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A B S T R A C T   

Accumulating evidence shows that consciousness is linked to neural oscillations in the thalamocortical system, 
suggesting that deficits in these oscillations may underlie disorders of consciousness (DOC). However, patient- 
friendly non-invasive treatments targeting this functional anomaly are still missing and the therapeutic value 
of oscillation restoration has remained unclear. We propose a novel approach that aims to restore DOC patients’ 
thalamocortical oscillations by combining rhythmic trigeminal-nerve stimulation with comodulated musical 
stimulation (“musical-electrical TNS”). In a double-blind, placebo-controlled, parallel-group study, we recruited 
63 patients with DOC and randomly assigned them to groups receiving gamma, beta, or sham musical-electrical 
TNS. The stimulation was applied for 40 min on five consecutive days. We measured patients’ consciousness 
before and after the stimulation using behavioral indicators and neural responses to rhythmic auditory speech. 
We further assessed their outcomes one year later. We found that musical-electrical TNS reliably lead to im
provements in consciousness and oscillatory brain activity at the stimulation frequency: 43.5 % of patients in the 
gamma group and 25 % of patients in the beta group showed an improvement of their diagnosis after being 
treated with the stimulation. This group of benefitting patients still showed more positive outcomes one year 
later. Moreover, patients with stronger behavioral benefits showed stronger improvements in oscillatory brain 
activity. These findings suggest that brain oscillations contribute to consciousness and that musical-electrical 
TNS may serve as a promising approach to improve consciousness and predict long-term outcomes in patients 
with DOC.   

1. Introduction 

Neurological disease may be treated by restoring the specific brain 
functions impaired by the disease. In the case of disorders of con
sciousness (DOC), accumulating neuroscientific evidence shows a link 
between the unconscious state and a perturbation in neural oscillations 
in thalamic and cortical structures (Koch et al., 2016; Redinbaugh et al., 
2020; Supp et al., 2011). For example, injection of propofol has been 
shown to induce both an unconscious state and a perturbation in neural 

oscillations in the thalamocortical system (Flores et al., 2017; Supp 
et al., 2011). Moreover, consciousness level in DOC patients and lucid 
dreaming in healthy subjects have been shown to correlate positively 
with the strength of oscillatory activity in the cerebral cortex specifically 
at gamma (~40 Hz) frequency (Binder et al., 2017; Cavinato et al., 2015; 
Gorska and Binder, 2019; Voss et al., 2014). Similarly, studies in healthy 
subjects have shown enhanced gamma-band synchrony in response to 
consciously perceived stimuli compared to unperceived stimuli (Gaillard 
et al., 2009; Melloni et al., 2007; Steinmann et al., 2014). According to 
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the mesocircuit hypothesis, deficits in consciousness are caused by a 
global decrease of excitatory neurotransmission from the central thal
amus to diffuse cortical areas (Schiff, 2010). However, despite the evi
dence for a correlation of consciousness and thalamocortical 
oscillations, in particular gamma oscillations, their causal link has not 
been fully established, leaving the therapeutic value of the oscillations 
unclear. 

A safe and convenient method to potentially restore neural oscilla
tions is transcranial alternating current stimulation (tACS) (Antal and 
Paulus, 2013; Jones et al., 2020; Naro et al., 2016). However, the neural 
effectiveness of tACS is currently debated based on findings showing 
that cortical effects may be an epiphenomenon of co-stimulation of pe
ripheral nerves (Asamoah et al., 2019). Given these considerations, a 
more effective non-invasive approach to restore neural oscillations may 
be transcutaneous stimulation (Adair et al., 2020; Conlon et al., 2020), 
which involves the application of an electrical current to the skin 
directly above a peripheral or cranial nerve. The trigeminal nerve, as the 
largest human cranial nerve, has abundant anatomical projections to 
somatosensory nuclei of the thalamus in the midbrain (McCormick and 
Bal, 1994), making it a strong candidate for non-invasive modulation of 
neural oscillations in thalamocortical circuits. Application of trigeminal 
nerve stimulation (TNS) has yielded encouraging results in various 
neurological diseases, such as epilepsy, depressive disorder and 
migraine (DeGiorgio et al., 2013; Gorgulho et al., 2019; Reuter et al., 
2019). For DOC, only a single study in a single patient has been pub
lished, with promising results (Fan et al., 2019). A systematic investi
gation of the potential of TNS for DOC treatment is still missing. 

Besides electrical stimulation, neural oscillations may be restored 
with sensory stimulation. Application of rhythmic sensory stimulation 
induces modulations in neural oscillations specifically at the frequency 
of the stimulation (Iaccarino et al., 2016; Martorell et al., 2019; Pastor 
et al., 2002). Thus, rhythmic sensory stimulation at gamma frequency 
has been exploited to alleviate cognitive dysfunctions accompanied by 
abnormal neural gamma oscillations (Clements-Cortes et al., 2016; 
Iaccarino et al., 2016; Martorell et al., 2019). However, whether 
rhythmic sensory stimulation can restore DOC patients’ pathological 
neural oscillations and consciousness has not been investigated yet. 

Considering the key role of the thalamus in the regulation and 
integration of multisensory information (Sherman and Guillery, 1996), 
the most effective approach to target neural oscillations in multiple 
thalamic nuclei and thalamocortical circuits might be a combination of 
the aforementioned transcutaneous and sensory modalities. Indeed, a 
recent study in tinnitus patients shows stronger behavioral and neural 
effects induced by combined acoustic-electrical peripheral nerve stim
ulation than by acoustic stimulation alone (Marks et al., 2018). 

Based on the findings and considerations above, we reasoned that 
combining rhythmic TNS and rhythmic musical stimulation (“rhythmic 
musical-electrical TNS” for simplicity) at gamma frequency could pro
vide a highly effective approach to restore thalamocortical oscillations 
and consciousness in DOC patients. We predicted that the stimulation 
improves patients’ consciousness and neural oscillations, which would 
render rhythmic musical-electrical TNS a strong candidate for DOC 
treatment. We further predicted that the putative behavioral and neural 
benefits are coupled, which would corroborate the notion that neural 
oscillations and consciousness are functionally coupled. Finally, we 
predicted that patients who directly benefitted from the stimulation 
would show a more successful long-term recovery. 

