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A B S T R A C T   

Developmental dyslexia is characterized by the pathologically diminished ability to acquire reading and spelling 
skills. Accurate processing of acoustic information at the phonemic scale is crucial for successful sound-to-letter- 
mapping which, in turn, is elemental in reading and spelling. Altered activation patterns in the auditory cortex 
are thought to provide the neurophysiological basis for the inaccurate phonemic perception. Recently, trans-
cranial electrical stimulation has been shown to be an effective method to ameliorate cortical activation patterns 
in the auditory cortex. In a sample of children and adolescents with dyslexia, we investigated the effect of multi- 
session transcranial alternating current stimulation delivered concurrently with a phonological training and in 
combination with a behavioral literacy skills training. Over a 5-week period the participants received 10 training 
sessions while gamma-tACS was administered over bilateral auditory cortex. We found that gamma-tACS shifted 
the peak frequency of auditory gamma oscillations reflecting a more fine-grained processing of time-critical 
acoustic information. This amelioration was accompanied by increased phonemic processing skills. Moreover, 
individuals who received gamma-tACS showed significant improvements in their spelling skills four months after 
the intervention. Our results demonstrate that multi-session gamma-tACS enhances the effects of a behavioral 
intervention and induces long-term improvement on literacy skills in dyslexia.   

1. Introduction 

Language is one of the most essential tools for exchanging informa-
tion between humans, both in the form of speech and written language. 
However, about 5–10% of the population suffer from a learning 
disability called developmental dyslexia (DD) which hinders the 
acquisition of reading and spelling skills (Habib, 2000; Moll et al., 2014; 
Sanfilippo et al., 2020). DD is a neurodevelopmental disorder charac-
terized by the specific and persistent failure to acquire literacy skills 
despite normal intelligence, motivation, and adequate schooling 
(American Psychiatric Association, 2013). In addition to the character-
istic slow and error-prone reading and spelling, individuals with DD 
typically show also substantial deficits in acoustic perception, particu-
larly in the processing of time-critical aspects (Shaywitz et al., 2021). As 
a consequence, linguistically meaningful information units in the 

acoustic speech stream such as the voice onset time (VOT), i.e. the 
temporal difference determining the perception of voiced and voiceless 
consonants (e.g. b/p, d/t) or between long and short vowels are 
perceived inaccurately (Maassen et al., 2001; Breier et al., 2001; Ingel-
ghem et al., 2001; Vandermosten et al., 2010, 2011). This imprecise 
processing of acoustic features also affects the correct mapping from 
speech sounds to letters (phoneme-to-grapheme correspondence) and 
vice versa. Individuals with DD not only suffer significant adverse con-
sequences directly associated with impaired literacy competence, such 
as lower grades in school and less success in future professional or ac-
ademic careers (Madaus, 2008), but also face a higher prevalence of 
emotional disorders, e.g. anxiety disorders, depression, or low 
self-esteem compared to their normal reading and spelling peers (Haft 
et al., 2019; Hendren et al., 2018; Maughan and Carroll, 2006). 

The neurophysiological mechanism underlying successful sound-to- 
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letter-mapping is thought to be reflected by endogenous neural gamma 
oscillations in the auditory cortex. This rhythmic firing of neurons at 
about 40 Hz has been claimed as functionally relevant because this 
oscillatory activity represents the sampling rate at which the auditory 
cortex parses the acoustic (speech) stream. Phonemes, the smallest 
linguistically meaningful entities, take place in a time range of about 20 
– 60 ms. Since this time range roughly corresponds to the duration of a 
40 Hz oscillation, i.e. the endogenous firing rate of neurons in the 
auditory cortex, it has been claimed that gamma oscillations allow the 
auditory system to extract linguistically meaningful information units at 
the phonemic scale from the speech signal (Assaneo et al., 2021; Giraud 
and Poeppel, 2012; Poeppel, 2003). Altered gamma oscillations are thus 
hypothesized to either lead to an oversampling - resulting in too many 
frames to be integrated per time unit - or to an undersampling and, thus, 
insufficient acoustic details per time unit (Giraud and Poeppel, 2012; 
Goswami, 2011). Of note, altered gamma oscillations have been found in 
DD: the individual gamma frequency (IGF), assessed by means of audi-
tory steady state responses (ASSRs) to amplitude-modulated acoustic 
stimuli, is increased in adults with DD (Lehongre et al., 2011, 2013) but 
decreased in children and adolescents with DD (Rufener and Zaehle, 
2021) compared to individuals with typically developed literacy skills. 
These findings are in line with previously reported age-related differ-
ences in the IGF in the typically developing brain. This shift has been 
suggested to mirror adaptation processes in the auditory cortex due to 
experience-driven myelination of neuronal projections (Poulsen et al., 
2009). Of note, the observed IGF correlated with phonological pro-
cessing skills in both adolescents and adults diagnosed with DD 
(Lehongre et al., 2011; Rufener and Zaehle, 2021). These results suggest 
that endogenous gamma oscillations in individuals diagnosed with DD 
do not correspond to the time range in that acoustic information at the 
phonemic scale take place. As a consequence, also 
sound-to-letter-mapping is affected in individuals diagnosed with DD. 
Accordingly, it can be assumed that shifting the substantially increased 
or decreased frequency of gamma oscillations towards the sampling rate 
observed in typically reading and spelling individuals will result in a 
more adequate and precise acoustic phoneme perception. Furthermore, 
since accurate phoneme perception forms the basis for successful 
reading and spelling acquisition (Blau et al., 2010; Rufener and Zaehle, 
2021; Kovelman et al., 2012; but see (Blomert, 2011)), one can further 
assume that shifting altered gamma oscillations has a positive effect on 
reading and spelling skills in children and adolescents with DD. Typical 
interventions in DD focus on the behavioral symptoms while neglecting 
the neurophysiological basis on that the reduced success in acquiring 
reading and spelling skills rely on. This might, at least in part, explain 
why the symptom persists into adulthood in the majority of affected 
individuals. 

