch of significant interaction. D:
same data as C shown as normalized difference scores to correct for baseline variability. *Significant interaction; au, arbitrary
unit. tDCS, transcranial alternating current
stimulation.

Disrupted cross-frequency coupling to gamma activity
(PAC) also correlates with disordered behavior, linking ASD
(Khan et al. 2013), schizophrenia (Hirano et al. 2018), and
Parkinson’s disease (Meidahl et al. 2019) to abnormal neural
interactions across temporal scales (reviewed in Bonnefond et
al. 2017; Canolty and Knight 2010). Here, we observed no
increase in the coupling of auditory-evoked gamma activity to
the dominant alpha oscillatory rhythm with tDCS or tDCS.
However, there was a modest increase in alpha-gamma PAC in
frontocentral channels during the ISI following tDCS as compared with both sham and gamma tACS. This effect was not
observed with tACS, consistent with previous reports in the
literature (Helfrich et al. 2016). This finding joins a short list of
studies reporting that tDCS affects offline EEG measures
(Jones et al. 2017, 2020; Krause et al. 2017; McDermott et al.
2019).
Finally, there were no significant effects of either neurostimulation technique on measures of power, phase locking, or
the functional connectome in the alpha band, suggesting
gamma frequency specificity per the auditory task. Indeed, the
observation that tDCS did not affect the alpha PC, even though
the technique is not frequency specific, further suggests that
both transcranial electrical stimulation methods affected the
gamma PC according to the timing of the 40-Hz click-train
task.
Understanding how tACS and tDCS modulate different EEG
correlates of disordered behavior is necessary to develop neu-

rostimulation therapies that meet the needs of patients with
different disorders. There are several limitations that may limit
the generalizability of the present results to clinical populations. First, participants were all neurotypical college-aged
students. We therefore provide a proof of concept of the effects
of neurostimulation on gamma biomarkers, but not a direct test
on clinical samples with abnormal baseline measures. Second,
stimulation of left auditory cortex at T7 elicited bilateral
electrical field effects. It is possible that focal high-definition
neurostimulation would more precisely target specific anatomical substrates of clinical biomarkers, such as left auditory
cortex. Furthermore, there exists the possibility that tACS
drove neural entrainment through stimulation of peripheral
nerves in the skin (Asamoah et al. 2019), which in turn drove
cortical entrainment. The use of a more focal stimulation
montage may also reduce the potential for unintended peripheral stimulation effects. Third, our EEG montage measured the
frontocentral auditory response. It is possible that high-density
EEG or MEG with lateral temporal channels would more
effectively detect focal effects, such as those that may be
stronger in left auditory cortex (Legget et al. 2017). Fourth, we
applied 1 mA of tACS or tDCS and observed effects in several
EEG metrics, but note that higher doses may elicit stronger
effects (Chew et al. 2015; Preisig et al. 2020). Fifth, different
neurostimulation techniques may differentially affect participant alertness (McIntire et al. 2014), which may affect the
auditory-evoked response. Lastly, the auditory task lasted 7
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Fig. 7. Transcranial alternating current stimulation (tACS) and transcranial direct current stimulation (tDCS) strengthen the gamma phase connectome (PC). A:
grand mean baseline gamma PC time series across the channels affected by tACS (inset, filled in black). Vertical lines indicate the click-train and interstimulus
interval (ISI) epochs. Shading, SE. B: gamma tACS strengthened the PC in frontocentral channels, as shown in the inset in A, throughout the click trains and
ISI. Shading, SE; yellow, epochs of significant interaction. C: same data as B shown as normalized (Norm.) difference scores to correct for baseline variability.
*Significant interaction. D: grand mean baseline gamma PC time series across the channels affected by tDCS (inset, filled in black), same conventions as A. E:
tDCS strengthened the PC in central-posterior channels, as shown in the inset in D, throughout the click trains and ISI, same conventions as B. F: same data
as E shown as normalized difference scores to correct for baseline variability, same conventions as C.

min, limiting interpretation of how long neurostimulation effects may persist in longer tasks. Future studies should address
these limitations and investigate the duration of offline gamma
effects in different clinical samples.
In conclusion, we provide a comprehensive account of the
effects of two different noninvasive electrical neurostimulation
techniques on auditory gamma-band responses, a common
biomarker of several clinical disorders. The results reveal that
auditory gamma responses, which are disrupted in ASD (Gandal et al. 2010; Grice et al. 2001; Rojas et al. 2008; Rojas and
Wilson 2014; Sun et al. 2012; Wilson et al. 2007), schizophre-

nia (Edgar et al. 2014; Krishnan et al. 2009), and bipolar
disorder (Maharajh et al. 2007), can be increased following 10
min of frequency-tuned tACS to left auditory cortex. tACS
increased gamma EP and phase locking to the auditory click
trains. These effects were specific to 40-Hz tACS, and not
depolarizing anodal tDCS to the same site, revealing that
frequency-tuned tACS adjusts both the magnitude and timing of the auditory gamma response. However, both tACS
and tDCS strengthened the gamma PC, and effects persisted
through the ISI with no change in the gamma AC, suggesting that neurostimulation synchronizes the relative timing of

Fig. 8. Transcranial direct current stimulation (tDCS) strengthens nonauditory alpha-gamma phase-amplitude coupling (PAC). A: baseline PAC across the
channels affected by tDCS (inset, filled in black). B: tDCS strengthened PAC in frontocentral channels, as shown in the inset in A, during the ISI. There were
no significant effects during the click trains. *Significant interaction. C: same data as B shown as normalized differences scores to correct for baseline variability,
same conventions as B. tACS, transcranial alternating current stimulation.
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activity between cortical areas regardless of the specific stimulation mechanism. Finally, tDCS, but not tACS, increased
alpha-gamma PAC in the absence of auditory stimuli, implying
a lasting increase in interactions across temporal scales following tDCS. Together, the results of the present study reveal
dissociable neurophysiological changes following two neurostimulation techniques commonly applied in research and clinical settings, and demonstrate how noninvasive neurostimulation may be used to target EEG/MEG biomarkers of disordered
behavior.
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