2. Methods 

2.1. Patients 

Seventy-two patients diagnosed with DOC were recruited from 
Hangzhou Mingzhou Brain Rehabilitation Hospital. All patients met the 
following criteria: (1) diagnosis of unresponsive wakefulness syndrome 
(UWS, a state showing only reflex movements) or minimally conscious 

state (MCS, a state showing reproducible but inconsistent signs of con
sciousness) based on the Coma Recovery Scale-Revised (CRS-R), (2) time 
post-injury ranging from one to twelve months, (3) no history of psy
chiatric or neurological diseases, (4) no major skull-bone defects and no 
major brain-tissue defects (approximately > 70 % of total brain volume 
preserved, based on visual inspection of anatomical computed- 
tomography or magnetic-resonance images), and (5) no history of 
hearing impairment before brain injury. The study was approved by the 
local research-ethics committee (Hangzhou Mingzhou Brain Rehabili
tation Hospital) and registered in a publicly accessible clinical trial 
database on www.clinicaltrials.gov (NCT04435301). Informed consent 
was obtained from the patients’ legal surrogates. The patients were 
divided into three groups differing in the type of stimulation they 
received. To reduce the risk of confounding effects of relevant de
mographic characteristics (i.e., age, etiology, and time since injury) or 
consciousness level (i.e., CRS-R total score and diagnosis) before the 
experiment, the groups were matched for the aforementioned variables 
as much as possible. The matching procedure consisted of three steps: 
first, we dichotomized each matching variable and scored it as “1” or 
“0”, where a score of 1 indicates: age < 60, etiology = traumatic brain 
injury (TBI), time since injury < 3 month, and CRS-R score > 8, 
respectively. Second, based on these scores, we divided the 72 recruited 
patients into 24 triplets. As not all patients could be matched on their 
exact pattern of scores, we matched them on their sum of scores. Finally, 
we randomly assigned the three patients within each triplet to the three 
stimulation groups. Sixty-three patients (42 MCS, 21 UWS) completed 
the study (six patients were released from the hospital and three others 
showed excessive body movements during the pretest phase, Fig. S1). 
These patients’ demographic and clinical characteristics are listed in 
Table S1 and Table S2, showing that the three groups did not differ 
systematically in any of the matching variables. 

2.2. Study design and experimental procedure 

The study utilized a double-blind, placebo-controlled, parallel-group 
design, where each participant received gamma, non-gamma (beta) or 
sham stimulation. The beta frequency was selected as a control fre
quency of gamma. Each patient underwent four consecutive phases 
(Fig. 1B). During the pretest phase, behavioral assessments were 
administrated on five consecutive days with a single neural assessment 
administered on the fifth day. During the stimulation phase, stimulation 
was administrated on each of five consecutive days, starting on the first 
day after the pretest phase. During the posttest phase, the same set of 
behavioral and neural assessments was administrated as during the 
pretest phase, except that the neural assessment took place already on 
the first day after the stimulation phase. Finally, during the follow-up 
phase, a single behavioral assessment of patients’ one-year outcome 
was administrated. Researchers were blinded to the stimulation condi
tions by replacing the labels of stimulation conditions with dummy 
codes. Patients and their legal surrogates were blinded to the type of 
stimulation applied to the patient. 

2.3. Assessment 

The pretest phase and posttest phase involved the administration of 
the same set of behavioral and neural assessments, as illustrated in 
Fig. 1A top. The follow-up phase involved the administration of a single 
behavioral assessment of outcome. 

2.3.1. Behavioral assessment: CRS-R and GOSE 
Patients’ consciousness was assessed using the CRS-R, a validated 

measure of consciousness that currently constitutes the golden standard 
for behavioral diagnosis of DOC patients (Giacino et al., 2004; Giacino 
et al., 2018b; Kondziella et al., 2020). The CRS-R consists of six subscales 
assessing respectively the patient’s auditory function, visual function, 
motor function, oromotor function, communication ability, and arousal. 
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Each subscale comprises several hierarchically arranged items (23 in 
total) allowing for a quantitative assessment. Based on the subscale 
scores, the patient is diagnosed as either UWS, MCS (including two 
subcategories, termed MCS+ and MCS-), or emergence from MCS 
(EMCS). To reduce the risk of misdiagnosis, the CRS-R was administered 
twice a day by two experienced clinicians on five consecutive days 
(Wannez et al., 2017); thus, each patient underwent the same number of 
CRS-R administrations. The patient’s overall diagnosis was defined as 
the “best” diagnosis (i.e., highest level of consciousness) observed across 
the daily measurements. The patient’s overall CRS-R score was defined 
as the sum of the subscores obtained during that best measurement. An 
improvement of diagnosis was defined as an upgrade of diagnosis from 
pretest to posttest phase (i.e., UWS to MCS/EMCS, MCS- to MCS+/ 
EMCS, or MCS+ to EMCS). 

Patients’ long-term outcomes were assessed with the Glasgow 
Outcome Scale-Extended (GOSE), a widely used index for outcomes 
after brain injury (Wilson et al., 1998). It consists of eight categories 
rating patients’ state from dead to upper good recovery. The GOSE was 
obtained by interviewing patients’ caregivers and having audio re
cordings of the interviews evaluated by an experienced clinician who 
was blinded to the study design. Thirty-six out of the 43 patients who 

had received the verum stimulation (i.e., gamma and beta groups, see 
below section Stimulation) were available for this follow-up assessment 
(Fig. S1), which was conducted approximately-one year (11.9 ± 0.5 
months, mean ± SD across patients) after the initial CRS-R assessment. 

2.3.2. Neural assessment: EEG 

2.3.2.1. EEG recording. Patients’ brain activity was assessed during the 
presentation of auditory stimuli (see next section) using 64 active scalp 
EEG electrodes (BrainCap, Brain Products, Munich, Germany) placed 
according to a standard 10–20 system. An additional electrode was 
placed at the suborbital ridge to record the electrooculogram. Position 
FCz was used for the reference electrode. Impedances were kept below 
10 kΩ. The EEG recordings were online bandpass-filtered between 0.01 
Hz and 70 Hz, and digitized with a sampling rate of 1 kHz. 

2.3.2.2. Auditory paradigm for neural assessment. A novel auditory 
paradigm with speech stimuli was used to facilitate assessment of neural 
rhythmic activity and speech processing. The auditory-speech paradigm 
(Fig. 1A top, 1B) was inspired by previous work on speech processing 