Recently, transcranial electrical stimulation (TES) has been demon-
strated as a promising adjuvant to behavioral interventions in children 
and adolescents with learning disorders by positively affecting cortical 
activation patterns. The method of choice to modulate cortical oscilla-
tions is transcranial alternating current stimulation (tACS). By means of 
tACS, a weak sinusoidal electrical current that rhythmically changes 
between negative and positive polarity is applied at the subjects’ scalp. 
Via entrainment, that is the alignment of the endogenous oscillatory 
pattern to the externally applied electrical current, cortical oscillations 
can be shifted in their frequency or amplitude (Bland and Sale, 2019; 
Fröhlich and McCormick, 2010). Importantly, there is conclusive evi-
dence confirming the safety of tACS in children, adolescents, and adults. 
TACS is typically well tolerated comes with only moderate side effects 
such as itching, tingling, or a heating sensation under the stimulation 
electrodes (Antal et al., 2017; Krishnan et al., 2015). Recent studies 
point out that tACS has also potential in modulating language functions 
(for a review, see: (Turker and Hartwigsen, 2021)). The single applica-
tion of tACS at 40 Hz over bilateral auditory cortex temporarily 
increased phoneme categorization acuity in adolescents and adults 
diagnosed with DD (Rufener et al., 2019). Later, positive effects of 

gamma-tACS administered over auditory cortex have been reported on 
reading accuracy and phonological processing skills in a sample of 
adults diagnosed with dyslexia (Marchesotti et al., 2020). Besides these 
behavioral improvements gamma-tACS applied over bilateral auditory 
cortex has also been demonstrated to shift gamma oscillations in the 
auditory cortex of individuals with DD towards the frequency typically 
observed in a normally reading and spelling control group (Rufener and 
Zaehle, 2021). Despite these encouraging findings, there is yet no data 
available showing the stability of these positive effects. Sustained ef-
fects, however, are an essential precondition when considering tACS as a 
clinical intervention. Studies that applied transcranial direct current 
stimulation (tDCS) in DD, however, showed that the repetitive appli-
cation increased neural reactivity as well as related perception and 
cognition up to four months (Costanzo et al., 2019; Lazzaro et al., 2021). 

In the present study we investigated the effects of multi-session 
gamma-tACS applied during a phonological training and in combina-
tion with a behavioral literacy skills training in children and adolescents 
diagnosed with DD. A modulation of auditory gamma oscillations is 
thought to affect phonemic processing. However, improvement of 
reading and spelling abilities also require top-down functions such as 
blending or orthographic rules. We therefore decided on a combined 
intervention to increase the probability of training success. The results 
from the experimental group were compared with those of an active 
control group that received the identical literacy skills training but 
combined with sham-tACS. We assessed effects on reading and spelling 
skills, phonemic awareness, as well as on the IGF. Moreover, in addition 
to immediate effects, we also investigated long-term effects of the 
intervention four month after the final training session. We hypothe-
sized that multi-session gamma-tACS (I) causes a shift in the IGF and 
thereby (II) enhances the positive effect of a literacy skills training as 
evident in stronger improvements in phonemic awareness, spelling 
performance, and reading performance as compared to a literacy skills 
training in combination with sham stimulation. Furthermore, we hy-
pothesized that (III) electrophysiological and behavioral effects of this 
intervention remain stable over a period of four months after the 
intervention. 

2. Methods 

2.1. Participants 

Thirty German speaking children and adolescents in the age range 
between 8 and 17 years (M = 11.59, SD = 2.4, seven females) with an 
existing diagnosis for DD participated in this study. We additionally 
confirmed the diagnosis by administering a standardized behavioral test 
battery (see 2.3 Behavioral assessment). To exclude subjects who ful-
filled the criteria for any psychiatric or neurological disorder (e.g. 
attention deficit-/hyperactivity disorder, autism spectrum disorder) 
parents were interviewed with a semi-structured clinical interview 
(Schedule for Affective Disorders and Schizophrenia for School-Age 
Children – Present and Lifetime Version (K-SADS-PL), DSM-5 update 
(Kaufman et al., 2000)). All participants reported normal hearing per-
formance and had normal or corrected-to-normal vision. Prior to the 
experiment, all participants and their legal representative gave their 
written informed consent. The procedure was approved by the ethics 
committee of the Medical Faculty, Otto von Guericke University Mag-
deburg and was in accordance with the declaration of Helsinki. 

Legal representatives of one female participant from the tACS-group 
withdrew from study participation after the third training session 
because they faced problems in regularly accompanying their child to 
and from the University. All other participants completed the full 
intervention. Thus, all further statistical analyses rely on 29 subjects. 
Sample size was determined based on previous studies assessing the 
effects of TES on reading and writing performance in individuals diag-
nosed with DD (Marchesotti et al., 2020; Costanzo et al., 2019; Lazzaro 
et al., 2021; Costanzo et al., 2016a, 2016b). None of the participants 
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received any further extra-curricular support or training on literacy 
skills throughout the duration of the study. 

2.2. Experimental procedure and study design 

Fig. 1 A shows the study design and the experimental procedure. The 
participants’ initial literacy skills (see 2.3 Behavioral assessment) and 
auditory gamma peak frequency (see 2.4 Electrophysiological recording 
of the auditory gamma oscillations) were assessed at baseline (time 
point t0). Subsequently, participants were randomly assigned to the 
treatment group (gamma-tACS) or the sham group. Participants of both 
groups performed two training sessions per week over a period of five 
weeks leading to a total of ten training sessions (see 2.5 Intervention). 
The training sessions were separated by at least 48 h and were per-
formed at the Department of Neurology, Section Neuropsychology, 
Magdeburg by the first author and an instructed psychologist. Behav-
ioral and EEG-assessment were repeated immediately following the last 
training session of the multi-session tACS-intervention (Evaluation; time 
point t1), as well as in a follow up session four month after completing 
the intervention (time point t2). 

2.3. Behavioral assessment 

All participants performed a standardized spelling test according to 
the grade currently attended (Hamburger Schreib-Probe HSP) (May, 
2000) and a reading test (Lesegeschwindigkeits- und Verstaendnistest 
fuer die Klassen 5 – 12; LGVT 5–12 + for participants up from grade 5 
(Schneider and Schlagmüller, 2017); Lese- und Rechtschreibtest SLRT II 
for participants at grade 4 (Moll and Landerl, 2010). Phonemic 
discrimination and short-term memory skills were assessed using a 
standardized test (Phonematischer Gedaechtnistest PHOG) (Gruner 
et al., 2013). In addition, non-verbal intelligence was screened using the 
CFT 20-R (Weiss, 2019). Developmental dyslexia was defined as a deficit 
in reading and/or spelling ability resulting in scores at least 1.5 standard 
deviations (SD) below the individual IQ. Note that IQ was assessed only 
at time-point t0 and only for diagnostic purposes. We used parallel test 
versions for the LGVT 5–12 + and the SLRT II (test version A at time 
point t0 and t2, test version B at time point t1) to reduce retest effects. 

Writing performance was defined as T-values in the sub-scales 
“alphabetic strategies” and “orthographic strategies” of the HSP since 
these measures best represent the individuals’ competence in phoneme- 
to-grapheme mapping. Reading performance was quantified as the 
number of correctly read words (SLRT II) and the number of correct 
responses in the subscale “text comprehension” (LGVT 5–12 +). In the 
PHOG, we used the two sub-scales “vowels/syllables” and “words/sen-
tences” (T-values in both sub-scales) instead of the total test score 
because these subscales best represent the individuals’ acuity in 
phoneme perception. Since we hypothesize that a modulation of audi-
tory gamma oscillations leads to changes in the processing of linguisti-
cally meaningful information units at the phonemic scale the effects of 
gamma-tACS should be most evident in the above mentioned sub- 
scales of the PHOG. 

Due to restrictions of the local authorities in the context of the 
COVID-19 crisis we had to suspend in house data acquisition from 
03.2020 until 05.2020. In order to avoid data loss due to this extraor-
dinary and unforeseeable event the behavioral assessments during this 
time-period were performed by the participants’ legal representatives at 
home. To ensure data quality and validity of the results we carefully 
instructed them individually by phone and in standardized written form. 
In total, behavioral tests at the evaluation (t1) of four participants (two 
participants in each group) and of six participants (three participants in 
each group) at the follow up measurement (t2) were performed by the 
legal representatives. 

2.4. Electrophysiological recording of auditory gamma oscillations 

Auditory gamma oscillations as represented by the Individual 
Gamma Frequency (IGF) were assessed at t0, t1, and t2 using an Audi-
tory Steady-State Response (ASSR) paradigm. Briefly, ASSRs are the 
auditory cortex’ responses to periodic acoustic signals where the fre-
quency of the ASSR corresponds to the frequency of the input signal. The 
frequency that evokes the strongest electrophysiological response is 
termed as IGF. In addition to the individual frequency (in Hz), which 
represents an electrophysiological estimation of the firing rate and thus 
the sampling rate of a neuron population in the auditory system, we also 
assessed the power (in μV^2) of the IGF reflecting the number of neurons 
in the respective neuron population active at this specific frequency as a 
measure of the amount of activity in this specific frequency. The stim-
ulus material used to assess the ASSR consisted of 1 kHz pure tone 
stimuli (10 s duration) that were amplitude modulated (AM) at fre-
quencies from 30 to 70 Hz in steps of 1 Hz (see (Rufener and Zaehle, 
2021) for more detailed information on stimulus material and 
ASSR-paradigm). Each AM-sound was presented three times and in 
randomized order. 

EEG was continuously recorded at 21 sintered Ag/AgCl-electrodes, 
which were evenly distributed over the scalp and mounted to an 
elastic cap (Easycap GmbH, Herrsching-Breitbrunn, Germany). Vertical 
and horizontal eye movements were monitored from two additional 
electrodes placed lateral and below the right eye. The reference elec-
trode was place on the nose-tip, the ground at AFz. Impedances were 
kept below 10 kΩ. The EEG signal was digitized at a sampling rate of 
1000 Hz using the BrainAmp system and recorded with the BrainVision 
recorder (BrainProducts, Munich, Germany). Offline, data were down- 
sampled to 256 Hz and band pass filtered (0.1–80 Hz). Artifacts 
caused by eye movements and heartbeat were rejected using an inde-
pendent component analysis (ICA) while muscular artifacts with 
amplitude > 100 µV were automatically discarded. The pre-processed 
data were then segmented into epochs of 500–9500 ms after stimulus- 
onset to eliminate the electrophysiological build-up and ramp-down of 
the steady state response. The remaining 9000 ms-epochs were 
segmented in 1000 ms-epochs, resulting in a maximum of 27 epochs for 
each ASSR-frequency. To determine the IGF, power spectrum analyses 
were performed on the averaged data for each modulation frequency 
separately using Fast Fourier Transforms (Hanning window, 1 Hz reso-
lution). To control for the ASSR-typical 1/f characteristic we multiplied 
the power values by the respective modulation frequency (John et al., 
2003; Cone-Wesson et al., 2002). The modulation frequency that elicited 
the largest ASSR amplitude at electrode Cz was used as estimation for 
the IGF. 

Similar to the behavioral data we had to suspend EEG-data acquisi-
tion during this time period. Thus, EEG-data were not acquired from all 
participants at each time point. Note that there is data from the baseline 
session as well as at least one further time point from all participants. In 
total, t1-data of six participants (3 tACS, 3 sham) and t2-data of six 
different participants (3 tACS, 3 sham) were affected. 

2.5. Intervention 

In each session, participants completed a supervised literacy skills 
training for 40 min. (cf. Fig. 1B). Each session started with mounting the 
tACS-electrodes (see 2.6 Transcranial alternating current stimulation). 
In the first 20 min and simultaneous to tACS the participants performed 
a phonological training including exercises on phoneme categorization, 
syllable processing, and rhyme processing, aiming to improve phonemic 
and phonological skills. In the exercises focusing on phoneme catego-
rization the participants were acoustically presented with stimuli rep-
resenting a VOT continuum from voiced to unvoiced consonant-vowel 
stimuli (ba/pa, da/ta; ga/ka). Each of the continua consisted of 11 
stimuli which were presented eight times in randomized order (Rufener 
et al., 2019). After each stimulus, participants had to indicate via 
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button-press whether they perceived the previously presented stimulus 
as either voiced or unvoiced. In the exercises targeting syllable pro-
cessing the participants had to segment acoustically presented German 
words consisting of two to six syllables into their constituent syllables. In 
the exercises targeting rhyme processing, the participants’ task was to 
identify two objects in a series of objects that build a rhyme pair (e.g. 
Haus / Maus, Puppe / Suppe). Stimuli consisted of pictures of everyday 
objects only, on written words only, or a combination. In all tasks, the 
participants received direct feedback after each response. All three el-
ements of the phonological training (phoneme categorization, syllable 
processing, rhyme processing) were performed in each training session. 