Fig. 1. Study design and experimental 
procedure. (A). Schematic of assessments 
and musical-electrical TNS. DOC patients’ 
consciousness was assessed by two experi
enced blinded clinicians using the CRS-R. 
Long-term outcomes were assessed using 
the GOSE. Patients’ brain activity was 
assessed by measuring 64-channel EEG dur
ing the presentation of continuous rhythmic 
auditory Chinese speech. The rhythmic 
musical-electrical TNS involved the simulta
neous application of auditory music via 
earphones and electrical current via elec
trodes attached to the middle and lower parts 
of the patient’s face (see green and orange 
squares). Both acoustic and electrical stimu
lation were amplitude-modulated at gamma 
frequency (40 Hz, gamma-stimulation group) 
or beta frequency (28 Hz, beta-stimulation 
group), or their intensities were set to zero 
after a short (30 s) initial stimulation interval 
(sham-stimulation group). (B). Experimental 
procedure. Each patient underwent a 15-day 
long experimental procedure consisting of 
three 5-day long consecutive phases (pretest, 
stimulation, and posttest,) and a follow-up 
assessment approximately-one year after 
the initial CRS-R assessment. The treatment 
phase involved daily administration of 40 
min of rhythmic musical-electrical TNS or 
sham stimulation. The pretest and posttest 
phases involved administration of daily 
behavioral assessments (CRS-R) and a single 
neural assessment (EEG) on the day imme
diately before and after the stimulation 
phase, respectively. The follow-up phase 
involved administration of a single behav
ioral assessment (GOSE). (For interpretation 
of the references to colour in this figure 
legend, the reader is referred to the web 
version of this article.)   
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(Ding et al., 2016; Gui et al., 2020). The speech stimuli were repetitive 
word quartets of isochronous amplitude-modulated words. Eight 
monosyllabic Chinese words were used: one, two, three, four, east, south, 
west, north. To avoid systematic prosody differences across words, each 
word was synthesized individually using a freely available text-to- 
speech engine (female voice, Duxiaomei, http://ai.baidu. 
com/tech/speech/tts). 

To elicit neural tracking of hierarchical linguistic structures, word 
duration was fixed to 0.5 s (by inserting silent intervals at the beginning 
and end of each word) and words were sequenced into one of two 
semantically congruent word quartets (“one-two–three-four” or “east- 
south-west-north”, which is the conventional order in Chinese). We refer 
to these word quartets as “digit sentence” or “direction sentence” for 
simplicity. Each sentence was periodically presented sixteen times to 
form a 32-s long continuous sequence, which constituted a single trial. 
As a result, the overall stimuli carried two hierarchical linguistic struc
tures, one at the word rate (2 Hz) and the other at the sentence rate (0.5 
Hz). 

To elicit neural detection of semantic violations, a semantically 
incongruent word was inserted in three to five pseudorandomly chosen 
sentences per trial, excluding the first and last sentence. This was done 
by swapping the final word of the chosen sentence (e.g., “four” in the 
digit sentence) with the final word of the other type of sentence (e.g., 
“north”, or vice versa), resulting in “one-two–three-north” or “east-south- 
west-four”. To elicit rhythmic brain activity at beta or gamma frequency, 
each word was amplitude-modulated at a frequency of 28 Hz or 40 Hz 
(sinusoidal modulation, depth: 100 %, fixed starting phase). Auditory 
stimuli were delivered diotically through insert earphones at a fixed 
sound level (62 dB SPL) using e-prime software (Psychology Software 
Tools, Inc., Pittsburgh, PA, USA). Patient 49 was accidentally presented 
with an inappropriate sound level (10 dB SPL) at posttest and therefore 
excluded from the neural data analysis. 

Trials were presented in blocks of 20. Half of these trials contained 
speech carrying the 40-Hz amplitude modulation and the other half 
involved the 28-Hz amplitude modulation. Trials within blocks were 
randomly sequenced with a jittered inter-trial interval of 1.5 to 2 s. Each 
patient was presented with four consecutive blocks each lasting 
approximately 11.5 min. Odd-numbered blocks contained only trials 
constructed from the digit sentence and even-numbered blocks con
tained only trials constructed from the direction sentence. Each block 
started with a brief synthesized audio message, which instructed pa
tients to listen carefully to the upcoming speech. To ensure that patients 
could perceive the task instructions, the experimenters monitored pa
tients’ state of wakefulness before and during each block. Patient 23 was 
observed to fall asleep after the first block in posttest and therefore 
excluded from the neural data analysis. 

2.4. Stimulation 

The stimulation phase involved administration of rhythmic musical- 
electrical stimulation or sham stimulation to the patients’ face and ears, 
as illustrated in Fig. 1A bottom. 

2.4.1. Acoustic stimulation: Music 
Acoustic stimulation consisted of excerpts from ten pieces of popular 

Chinese music. The onset/offset of each excerpt was ramped up/down 
using 5-s long ramps. Excerpts were amplitude-compressed (compres
sion ratio: 120:1, threshold: − 12 dB) and sequenced to form a contin
uous 40-min long stream of music. To enforce rhythmic brain activity at 
gamma or beta frequency, the sequence was amplitude-modulated at a 
frequency of 40 Hz or 28 Hz (gamma stimulation and beta stimulation, 
respectively; sinusoidal modulation, depth: 100 %). The amplitude of 
the overall sequence was scaled to avoid clipping. The acoustic stimu
lation was presented diotically through insert earphones at a fixed sound 
level (50 dB SPL) simultaneously with the electrical or sham stimulation 
(see next section). 

2.4.2. Electrical stimulation: TNS 
Electrical stimulation consisted of non-invasive application of alter

nating currents to patients’ face to facilitate rhythmic trigeminal nerve 
activity. Analogously to the acoustic stimulation, the current waveform 
was a sinusoid with a frequency of 40 Hz or 28 Hz (gamma stimulation 
and beta stimulation, respectively). The current was applied using two 
pairs of square-shaped rubber electrodes (size: 3 cm × 3 cm) placed at 
the bilateral middle and lower part of the patient’s face to stimulate the 
second and third branches of the trigeminal nerve (i.e., the maxillary 
nerve and the mandibular nerve, respectively); see Fig. 1A bottom. 
These stimulation sites were deemed to reduce phosphenes (compared 
with stimulation at the first branch) based on prior tests with healthy 
participants. The intensity of the current was fixed to ± 8 mA, which can 
be considered safe based on the aforementioned prior tests, related TNS 
research (Fan et al., 2019), and our post hoc observation of no skin 
condition after the stimulation phase in any of our patients. The onset/ 
offset of the current was ramped up/down using 5-s long ramps. The 
electrodes were adhered to patients’ skin using conductive paste and the 
impedance was kept below 5 kΩ. The electrical stimulation was deliv
ered continuously for 40 min using a battery-powered DC stimulator 
(DCSTIMULATOR MC, NeuroConn, Germany). 

Sham stimulation was identical to the gamma stimulation above, 
except that the musical-electrical stimulation was ramped down after 
0.5 min to remain turned off for the remaining 39.5 min (Kasten and 
Herrmann, 2017). 