Subsequently, during a short break of about 5 min, the tACS- 
electrodes were removed and a short questionnaire on potential side 
effects was completed. 

The orthographic training that was performed directly after the 
break consisted of an adaptive procedure that focused on basic ortho-
graphic rules. All exercises and the material were taken from the Mar-
burger Rechtschreibtraining MRT (Schulte-Körne and Mathwig, 2013), 
an evaluated German spelling training for children and adolescents with 
reading and spelling deficits (Schulte-Körne et al., 2001). Exercises 
taken from the MRT focused on vowel duration, since this feature is 
linguistically meaningful in German and determines the number of 
consonants following the respective vowel (e.g. Nudel [eng.: noodle]; 
long vowel followed by one consonant but Suppe [eng.: soup]: short 
vowel followed by two consonants). In addition, exercises on typical 
irregularities in German spelling were performed. An individual number 
of exercises were used for each topic until the participant was able to 
correctly solve the task. Note that the behavioral intervention including 

the performed exercises was identical for participants from the tACS 
group and from the sham group. 

2.6. Transcranial alternating current stimulation 

TACS was applied by means of a battery-driven stimulator (DC 
STIMULATOR Plus, NeuroConn, Ilmenau, Germany). A double-blinded 
design was ensured using the STUDY MODE module provided by the 
tACS device. Thus, participants, their caregivers as well as any personal 
involved were naïve regarding the group allocation (verum or sham) 
until unblinding at the end of the study. Two 5 × 7 cm rubber electrodes 
in 0.9% saline-soaked sponges were placed horizontally over T7 and T8 
(Rufener et al., 2019, 2016a). Impedance was kept below 15 kOhm. 
Participants allocated to the gamma-tACS group received tACS with a 
frequency of 40 Hz-over a period 20 min with a 10 s fade in / out 
sequence. Participants in the sham group received tACS with a fre-
quency of 40 Hz for 30 s and a fade in/out sequence of 10 s only to allow 
a successful blinding of the participants (Antal et al., 2017). In all par-
ticipants (tACS group, sham group) the tACS-intensity was set to 1 mA 
and the identical electrode montage used was used. 

After each stimulation session, participants were asked to fill out a 
short questionnaire on whether they had felt any sensation due to the 
electrical stimulation (i.e., headache, nausea, dizziness, loss of concen-
tration, fatigue, skin irritation, itch, prickle on the scalp, heat, burning) 
by means of a numeric rating scale (0 = no sensation, 4 = strong 
sensation). 

2.7. Statistical analysis 

To assess potential pre-existing differences between the two groups 
(gamma-tACS, sham-tACS) before the intervention, we used separate 
two-tailed non-parametric independent samples Mann-Whitney U-tests 
and compared age, IQ, spelling performance, reading performance, 
phonemic skills, IGF, and power of the IGF between the participants of 

Fig. 1. Study design and experimental procedure. A) Timeline of the study 
showing the different time points. Behavioral and EEG variables were assessed 
at baseline (t0), evaluation (t1) and follow-up (t2). B) Sequence of an exem-
plary training session. Each session started with exercises targeting phonemic 
processing while gamma-tACS or sham-tACS was applied. Subsequently, during 
a short break of about 5 min, tACS-electrodes were removed and the partici-
pants completed a short questionnaire on their physical state and potential 
adverse events due to the electrical stimulation. Immediately after the break, 
participants performed the orthographic training. Table 1 

Description of the study sample. Demographic data as well as the initial literacy 
skills of the participants separately depicted for the tACS group and the sham 
group. Data represent mean values. Standard deviation in parentheses.   

gamma- 
tACS 

Sham-tACS p- 
value 

N (gender) 14 (11 m/ 
3 f) 

15 (11 m/ 
4 f)   

Age (in years) 11.85 
(2.51) 

11.29 
(2.37)  

.505 

IQ 96.07 
(10.60) 

100 (11.55)  .252 

Phonemic skills 
(total score)* 

42.64 (9.7) 42.2 
(11.18)  

.914 

Phonemic skills 
(subscale vowels /syllables)* 

43.43 
(9.67) 

40.27 
(10.49)  

.591 

Phonemic skills 
(subscale words/sentences)* 

43.29 
(10.09) 

47.87 
(12.10)  

.377 

Spelling performance 
(correct words)* 

32.79 
(8.38) 

32.67 
(9.05)  

> .999 

Spelling performance 
(correct graphemes)* 

32.43 
(7.41) 

34.0 (7.93)  .652 

Spelling performance 
(alphabetic strategy)* 

33.86 
(10.91) 

39.53 
(10.58)  

.158 

Spelling performance (orthographic 
strategy)* 

31.86 
(7.56) 

36.80 
(7.79)  

.172 

Reading performance 
(accuracy)* 

38.63 
(6.27) 

34.36 
(8.24)  

.102 

Individual gamma frequency (power in µV 
*2) 

6.14 (3.65) 8.89 
(10.27)  

.780 

Individual gamma frequency (peak 
frequency in Hz) 

40.28 
(6.22) 

41.07 
(6.04)  

.683  

* Values represent T-scores. Note that a T-score of 50 represents the norm 
mean, while scores + /− 10 represent a standard deviation above/below norm, 
respectively. 
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the tACS group and the sham group. Table 1 shows the demographic 
data as well as the participants literacy skills and IGF at baseline (t0). 
Statistical analyses revealed no significant differences in age, IQ or the 
participants performance in reading, spelling or phonemic skills be-
tween the tACS group and the sham group. 

To evaluate the effects of the intervention, the data was analyzed 
using Linear Mixed Models (LMMs) performed with the lmer function 
from the afex package (Singmann et al., 2022). P-values for the β-esti-
mates were obtained using Satterthwaite’s approximation method. We 
performed separate LMMs for the dependent variables spelling perfor-
mance, reading performance, phonemic skills, and IGF. Time (t0, t1, t2), 
group (tACS, sham), and group x time were considered as fixed factors. 
Data from the sham group at t0 were used as baseline. Individuals were 
used as random effects. Age and gender were added as covariates to 
account for potential group differences. The Akaike Information Crite-
rion (AIC) was used to compare models. A two-sided significance level of 
α = 0.05 was used. Table 2 shows the β-coefficients of LMMs separately 
depicted for each variable of interest. 

Statistical analysis of the questionnaires on tolerability and side ef-
fects after each tACS /sham-application was performed by means of two- 
tailed non-parametric Mann-Whitney U-tests and for each sensation 
separately. 

Statistical analyses and production of all plots was performed using R 
Statistical Software (version 4.2.0, R Core Team, 2022) and JASP soft-
ware (version 0.16.3, JASP Team, 2022). 

3. Results 

Table 3 shows the behavioral and electrophysiological data for all 
three measurement time points separately depicted for the tACS group 
and the sham group. 

3.1. Phonemic awareness 

The model to predict performance in the PHOG subscale “vowels/ 
syllables” (VoSy) showed that participants from the sham group 
numerically increased their performance from t0 to t1 as well as from t1 
to t2. However, there was neither a significant effect of group nor an 
interaction group x time indicating that gamma-tACS had no increasing 
effect on task performance (cf. Fig. 2a). In the model the fixed and 
random effects explained approximately 82% of the variance (R2 con-
ditional = 0.819). Including the factor age did not lead to a statistically 
significant increase in model fit (AIC(lmm VoSy): 590.7; AIC (lmm VoSy 
+ age) = 592.2, p = .482). We found, however, that including the factor 
sex significantly increased the model fit (AIC(lmm VoSy): 590.7; AIC 
(lmm VoSy + sex) = 585.49, p = .007). Additionally performed non- 
parametric Mann-Whitney U-tests showed that female participants in 
the sham group performed significantly worse compared to male par-
ticipants from the sham group at time point t0 (U = 34.0; p = .025), time 
point t1(U = 32.0, p = .052), and time point t2 (U = 30.5, p = .035). No 
such difference was evident between female and male participants from 
the tACS group (all time points: p > .340). 

Results on the model on the PHOG subscale “words/sentences” 
(WoSe) revealed that participants from the sham group increased task 
performance over the course of the experiment. Their initial perfor-
mance was a T-score of 47.867 and increased by 2.4 T-scores by time-
point t1 [β time t1 = 2.4, 95% CI (− 1.17, 5.97), t = 1.203, p=.100] and 
by 5.625 T-scores by timepoint t2 [β time t2 = 5.625, 95% CI (1.97, 
9.29), t = 2.995, p=.002]. Importantly, participants that received 
gamma-tACS showed a significantly stronger increase by 6.929 T-scores 
from t0 to t1 as compared to the sham group (β time t1 + β time 
t1 * group; β time t1 * group = 4.529, 95% CI (− 0.60, 9.66), t = 1.695, 
p = .048; cf. Fig. 2b]. The fixed and random effects explained approxi-
mately 81% of the variance (R2 conditional = 0.805). Including the 
factor age did not lead to a statistically significant increase in the model 
fit (AIC(lmm WoSe): 592.93; AIC (lmm WoSe + age) = 594.62, p=.577). 
We found, however, that including the factor sex significantly increased 
the model fit (AIC(lmm WoSe): 592.93; AIC (lmm WoSe + sex) 
= 590.86, p=.007). Additionally performed non-parametric Mann- 
Whitney U-tests revealed that female participants from the sham group 
performed worse compared to male participants from the sham group at 
time point t0 (U = 30.0; p=0.097), time point t1(U = 31.5, p=.060), and 
time point t2 (U = 31.0, p=0.028). No such difference was evident be-
tween female and male participants from the tACS group (all time 
points: p>.310). 

3.2. Spelling performance 

Regarding the “alphabetic strategies” no effect of group and no effect 
of time was found. Including the factors sex and age did not lead to a 
significant increase in model fit (Fig. 2c). The fixed and the random 
effects explained approximately 74% of the variance (R2 conditional =
0.736). 

Results on the model on the “orthographic strategies” (Fig. 2d) 
showed that participants from the sham group increased task perfor-
mance over the course of the experiment. Their initial performance was 
a T-score of 36.8 and increased by 2.33 T-scores by time point t1 [β time 
t1 = 2.33, 95% CI (− 0.09, 4.76), t = 1.849, p=.035] and additional 
2.621 T-scores by time point t2 [β time t2 = 2.621, 95% CI (0.13, 5.11), 
t = 2.025, p=.024]. Importantly, participants who received gamma- 
tACS showed a significantly stronger increase compared to the sham 
group: their performance increase by 6.124 T-scores by time point t2 (β 

Table 2 
β-coefficients of LMMs.   