2.5. Data analysis 

2.5.1. EEG data preprocessing 
Data preprocessing and analysis was performed offline using 

EEGLAB 2019.1 (Delorme and Makeig, 2004) and MATLAB 9.4. First, 
bad channels with a leptokurtic voltage distribution (i.e., kurtosis higher 
than five) were replaced by interpolating between the surrounding 
electrodes (spherical spline interpolation; percentage of interpolated 
channels: 3.8 ± 3.4, mean ± SD across patients). Second, the interpo
lated channel data were re-referenced to an average reference. Third, to 
reduce artifacts, independent component analysis (ICA) was applied to 
the channel data using a second-order blind-identification algorithm 
(Belouchrani et al., 1997). For this analysis the data were band-pass 
filtered between 1 Hz and 40 Hz using a linear-phase finite impulse 
response filter (zero phase shift, filter order: 3300). Artifactual compo
nents were identified and discarded (percentage of artifactual compo
nents: 15.5 % ± 9.1 %; mean ± SD across patients) using the EEGLAB 
plugin ICLables (Pion-Tonachini et al., 2019). The weights of the non- 
artifactual components were reapplied to the original unfiltered chan
nel data (Jaeger et al., 2018). Patient 29 was observed to show exces
sively high noise levels resulting in an abnormally high number of 
artifacts (more than three SDs above the mean) and therefore was 
excluded from further neural data analysis. Fourth, only for the analysis 
of event-related potentials (ERPs, see below), the ICA-cleaned channel 
data were band-pass filtered as above using cutoff frequencies 0.5 Hz 
and 20 Hz. Finally, the continuous channel data were segmented into 
30-s epochs resembling single trials (the first sentence interval was 
rejected from each trial to avoid onset effects). 

2.5.2. Analysis of rhythmic brain activity 
For the analysis of rhythmic brain activity, epochs were averaged 

separately for trials containing the 40-Hz or 28-Hz amplitude modula
tion. To assess rhythmic brain activity at these frequencies of interest 
(FOIs), a discrete Fourier transform was applied (30000 points, resulting 
in a frequency resolution of 0.03 Hz/bin). The auditory steady-state 
response (ASSR) was calculated by dividing the spectral amplitude at 
each FOI by the noise floor (calculated as the average amplitude of the 
ten bins on each side of the FOI). The resulting ratio was expressed on a 
dB scale and averaged across all EEG channels. 
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2.5.3. Analysis of neural tracking of hierarchical linguistic structures 
Neural tracking of hierarchical linguistic structures was assessed as 

described in the preceding section, except for the following differences: 
first, trials containing different amplitude-modulation frequencies were 
pooled. Second, FOIs were defined as the sentence rate (0.5 Hz) and 
word rate (2 Hz). Finally, a narrower noise floor spanning only three 
bins on each side of the FOI was used. 

2.5.4. Analysis of neural detection of semantic violations 
For the analysis of semantic violation detection, epochs were further 

segmented into sub-epochs resembling the final 500-ms interval (i.e., 
the final word) in each sentence. Sub-epochs were normalized by sub
tracting a baseline (defined as the average amplitude within − 100 to 0 
ms relative to the onset of the sub-epoch) and averaged separately for 
trials containing a semantically congruent or incongruent word. The 
ERPs were averaged across centroparietal scalp regions (positions Cz, 
C1, C2, C3, C4, Pz, P1, P2, P3, P4, CPz, CP1, and CP2) that have been 
associated with semantic violation detection in previous ERP research 
(Kallionpaa et al., 2018). To identify time windows of semantic violation 
detection, ERP difference waveforms were computed by subtracting the 
ERP waveform to semantically incongruent words from the ERP wave
form to semantically congruent words. 

2.5.5. Extraction of an unbiased measure of the musical-electrical TNS 
effect 

To extract the effect of the stimulation on patients’ consciousness 
and brain activity, behavioral and neural data obtained during the 
posttest were subtracted from those obtained during the pretest, which 
was done for each stimulation group. To obtain an unbiased, straight
forward measure of the effect of the actual rhythmic musical-electrical 
TNS (excluding potential effects of spontaneous recovery and/or pla
cebo), the average change observed in the sham-stimulation group was 
subtracted from the individual pretest–posttest changes observed in the 
gamma- and beta-stimulation groups (Avins et al., 2012; Boucher et al., 
2021). 

2.6. Statistical analysis 

Patients’ individual behavioral and neural measures were submitted 
to second-level group analyses. For within-subject comparisons, statis
tical tests for repeated measures were used and for between-subject 
comparisons, statistical tests for independent measures were applied. 
Assumptions of normality and equal variance were verified respectively 
with Shapiro-Wilk tests and Levene’s tests. For datasets with a distri
bution deviating significantly from a normal distribution, non- 
parametric statistical tests were used (Wilcoxon signed-rank tests for 
dependent samples, Wilcoxon rank-sum tests for independent samples); 
this applied only to the set of CRS-R scores shown in Fig. 2. For all other 
datasets, parametric statistical tests (ANOVAs and t-tests) could be used. 
The rank correlation between behavioral and neural stimulation effects 
and its significance was assessed using Spearman’s correlation coeffi
cient ρ. A significance criterion α = 0.05 was used and type-I error 
probabilities inflated by multiple comparisons were corrected by con
trolling the false-discovery rate. For the identification of time windows 
of semantic violation detection, non-parametric statistics (based on 
1000 permutations) and a multiple comparison correction based on a 
temporal cluster-size criterion were used (Maris and Oostenveld, 2007). 

2.7. Ordinal logistic regression analysis 

To test whether patients’ benefits from rhythmic musical-electrical 
TNS have prognostic value for their one-year outcomes, we performed 
an ordinal logistic regression analysis including the GOSE as a response 
variable and the following predictor variables: the patients’ diagnostic 
improvement (i.e., whether the patient was a responder vs non- 
responder to the rhythmic musical-electrical TNS) and four potentially 

recovery-relevant patient characteristics at the time of the pretest, i.e., 
age, etiology, time since injury, and CRS-R total score. The two cate
gorical predictor variables (response to stimulation and etiology) were 
dummy-coded. 

3. Results 

3.1. Positive aftereffect of rhythmic musical-electrical TNS on patients’ 
consciousness 

We found a significant increase in patients’ CRS-R total score after 
treatment with rhythmic TNS (gamma stimulation: Z = 3.463, p = 5.3 ×
10-4, effect size r = 0.511; beta stimulation: Z = 2.601, p = 0.009, r =
0.411, Fig. 2A): ten out of 23 (43.5 %) and five out of 20 (25 %) patients 
showed an improvement of diagnosis (e.g., from UWS to MCS) after 
gamma and beta TNS, respectively (Fig. 2B). These results suggest a 
positive aftereffect of gamma and beta musical-electrical TNS on DOC 
patients’ consciousness. 

In contrast to the stimulation groups above, we found no significant 
improvement in CRS-R score or diagnosis after vs before sham stimu
lation (Z = 0.175, p = 0.861, r = 0.028, Fig. 2A-B). This non-significant 
CRS-R score change was significantly smaller than the change observed 
after gamma or beta stimulation (gamma vs sham: Z = 3.291, p = 4.985 
× 10-4, r = 0.502; beta vs sham: Z = 2.407, p = 0.008, r = 0.381). These 
results suggests that the consciousness improvements observed above 
were caused by the actual musical-electrical TNS (and associated neural 
changes), rather than spontaneous recovery and/or a placebo effect. 