Beta SE t-value p-value 

Phonemic skills (subscale vowels /syllables) 
intercept  40.267  2.922  13.779  < .001 
time t1  3.267  1.791  1.824  0.037 
time t2  6.693  1.837  3.643  < .001 
group  3.162  4.206  0.752  0.229 
time t1 * group  -1.481  2.578  0.574  0.284 
time t2 * group  -3.564  2.688  1.326  0.095 
Phonemic skills (subscale words/sentences) 
intercept  47.867  2.862  16.725  < .001 
time t1  2.4  1.856  1.293  0.100 
time t2  5.625  1.904  2.955  0.002 
group  -4.581  4.119  -1.112  0.137 
time t1 * group  4.529  2.672  1.695  0.048 
time t2 * group  1.599  2.786  0.574  0.284 
Spelling performance (alphabetic strategies) 
intercept  39.533  2.763  14.307  < .001 
time t1  -0.133  2.055  -0.065  0.474 
time t2  0.133  2.107  0.063  0.475 
group  -5.677  3.977  -1.427  0.080 
time t1 * group  0.705  2.958  0.238  0.406 
time t2 * group  2.960  3.082  0.960  0.170 
Spelling performance (orthographic strategies) 
intercept  36.8  2.146  17.151  < .001 
time t1  2.333  1.261  1.849  0.035 
time t2  2.621  1.294  2.025  0.024 
group  -4.943  3.088  -1.601  0.059 
time t1 * group  -0.691  1.816  -0.380  0.353 
time t2 * group  3.503  1.894  1.850  0.035 
Individual gamma frequency (power in µV*2) 
intercept  8.891  2.047  4.342  < .001 
time t1  -1.071  1.447  -0.741  0.231 
time t2  1.651  1.447  1.141  0.13 
Group  2.754  2.947  -0.934  0.177 
time t1 * group  4.465  2.030  2.199  0.016 
time t2 * group  2.180  2.095  1.041  0.152 
Individual gamma frequency (peak frequency in Hz) 
intercept  41.067  1.545  26.583  < .001 
time t1  1.454  1.866  0.779  0.219 
time t2  -1.438  1.866  -0771  0.222 
Group  -0.781  2.223  -0.351  0.363 
time t1 * group  1.591  2.621  0.607  0.273 
time t2 * group  4.883  2.696  1.811  0.038  
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time t2 + β time t2 * group; β time t2 * group = 3.503, 95% CI (− 0.13, 
7.15), t = 1.85, p = .035. In the model the fixed and random effects 
explained approximately 84% of the variance (R2 conditional = 0.844). 
The model fit was neither increased by including the factor sex (AIC 
(lmm OS): 534.55; AIC (lmm OS + sex) = 535.16, p=.239) nor by 
including the factor age (AIC(lmm OS): 534.55; AIC (lmm OS + age) 
= 535.30, p=.264). 

3.3. Power of the individual gamma frequency (IGF) 

Compared to the sham group, participants that received gamma- 
tACS show a significantly stronger increase by 3.394 uV^2 at time 
point t1 (β time t1 + β time t1 * group; β time t1 * group = 4.465, 95% 
CI (0.58, 8.35), t = 2.030, p = .016, cf. Fig. 3a]. In the model the fixed 

and random effects explained approximately 60% of the variance (R2 

conditional = 0.595). Including the factor sex did not lead to a signifi-
cant increase in model fit (AIC(lmm pow): 496.08; AIC (lmm pow + sex) 
= 498.07, p = .981). We found, however, that including the factor age 
significantly increased the model fit (AIC(lmm pow): 496.08; AIC (lmm 
pow + age) = 585.49, p = 0.023). The adapted fixed and random effects 
still explained about 60% of the variance (R2 conditional = 0.605). 
Further inspection of the data show that one participant in the sham 
group exposed very strong power values. To ensure that the reported 
results were not exclusively driven by this subject, we performed the 
model without this outlier. Still, the stronger power-increase in the tACS 
group at time point t1 remained statistically significant (β time t1 + β 
time t1 * group; β time t1 * group = 3.659, 95% CI (0.01, 7.35), 
t = 1.910, p = .032). 

Table 3 
Behavioral and electrophysiological data for all three measurement time points separately depicted for the tACS group and the sham group. Data represent mean 
values. Standard deviation in parentheses. a Behavioral data represent T-scores. Note that T-scores have a mean of 50 and a standard deviation of 10. Asterisks 
represent significant group-differences as revealed by the LMM analysis.   

gamma-tACS sham-tACS  

t0 t1 t2 t0 t1 t2 
Phonemic skills 

(subscale vowels /syllables)a 
43.43 (9.67) 45.21 (11.18) 46.08 (6.82) 40.27 (10.49) 43.52 (13.55) 47.79 (13.18) 

Phonemic skills 
(subscale words/sentences)a 

43.29 (10.09) 50.21 (9.72) * 50.58 (10.17) 47.87 (12.10) 50.27 (12.73) 54.00 (10.8) 

Spelling performance 
(alphabetic strategy)a 

33.86 (10.91) 34.43 (11.15) 37.25 (13.15) 39.53 (10.58) 39.40 (9.70) 39.21 (8.98) 

Spelling performance 
(orthographic strategy)a 

31.86 (7.56) 33.50 (10.22) 38.08 (9.91) * 36.80 (7.79) 39.12 (7.91) 38.63 (6.06) 

Reading performance 
(accuracy)a 

38.63 (6.27) 39.33 (5.72) 42.19 (7.60) 34.36 (8.24) 36.49 (7.40) 38.22 (10.94) 

Individual gamma frequency (power in µV*2) 6.14 (3.65) 9.65 (4.58) * 9.85 (9.32) 8.89 (10.27) 7.71 (7.75) 11.50 (11.17) 
Individual gamma frequency (peak frequency in Hz) 40.28 (6.22) 43.54 (6.50) 43.90 (4.68) * 41.07 (6.04) 42.50 (7.37) 39.92 (4.36)  

Fig. 2. Behavioral results of participants that received multi-session gamma-tACS (orange) and the active control group that received sham-tACS (blue). After the 
intervention (time point t1) participants from the gamma-tACS group showed stronger increases in phonemic processing skills (b). In the follow-up measurement 
(time point t2) participants from the gamma-tACS group showed stronger increases in their spelling skills compared to the control group (d). Dots represent the 
individual participants. t0: baseline session; t1: evaluation session, t2: four-month follow-up session. Asterisks represent significant group x time-differences as 
revealed by the LMM analysis. 
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3.4. Individual gamma frequency (IGF) 

Compared to the sham group, participants that received gamma- 
tACS show a significantly stronger increase by 3.445 Hz at time point 
t2 (β time t2 + β time t2 * group; β time t2 * group = 4.883, 95% CI 
(− 0.28, 10.05), t = 1.811, p = .038, cf. Fig. 3b]. In the model the fixed 
and random effects explained approximately 41% of the variance (R2 

conditional = 0.409). The model fit was neither increased by including 
the factor sex (AIC(lmm IGF): 495.14; AIC (lmm IGF + sex) = 497.14, 
p = .961) nor by including the factor age (AIC(lmm IGF): 534.55; AIC 
(lmm IGF + age) = 494.81, p = .127). 