To obtain an unbiased measure of the actual musical-electrical TNS 
effect (excluding any effect of spontaneous recovery and/or placebo), 
we corrected the stimulated patients’ pretest–posttest changes for the 
changes observed after sham stimulation (See Methods). As shown in 
Fig. 2C, this unbiased effect was significantly larger than zero for each 
gamma and beta stimulation (gamma stimulation: Z = 4.004, p = 6.2 ×
10-4, r = 0.590; beta stimulation: Z = 3.039, p = 0.002, r = 0.481). The 
effect of gamma stimulation was on average stronger than that of beta 
stimulation; however, this difference was not statistically significant (Z 
= 2.092, p = 0.275, r = 0.167, Fig. 2C). Overall, the behavioral results 
indicate that DOC patients’ consciousness can be improved—beyond 
spontaneous recovery and/or placebo-related change—with rhythmic 
musical-electrical TNS at beta and especially gamma frequency. 

Further exploratory analysis of individual CRS-R subscales revealed 
that the consciousness improvements concerned primarily patients’ vi
sual abilities (gamma stimulation: Z = 4.318, p = 9.6 × 10-5, r = 0.637; 
beta stimulation: Z = 3.113, p = 0.006, r = 0.492) and motor abilities 
(gamma stimulation: Z = 3.654, p = 0.0008, r = 0.539; beta stimulation: 
Z = 3.499, p = 0.003, r = 0.553) and to a lesser degree communication 
abilities (gamma stimulation: Z = 2.460, p = 0.028, r = 0.363; beta 
stimulation: Z = 2.000, p = 0.092, r = 0.316), but not auditory abilities, 
oromotor abilities, or arousal (auditory in gamma stimulation group: Z 
= 2.094, p = 0.054, r = 0.309; all other p > 0.1, FDR corrected, Fig. 2D). 
These results show that rhythmic musical-electrical TNS benefits pri
marily patients’ visual and motor abilities. 

3.2. Positive frequency-specific aftereffect of rhythmic stimulation on 
brain activity 

To identify the brain processes that putatively mediated the observed 
effect of rhythmic musical-electrical TNS on DOC patients’ conscious
ness, we next explored the effect of the stimulation on patients’ rhythmic 
cortical activity evoked by rhythmic auditory speech, as measured with 
the ASSR. 

We first observed that beta- and gamma-modulated speech evoked 
robust beta and gamma cortical responses (ASSR at 28 Hz and 40 Hz; see 
Methods) in each group during the pretest (spectral peak > noise floor: 
p < 0.05 for all groups and both ASSR frequencies; one-tailed paired t- 
test, FDR-corrected; Fig. 3A-C, left and center) and these responses were 
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Fig. 2. Consciousness level in DOC patients before and after rhythmic musical-electrical TNS or sham stimulation. (A). CRS-R total scores of DOC patients in 
pretest (gray) and posttest (hue). The leftmost pair of boxes represents the consciousness level of the group of DOC patients who underwent gamma stimulation 
(gamma-stimulation group). The two other pairs represent results of matched patient groups receiving beta stimulation (beta-stimulation group) and sham stimu
lation (sham-stimulation group). Gamma stimulation and beta stimulation, but not sham stimulation, had positive effects on patients’ consciousness. (B). Percentage 
of DOC patients showing improved diagnosis (blue) after gamma stimulation (left), beta stimulation (center), or sham stimulation (right). Gamma stimulation and 
beta stimulation, but not sham stimulation, had positive effects on patients’ diagnosis. Overall, approximately-one third of the patients who received rhythmic 
musical-electrical TNS showed improved diagnosis. (C). Estimated effect of gamma stimulation (left) and beta stimulation (right) on patients’ consciousness level 
(after correcting for sham stimulation-related changes; see Methods). Beta stimulation and especially gamma stimulation had positive effects on patients’ con
sciousness, beyond spontaneous recovery or placebo-related changes. (D). Same as panel C, but stratified according to CRS-R subscales. Gamma stimulation (orange) 
and beta stimulation (green) improved patients’ visual and motor abilities and to a lesser degree communication ability. Gamma stimulation also induced a change in 
auditory ability in only a small subset of patients; thus, this change was insignificant at the group level (corrected p = 0.054, non-parametric test). The horizontal line 
within each box in panels A, C, and D indicates the median value; the bottom and top edges of the box indicate the first and third quartile values; the whiskers 
indicate the most extreme values within 1.5 times the interquartile range. N.S. non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. Rhythmic brain responses to amplitude-modulated speech in DOC patients before and after rhythmic musical-electrical TNS or sham stimulation. 
(A). Spectral response to beta (28 Hz, left) or gamma (40 Hz, center) amplitude-modulated speech in pretest (gray) and posttest (orange) for the gamma-stimulation 
group. Asterisks indicate significant responses at the test frequency relative to the noise floor (average responses in the surrounding frequency bins), reflecting robust 
phase-locked cortical responses to the amplitude modulation of the auditory speech stimuli (one-tailed paired t-test, FDR-corrected). The two peaks surrounding the 
test frequency arise from the isochronous nature of the speech stimuli, which had a word rate of 2 Hz (see Methods). The bar plot on the right shows the ASSR 
(amplitude at test frequency relative to noise floor), a measure of rhythmic brain activity, in pretest and posttest. It can be seen that ASSR at gamma frequency was 
significantly enhanced after vs before gamma stimulation. No such effect is observable on ASSR at beta frequency. (B). Same as (A) but for the beta-stimulation group. 
(C). Same as (A) but for the sham-stimulation group. (D). Estimated effect of gamma stimulation (left plot) and beta stimulation (right plot) on beta ASSR and gamma 
ASSR, after correcting for sham stimulation-related changes (see Methods). Asterisks represent that unbiased neural changes after stimulation are significantly larger 
than zero, suggesting that gamma stimulation and beta stimulation had significantly positive effects on rhythmic brain activity especially at the stimulation frequency 
(two-tailed paired t-test). Data are presented as mean ± sem across participants. n.s. non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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of similar strength in the three groups (no effect of stimulation type: 
gamma ASSR: F2,59 = 0.324, p = 0.725, effect size η2

p = 0.011; beta 
ASSR: F2,59 = 0.466, p = 0.630, η2

p = 0.016; one-way between-subjects 
ANOVAs with factor stimulation type [gamma stimulation, beta stimu
lation, sham stimulation]). 