In sum, the results indicate that the a five weeks literacy skills 
training combined with gamma-tACS positively affected phonemic 
processing and the power of individual gamma frequency in individuals 
with DD. Additionally, we found an ameliorating effect on the IGF as 
well as on spelling skills in the follow-up session four month after the 
intervention, indicating a delayed effect of multi-session tACS on the 
auditory systems’ sampling rate and related behavioral performance. 
Furthermore, the fact that all participants irrespective of the group 
allocation increased their reading performance demonstrates the effi-
cacy of our behavioral intervention. 

3.5. Tolerability 

No participant asked to withdraw from the study or reported sig-
nificant discomfort at the location of the stimulation electrodes. 

Subjective reports on potential side effects did not reveal any statisti-
cally significant differences between the sham group and the gamma 
tACS group (all: p > 0.05). None of the participants reported discomfort 
or adverse effects at any stimulation session or at any post-intervention 
time-point (t1 and t2). 

4. Discussion 

In the present study we tested the hypothesis that gamma-tACS can 
enhance the beneficial effects of a literacy skills training in a sample of 
children and adolescents with DD. Additionally, we hypothesized that 
these behavioral improvements would be directly related to neuro-
physiological parameters such as changes in the auditory cortex’ gamma 
peak frequency. To this end, we compared behavioral and EEG-data 
recorded prior and immediately after ten combined tACS-training ses-
sions which were performed twice a week over a period of five weeks. In 
addition, long-term effects were assessed four month after the end of the 
intervention. We found that the combined multi-session tACS-inter-
vention positively affected phonemic processing skills, spelling perfor-
mance, and enhanced the auditory cortex’ sampling rate as indicated by 
an increase in the IGF. Thereby, we show that the application of gamma- 
tACS can increase the benefit of a behavioral DD-training and that these 
fostering effects are already observable after a short-time intervention 
over five weeks. Our data extend the findings from previous studies that 
reported positive effects of a single-session of gamma-tACS on phonemic 
processing in typically reading participants (Rufener et al., 2016a, 
2016b) as well as in individuals with DD (Rufener and Zaehle, 2021; 
Rufener et al., 2019; Marchesotti et al., 2020). Furthermore, our data 
complete existing evidence on the ameliorating effect of multi-session 
transcranial electrical stimulation combined with a behavioral training 
in children and adolescents with DD (Costanzo et al., 2019, 2016b). 
Finally, we show that multi-session gamma-tACS is feasible and well 
tolerated in children and adolescents with DD. Our results thus have 
important implications on future interventions in DD but also on lan-
guage rehabilitation in general. 

Interestingly, we found different trajectories in our variables of in-
terest: While effects on the power of the IGF and on phonemic skills were 
observable immediately after the intervention the changes on spelling 
performance and the peak frequency of the IGF were not evident until 
four months later. We will discuss these findings in the following 
sections. 

4.1. Functional action cascade: from phonemic awareness to written 
language 

One line of argumentation is that auditory gamma oscillations, 
phonemic processing skills, and spelling performance rely on each other. 
In other terms, there is a hierarchical structure connecting these func-
tions. There is evidence on phonological processing skills as predictor 
for future literacy skills already prior to the onset of formal instruction 
(Puolakanaho et al., 2004, 2008; Clayton et al., 2020; Bus and van 
IJzendoorn, 1999; Goswami, 2006; but see Bretherton and Holmes, 
2003; Blomert and Wllems, 2010) and that interventions targeting 
phonological processing can improve reading and spelling performance 
(for a meta-analysis, see (Melby-Lervåg et al., 2012; Al Otaiba et al., 
2009). Furthermore, the direct link between the IGF and phonemic 
processing has already been demonstrated (Lehongre et al., 2011; Ruf-
ener and Zaehle, 2021). The power of the IGF is thought to reflect 
phase-synchronicity of neuron populations in the auditory cortex to the 
envelope of a periodic stimulus (Picton et al., 2003). The ability of the 
auditory system to follow rapidly changing features at about 40 Hz is 
crucial in phoneme perception (Poulsen et al., 2009; Rojas et al., 2006). 
The finding of stronger IGF power at time-point t1 might implicate that 
gamma-tACS increased the auditory systems’ ability to accurately track 
acoustic information at the phonemic rate. This increase in temporal 
acuity enabled the participants to perceive and distinguish phonemes 

Fig. 3. Electrophysiological results of participants that received multi-session 
gamma-tACS (orange) and the active control group that received sham-tACS 
(blue). After the intervention (time point t1) participants from the gamma- 
tACS group showed stronger increases in the power of auditory cortex 
gamma oscillations (a). In the follow-up measurement (time point t2) partici-
pants from the gamma-tACS group showed stronger increases in the individual 
gamma frequency compared to the control participants (b). Dots represent the 
individual participants. t0: baseline session; t1: evaluation session, t2: four- 
month follow-up session. Asterisks represent significant group x time- 
differences as revealed by the LMM analysis. 
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more precisely – as evident in increased phonemic processing skills 
measured at time point t1. The enhanced perception of phonemic in-
formation improved speech-to-letter mapping and, finally, the applica-
tion of simple orthographic rules as evident in our finding of increased 
spelling performance at time-point t2. 

4.2. Multi-session tACS causes long-term plasticity in the auditory system 

The finding that multi-session tACS had a fostering effect on oscil-
latory activity in the auditory cortex both immediately after the inter-
vention but also in the follow-up measurement indicates long-term 
effects of our intervention. Long-term effects of single-session tACS 
lasting up to 30 min after tACS application have already been shown on 
occipital alpha oscillations (Zaehle et al., 2010; Helfrich et al., 2014a, 
2014b). In the motor-domain, beta-tACS administered over 15 min even 
lead to ongoing behavioral effects up to 60 min after application 
(Wischnewski et al., 2019). Furthermore, Ahn et al., 2019 found that 
alpha-tACS repetitively applied over five days led to a sustained shift in 
oscillatory activity until one month after the final intervention (although 
the effect was only numerical and not statistically significant). Our data 
demonstrate that ten interventions with gamma-tACS over a period of 
five weeks can cause after-effects even up to four months after the final 
intervention. 