Importantly, comparison of these rhythmic cortical responses after vs 
before stimulation revealed a significant positive effect of gamma 
stimulation on gamma responses (t21 = 3.056, p = 0.006, effect size d =
0.652; Fig. 3A, right) but not beta responses (t21 = 0.262, p = 0.796, d =
0.056), with a significantly stronger effect on gamma responses than 
beta responses (interaction time [pretest, posttest] × ASSR frequency 
[beta, gamma]: F1,21 = 15.557, p = 7.4 × 10-4, η2

p = 0.426). For beta 
stimulation, we found no significant effect on beta responses (t18 =

1.155, p = 0.263, d = 0.265, Fig. 3B, right) or gamma responses (t18 =

1.071, p = 0.298, d = 0.246) and a trend towards an interaction time ×
ASSR frequency (F1,18 = 3.810, p = 0.067, η2

p = 0.175). The latter beta 
stimulation-induced trend mirrored the above gamma stimulation- 
induced interaction, suggesting that the rhythmic musical-electrical 
TNS facilitated rhythmic brain activity specifically at the stimulation 
frequency. 

The sham-stimulation group showed a reduction in beta and gamma 
responses that was not statistically significant (beta ASSR: t18 = 1.479, p 
= 0.156, d = 0.339; gamma ASSR: t19 = 1.241, p = 0.231, d = 0.285; 
interaction time × ASSR frequency: F1,18 = 0.091, p = 0.767, η2

p = 0.005, 
Fig. 3C, right). The non-significant effect of sham stimulation on gamma 
responses was significantly smaller than the effect of gamma, but not 
beta, stimulation (interaction time × stimulation type [gamma stimula
tion, sham stimulation]: F1,39 = 8.077, p = 0.004, η2

p = 0.172; interac
tion time × stimulation type [beta stimulation, sham stimulation]: F1,36 =

0.040, p = 0.421, η2
p = 0.001). Mirroring this pattern, the non-significant 

effect of sham stimulation on beta responses was significantly smaller 
than the effect of beta, but not gamma, stimulation (interaction time ×
stimulation type [beta stimulation, sham stimulation]: F1,36 = 3.515, p =
0.024, η2

p = 0.089; interaction time × stimulation type [gamma stimula
tion, sham stimulation]: F1,39 = 2.136, p = 0.076, η2

p = 0.052). 
To obtain an unbiased measure of the musical-electrical TNS effect, 

we corrected the stimulated patients’ neural changes for the observed 
average sham stimulation-related change as described above (see 
behavioral results and Methods). Fig. 3D (left) shows that the unbiased 
neural effect of gamma stimulation was significantly larger than zero, 
resulting in enhancement of beta responses (average increase: 2.0 dB; 
t21 = 2.836, p = 0.009, d = 0.605) and especially gamma responses 
(average increase: 4.0 dB; t21 = 4.790, p = 9.9 × 10-5, d = 1.021). 
Similarly, we observed an enhancing effect of beta stimulation on beta 
responses (average increase: 3.0 dB; t18 = 2.872, p = 0.010, d = 0.656; 
Fig. 3D right), but not gamma responses (average increase: 0.3 dB; t18 =

0.298, p = 0.769, d = 0.068). Pooled across the two stimulation groups, 
the effect of rhythmic musical-electrical TNS was significantly stronger 
on rhythmic responses at the stimulated vs non-stimulated frequency 
(t40 = 3.847, p = 4.2 × 10-4, d = 0.601; data not shown). In sum, these 
neural results show that the rhythmic musical-electrical TNS facilitated 
DOC patients’ rhythmic brain activity especially at the stimulation 
frequency. 

3.3. Improved consciousness is related to enhanced rhythmic brain 
activity 

To assess whether the observed enhancement of rhythmic brain ac
tivity was related to the patients’ consciousness improvement, we tested 
for a positive correlation between the observed rhythmic response 
changes (gamma ASSR changes plus beta ASSR changes) and the 
observed CRS-R changes. For this analysis, we summed the gamma and 
beta ASSR changes and pooled across the stimulation groups to increase 
statistical power. The rationale for the pooling procedure is explained in 
the supplementary material. We found a weak significant positive cor
relation between the observed rhythmic response changes and the 

observed CRS-R changes from pretest to posttest (Spearman’s ρ = 0.252, 
p = 0.026; Fig. 4), showing that stronger rhythmic brain-activity im
provements may be accompanied by stronger consciousness improve
ments. This result suggests that improvements in consciousness are 
functionally coupled to increases in rhythmic brain activity. 

3.4. No strong aftereffect of rhythmic stimulation on speech processing 

In addition to rhythmic processes in beta and gamma range, our 
novel auditory speech paradigm allowed us to investigate speech pro
cesses as a potential source (or consequence) of patients’ consciousness 
improvements. To this end, we extracted neural measures reflecting 
respectively the tracking of hierarchical linguistic structures and the 
detection of semantic violations, which were embedded in the auditory 
speech stimuli (see Methods). The results are shown in Fig. S2-3. In brief, 
we observed no systematic effect of rhythmic musical-electrical TNS on 
neural speech tracking and a facilitating effect of gamma, but not beta, 
stimulation on semantic violation detection. These side observations 
suggest that the observed effect of gamma stimulation on consciousness 
involved improvements in not only rhythmic but also semantic linguistic 
processes. 

3.5. Responsiveness to rhythmic stimulation predicts one-year outcomes 

The ordinal logistic regression analysis revealed that the five pre
dictors explained 57.2 % of the variance in patients’ one-year outcomes 
(Pseudo R2 = 0.572, p = 4.9 × 10-5). The CRS-R total score at pretest and 
the response to rhythmic musical-electrical TNS (diagnostic improve
ment vs no such improvement) were significant predictors of a higher 
GOSE score (response to TNS: beta = 2.484, odds ratios (OR) = 11.989, 
p = 0.005; CRS-R: beta = 0.573, OR = 1.774, p = 0.002, Table 1). These 
results suggest that DOC patients’ response to rhythmic musical- 
electrical TNS can predict their one-year outcomes. 

Fig. 4. Relation between changes in consciousness and changes in rhythmic 
brain activity in DOC patients. The scatterplot shows results from a correlation 
analysis testing for a functional coupling between changes in consciousness and 
changes in rhythmic brain activity. Correlation coefficient rho (ρ) and p-value 
describe, respectively, the strength and statistical significance of the coupling 
(linear regression line) across all patients. Orange, green, and magenta dots 
respectively represent patients in the gamma, beta, and sham- 
stimulation group. 
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4. Discussion 

In this study, we found that rhythmic musical-electrical TNS leads to 
a significant improvement in DOC patients’ consciousness and this 
improvement can predict their one-year outcomes. We further found 
that the stimulation leads to a significant increase in patients’ rhythmic 
brain activity especially at the stimulation frequency. Moreover, the 
improvements in consciousness and rhythmic brain activity are signifi
cantly related to each other. Overall, our results provide strong evidence 
that non-invasive gamma/beta musical-electrical TNS can improve DOC 
patients’ consciousness and propose frequency-specific enhancement of 
rhythmic brain activity as a potential neural mechanism. 