There is growing evidence that tACS not only acts immediately via 
entrainment, i.e. by the alignment of neural oscillations to the externally 
applied alternating current (Vossen et al., 2015) but that it also causes 
plasticity and enduring adaptation in the stimulated cortical area 
(Vosskuhl et al., 2018). The precise neurophysiological mechanism on 
which this plasticity effect relies on is still a matter of debate (Vossen 
et al., 2015). Zaehle (Zaehle et al., 2010) suggested spike timing 
dependent plasticity (STDP) as the driving force that causes long-lasting 
tACS after-effects on neural oscillations. Later, Vossen (Vossen et al., 
2015) confirmed this theoretical assumption in an empirical study by 
demonstrating that (initial) entrainment gates frequency-specific 
changes in neural oscillations via long-lasting synaptic plasticity. 
However, others have argued that changes at the synaptic level such as 
long-term potentiation LTP and long-term depression LTD might not be 
sufficient to explain long-term effects and suggested metaplasticity as 
the crucial underlying mechanism (Costanzo et al., 2019; Korai et al., 
2021; Carvalho et al., 2015). Briefly, metaplasticity refers to the mod-
ulation of synaptic plasticity by prior synaptic activity (Abraham and 
Bear, 1996). Hence, the previous modification in a neuronal network 
can influence the effects of subsequent interventions to the same 
network (Carvalho et al., 2015). Depending on the history of the initial 
synaptic activity the direction and degree of synaptic plasticity is 
modulated. This can result in either a strengthening or inhibition of 
future synaptic plasticity, synaptic stabilization or the homeostatic 
regulation of cellular activity (Müller-Dahlhaus and Ziemann, 2015). 
However, in order to allow metaplasticity the effects of the previous 
modification have to be still ongoing when the subsequent intervention 
occurs (Abraham, 2008; Fricke et al., 2011). In terms of metaplasticity 
evoked by multi-session tACS, this implicates that the after-effects of the 
previous tACS session must still be persisting when the second tACS 
session is performed. Costanzo (Costanzo et al., 2019; 2018) assessed the 
effect of a six-weeks reading training with concomitant tDCS (three 
training sessions a week, each lasting about 20 min) and found the 
strongest behavioral improvements in the two follow-up assessments 
that took place one month as well as six month after completing the 
training. Accordingly, and comparable to the results of our present 
study, the effects of their multi-session tDCS intervention were also 
delayed. One might therefore cautiously conclude that each 20 min 
application of gamma-tACS indeed resulted in sufficiently stable 
after-effects that allowed metaplasticity. Since our study represents, to 
the best of our knowledge, the first attempt of multi-session gamma--
tACS further research is needed to determine the optimal stimulation 
parameters. In this context, it is of specific importance to shed more light 

on the ideal timing between the tACS-sessions to achieve strong and 
long-lasting metaplasticity effects. 

Despite the encouraging results of the present work also limiting 
factors have to be taken into account. Our intervention did not result in 
positive effects on reading performance. This might be due to the 
inherent nature of the material and exercises we used in the ortho-
graphic training. They focused on basic orthographic rules relying on the 
perception and discrimination of different vowel lengths. Thus, although 
the individual exercises required the participant to read single words 
and short texts the interventions’ focus was mainly on spelling compe-
tences. Accordingly, other interventions might have resulted in stronger 
effects on reading performance. An alternative explanation relies on the 
test material used to assess the participants literacy skills: while the 
outcome of the reading tests is represented by the number of correctly 
read items in a given time period, no time restriction was given in the 
spelling test. Assessing reading performance without time restriction, e. 
g., by means of questions assessing text comprehension might be a more 
sensitive approach to measure the participants’ reading skills. 

Second, we had to temporally suspend in-house data acquisition due 
to regulations of the local authorities during the COVID-19 pandemic. 
Behavioral assessments during this time-period were performed by the 
participants’ legal representatives at home. Although we provided the 
test instructions both in written form as well as in verbal form by phone 
call we cannot rule out the fact that these environmental factors might 
have affected the test results. Since data of participants that received 
gamma-tACS but also of participants from the sham group are affected 
we belief that our procedure did not systematically affect the reported 
between-group effects. 

Third, because our literacy skills training consisted of a combined 
phonological and orthographic intervention we cannot disentangle the 
contribution of each component to the reported outcome. Accordingly, 
we cannot exclude the possibility that already one component of the 
intervention would have been sufficient to achieve the presented find-
ings. However, due to the hierarchical structure between auditory 
gamma oscillations, phonemic processing, and literacy skills we 
cautiously propose that both parts of the intervention, that is the 
phonological as well as the orthographic training, are required to 
eventually increase literacy skills. The application of gamma-tACS 
combined with the phonological training is thought to specifically 
affect phonemic processing skills. The implementation of orthographic 
rules, however, represents a higher-order language skill that is acquired 
mainly via explicit instruction – as performed by means of the ortho-
graphic part of our intervention. Nevertheless, future studies are needed 
to quantify the impact of the phonological and the orthographic part of 
the intervention but also their individual susceptibility to gamma-tACS. 
In the same vein, our study design does not allow to quantify the mere 
impact of the literacy skills training or the participants’ regular class 
attendance. Although this information would have been of interest we 
decided against a waiting group or a group that received gamma-tACS in 
parallel with a non-linguistic (control) task due to the limited funding 
period but also due to ethical considerations. 

Finally, since our study included of a relatively small sample size 
consisting of children and adolescents over a broad age range we 
refrained from performing any subsample analyses on the efficacy of 
gamma-tACS on individuals of different age groups. Accordingly, our 
data do not allow to conclude on potential age-related effects of gamma- 
tACS on the individuals’ reading and spelling performance. Since an age- 
related trajectory of the IGF with increasing peak frequencies over the 
course of childhood and adolescence until adulthood has been reported 
(Poulsen et al., 2009) future studies including larger sample sizes should 
focus on age-specific susceptibility to gamma-tACS as well as the 
optimal stimulation parameters depending on the individuals age and 
IGF. 
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5. Conclusion 

The results of the present study provide first evidence on an 
ameliorating effect of multi-session gamma-tACS in children and ado-
lescents with DD. Our finding of sustained after-effects of gamma-tACS 
up to four month together with the high tolerability of the interven-
tion emphasize the need for large-scale replication studies. 
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