4.1. Characteristics of the positive aftereffect of rhythmic musical- 
electrical TNS on patients’ consciousness 

We found that the musical-electrical TNS in gamma and beta range 
successfully improved DOC patients’ consciousness. More specifically, 
43.5 % of DOC patients showed an improvement of their diagnosis after 
being treated with gamma stimulation and 25 % after beta stimulation. 
These numbers are similar to, or higher than those, achieved with other 
non-invasive DOC treatments such as transcranial direct current stim
ulation (tDCS) (Hermann et al., 2020; Thibaut et al., 2014). It should be 
noted that patients in the present study and previous tDCS studies 
differed in their post-injury time. In the studies by Thibaut and col
leagues (Thibaut et al., 2014), post-injury time varied from 18 days to 
30 years (53 % of patients: longer than 12 months), whereas in our study 
it varied from 1 to 11 months. As DOC patients often recover 3–12 
months after injury (Giacino et al., 2014; Giacino et al., 2018a), patients 
with a shorter post-injury time may have better prognosis. Thus, the 
earlier and narrower post-injury time range in our study may have 
facilitated the interpretation of our results, but it may have also 
increased our likelihood to observe a treatment effect. Note that our 
findings may not be attributed to spontaneous recovery or placebo ef
fects, as we controlled for these potential confounds in the analysis. 

We further observed that the rhythmic musical-electrical TNS 
impacted most strongly on our patients’ visual and motor abilities, 
which is in line with previous studies using various types of non-invasive 
brain stimulation, such as tDCS (Martens et al., 2018; Thibaut et al., 
2017), transcranial magnetic stimulation (Manganotti et al., 2013) and 
vagus-nerve stimulation (Noe et al., 2020). The strong effect on visual 
abilities may be explained by the fact that visual signs constitute a highly 
sensitive behavioral indicator of consciousness (Bagnato et al., 2017). 
The strong effect on patients’ motor abilities may be due to the non- 
invasive electrical stimulation effects spreading to the motor cortex 
(Asamoah et al., 2019), which plays a major role in motor functions. We 
also observed an effect on patients’ communication abilities specifically 
after gamma stimulation (see below). 

Noteworthy, we observed that rhythmic musical-electrical TNS may 
be more effective for MCS patients than UWS patients (see supplemen
tary material, section Susceptibility of MCS and UWS patients’ conscious
ness to rhythmic stimulation), which is in line with other treatment studies 
reporting larger effects in MCS patients (Thibaut et al., 2014; Zhang 
et al., 2017). As mentioned in the results above, one potential expla
nation is that the present and previous samples were biased toward MCS 

patients. An alternative, perhaps more exciting potential explanation is 
that frontoparietal and thalamocortical connectivity tends to be more 
preserved in MCS than UWS (Laureys et al., 2004; Stender et al., 2014). 
This putatively stronger connectivity in MCS patients may have allowed 
the neural effects of electrical stimulation to spread more widely across 
the MCS patient’s brain, which may have resulted in more widespread 
plasticity and stronger consciousness recovery (Naro et al., 2018). 

4.2. Characteristics of the positive aftereffect of rhythmic musical- 
electrical TNS on patients’ rhythmic brain activity 

We found that musical-electrical TNS in beta range and especially 
gamma range leads to a significant frequency-specific enhancement of 
rhythmic brain activity. Remarkably, this observed frequency-specific 
neural enhancement outlasted the actual stimulation by at least 24 h. 

Long-lasting (up to 70 min) frequency-specific enhancement of 
endogenous brain activity has been observed previously after tACS at 
alpha frequency (Kasten et al., 2016) and the duration of such afteref
fects seems to be positively related to the duration of the stimulation 
(Nitsche et al., 2003; Vossen et al., 2015). Moreover, the strength of 
these aftereffects may be positively related to the strength of the 
instantaneous effects of the stimulation (Helfrich et al., 2014a; Helfrich 
et al., 2014b). Thus, the long-lasting neural aftereffect observed in our 
study may be related to our relatively long stimulation phase (which 
included 40 min of stimulation on each of five consecutive days) and 
probably strong instantaneous effects induced by the simultaneous 
application of relatively strong currents directly above the trigeminal 
nerve and potentially emotional musical stimuli carrying the same 
rhythm (Engineer et al., 2011; Marks et al., 2018; Martorell et al., 2019). 

A candidate mechanism underlying the aftereffects of electrical brain 
stimulation is spike-timing dependent plasticity (Vossen et al., 2015). 
External rhythmic stimulation may “reshape” neuronal circuits by 
inducing adaptions in temporal patterns of synaptic activity (Feldman, 
2012; Zaehle et al., 2010). These adaptations may persist and rever
berate until after the stimulation, resulting in a long-lived rhythmic 
aftereffect (Caporale and Dan, 2008; Jones et al., 2020). Notably, the 
effect of external rhythmic stimulation on spike-timing-dependent 
plasticity depends on the similarity of the stimulation frequency and 
the resonance frequency of the neural circuit (Zaehle et al., 2010). Put 
differently, external rhythmic stimulation at a given frequency may have 
the strongest effect on neural circuits that have a matching resonance 
frequency. Based on these considerations, the frequency-specific after
effects observed in our study may originate from an effect of the 
rhythmic musical-electrical TNS on spike-timing dependent plasticity in 
neural circuits with a similar resonance frequency as the stimulation. 

We observed that the behavioral and neural effects of gamma stim
ulation (on patients’ consciousness level, rhythmic brain activity, and 
semantic violation-detection ability) were descriptively stronger than 
those of beta stimulation, suggesting additional contributions from 
gamma stimulation to consciousness and brain activity. Our observa
tions are in line with previous findings emphasizing a role of gamma 
activity over activity at other frequencies. For example, a study on lucid 
dreaming found a stronger effect of tACS at 40 Hz than 25 Hz (Voss et al., 
2014). Another study observed a stronger correlation between con
sciousness and rhythmic brain activity at 40 Hz than at other frequencies 

Table 1 
Predictive value of DOC patients’ response to rhythmic musical-electrical TNS for one-year outcomes.  

Predictor Beta OR 95 % CI p-Value Pseudo R2 F p-Value (model) 

Age  -0.041  0.960  0.912  1.010  0.112 0.572 27.347 4.9 × 10-5 

Etiology/TBI  0.047  1.048  0.214  5.129  0.953 
Month since injury  0.234  1.264  0.970  1.644  0.083 
CRS-R total score  0.573  1.774  1.245  2.529  0.002 
Response to TNS/Yes  2.484  11.989  2.092  68.717  0.005 

OR: odds ratios, CI: confidence interval, TBI: traumatic brain injury. 
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(Binder et al., 2017). Thus, stimulation at gamma frequency may 
contribute more strongly to consciousness than stimulation at other 
frequencies. However, it should be noted that frequency borders be
tween oscillatory bands are defined rather broadly, so our beta fre
quency of 28 Hz may be considered as belonging to a lower gamma band 
as well (Voss et al., 2014). 

4.3. Neural basis of the positive aftereffect of rhythmic musical-electrical 
TNS on patients’ consciousness 

Considering rhythmic musical-electrical TNS as a potential clinical 
treatment, it is important to understand the mechanism by which it 
improves consciousness. We found that the patients’ consciousness 
improvement was significantly positively related to the rhythmic brain 
activity increase; however, a small subset of patients showed the 
opposite pattern, implying that generalization of our results to the 
population should be done with some caution. With the cautionary 
remark that this correlation was of rather modest strength, the observed 
positive brain-behavior link may be interpreted in two alternative ways. 
Firstly, the stimulation might have improved consciousness, which 
consequently enhanced rhythmic brain activity. However, this inter
pretation may be difficult to reconcile with our observation that the 
stimulation effect on rhythmic brain activity is frequency-specific, 
rendering this alternative less plausible. 

A second, perhaps more exciting interpretation is that the stimula
tion directly enhanced rhythmic brain activity, which consequently 
improved consciousness. This interpretation can be reconciled more 
easily with the observed frequency-specific neural effect and is in line 
with ideas from a previous non-invasive human brain-stimulation study 
showing a similar pattern of behavioral and neural effects. In that study, 
a positive frequency-specific effect of 25 Hz and 40 Hz tACS on both 
frontotemporal cortical activity (assessed with online EEG) and lucid 
dreaming (assessed with a validated scale after sleep) was found and 
interpreted as a causal role of frequency-specific rhythmic brain activity 
for consciousness (Voss et al., 2014). As mentioned in the Introduction, 
direct electrical stimulation of the thalamus may improve consciousness 
(Rezaei Haddad et al., 2019; Schiff, 2008; Schiff et al., 2007) and our 
rhythmic musical-electrical TNS was designed to induce strong syn
chronous activity in multisensory thalamic nuclei and the cortex; thus 
the observed consciousness improvement possibly originated in pa
tients’ thalamus and/or its interaction with hierarchically higher 
structures in cortex. To further disentangle direct from indirect effects of 
a given brain structure on consciousness would require experimentally 
manipulating activity in that brain structure while keeping all other 
brain activities constant, which would be a difficult endeavor. 

4.4. Potential link between gamma activity and patients’ speech 
processing abilities 

Our results indicate some improvements in DOC patients’ ability to 
process speech after receiving gamma stimulation, as reflected by sig
nificant increases in both patients’ communication ability (as assessed 
with the CRS-R communication subscale) and their semantic violation- 
detection ability (as assessed with event-related potentials to semanti
cally incongruent words). Communication disability in neuropsychiatric 
disorders (e.g., Autism spectrum disorders) (Rojas et al., 2011) has been 
linked to abnormal gamma activity. Similarly, studies using gamma 
tACS have shown that certain aspects of speech perception (e.g., formant 
integration and phonetic categorization) may depend on gamma activity 
(Giraud and Poeppel, 2012; Preisig et al., 2020). Moreover, detection of 
changes in repeated utterances has been shown to lead to increased 
gamma activity (Basirat et al., 2008). Based on these studies, it is 
possible that our observation of a positive effect of gamma stimulation 
on speech processing resulted from the observed enhancement of 
gamma activity. 

We found no systematic effect of gamma stimulation on neural 

speech tracking. Our observation of a significant effect of gamma 
stimulation on semantic violation detection, but not speech tracking, 
may indicate that these two processes operate at different levels of 
auditory speech analysis. Detection of semantic violations (as assessed 
by the N400) has been observed during sleep, although with lower 
strength than during wakefulness (Ibanez et al., 2006). Contrarily, 
neural tracking of sentential structure is not observable during sleep 
(Makov et al., 2017). This suggests that detection of semantic deviations 
reflects an automatic process (Ibanez et al., 2006; Kiefer, 2002), whereas 
tracking of sentential structure relies on continuous comprehension 
using top-down lexical knowledge (Ding et al., 2018). Therefore, it is 
possible that our gamma stimulation affected only low levels of speech 
processing (possibly through an increase in gamma activity; see above), 
while leaving higher-order speech processes involved in continuous 
speech comprehension unaffected. 

4.5. Patients’ response to rhythmic musical-electrical TNS predicts one- 
year outcomes 

While the prognostic value of CRS-R score has been established in 
previous work (Hamilton et al., 2020; Lucca et al., 2019), our finding of 
an additional prognostic value of patients’ response to the rhythmic 
musical-electrical TNS is novel. This predictive value might be attrib
uted to long-lasting effects of the stimulation. More specifically, the 
rhythmic musical-electrical TNS may have restored patients’ oscillatory 
brain activity and consciousness, and patients who received this benefit 
possibly could preserve the elevated consciousness level, leading to a 
more successful recovery-one year later. Another possible interpretation 
relates to the preservation of intact sensory neural pathways, which is 
used to aid medical prognostication after injury (Carter and Butt, 2001; 
Edlow et al., 2021). The patients who benefitted from the stimulation 
might have preserved the integrity of their sensory neural pathways to 
transmit auditory and tactile sensations up to the cerebral cortex and, 
consequently, these patients showed a more successful long-term 
recovery. 

4.6. Potential limitations 

However, our interpretation requires a few cautionary remarks. 
First, it remains unclear whether the effects of musical-electrical TNS are 
driven by the music, the electrical stimulation, and/or their interplay. 
Future research may disambiguate the relative effectiveness of the 
different stimulation modalities by applying them also in isolation. 
Second, although we aimed to match the three patient groups for 
potentially confounding variables (e.g., time since injury), the present 
sample did not allow us to do so perfectly. Despite this imperfection, 
these variables unlikely constituted a confound in our study as none of 
them varied systemically across the groups. Perfect matching can be 
accomplished more easily with a within-subject (crossover) design; 
however, this type of design induces the risk of confounding order ef
fects or carryover effects between consecutive treatments. Third, the 
patient blinding for acoustic stimulation was not optimal, as patients in 
the sham group might have been able to notice the muting of the 
stimulation. However, this unlikely induced a systematic bias as patients 
kept on all transducers throughout the treatment and were kept unaware 
of (any difference between) the stimulation conditions. Finally, the use 
of patient exclusion criteria implies that the findings may not generalize 
to the entire population of DOC patients, specifically those with major 
skull-bone defects or major brain-tissue defects. 

5. Conclusion 

The rhythmic musical-electrical TNS provides a neuroscience- 
informed, patient-friendly approach to improve consciousness and pre
dict one-year outcomes in DOC patients, indicating its high potential for 
clinical use. The benefit seems to be facilitated by a frequency-specific 
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enhancement of rhythmic neural processing. 
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