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A B S T R A C T

The diagnosis of disorders of consciousness (DoC) remains challenging with high rates of misdiagnoses, despite 
the development of new tools. We developed a new diagnostic paradigm using steady-state visual evoked po
tentials (SSVEPs) elicited by red-light visual flicker as a proxy for consciousness diagnosis. SSVEPs from 30 Hz 
and 40 Hz visual flicker stimulation, and the resulting effect on the dominant theta band electroencephalo
graphic (EEG) frequency, were assessed in 13 DoC patients and 8 healthy participants. Analyses of the dominant 
EEG theta oscillation in 18 patients revealed a significant difference between coma/unresponsive wakefulness 
syndrome (UWS) and minimally conscious state (MCS) patients during 40 Hz visual flicker stimulation (Z = - 
1.86, p = 0.031, d = -1.264), but not during 30 Hz stimulation (Z = 0.477, p = 0.317, d = 0.28). Healthy awake 
participants showed larger SSVEPs at 40 Hz than 30 Hz, which is reversed in most DoC patients. The ratio of 30/ 
40 Hz SSVEP amplitude was significantly different for healthy participants vs. coma/UWS patients (Z = 2.674, 
p = 0.004, d = 2.669) and MCS patients (Z = 2.192, p = 0.014, d = 1.242), respectively, but not for coma/UWS 
vs. MCS patients (Z = 0.905, p = 0.183, d = 0.542). Regarding level of significance, results were equal when 
using a single CRS-R assessment instead of the best out of five CRS-R assessments for diagnosis. We could show 
that 40 Hz visual flicker stimulation modulates the ongoing theta oscillations in DoC patients, and that the 
frequency specific properties of SSVEPs in DoC patients are significantly different from healthy participants, 
serving as a potential marker of consciousness.

1. Introduction

Disorders of consciousness (DoC) are states of altered consciousness 
caused by injury or malfunction of neural systems, which regulate 
arousal and awareness (Giacino et al., 2014; Posner and Rothbart, 
2007). These range from coma (no eye-opening) and unresponsive 
wakefulness syndrome (UWS) where basic reflexes are preserved, (also 
known as vegetative state), to the minimally conscious state (MCS) with 
basic command following or signs of increased awareness (localization 
to pain, visual fixation or tracking, spontaneous verbalization) (Bruno 
et al., 2011; Giacino et al., 2002). Despite significant advances in 
medical technology, DoC patients can remain in UWS or MCS 

conditions, which may wax and wane (Giacino et al., 2002). Accurate 
diagnosis, prognosis, and consequent daily care represent a major 
challenge in clinical practice. It is estimated that up to 40% of DoC 
patients are misdiagnosed, especially where signs of consciousness are 
not recognized (Schnakers et al., 2009; van Erp et al., 2015). Dissocia
tion between behaviour and brain function can drive to misdiagnosis, 
prognostic mistakes, ineffective rehabilitative approaches, and psycho
logical stress in caregivers. In this regard, major efforts in the field have 
been focused on introducing functional neurodiagnostic tools to com
plement longitudinal behavioural assessment in order to improve 
diagnostic and prognostic accuracy (Kondziella et al., 2020; Willacker 
et al., 2022). Tools exploring the pathophysiological mechanisms of 
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DoC are e.g., based on neuroimaging, mainly functional magnetic 
resonance imaging (fMRI) and fluorodeoxyglucose-positron emission 
tomography - FDG-PET - (Owen et al., 2006), on electrophysiological 
grounded metrics (Comanducci et al., 2020; Engemann et al., 2018; 
Stefan et al., 2018), or biophysiological indices such as rate of sponta
neous eye blinking (Magliacano et al., 2021) or nasal respiration (Arzi 
et al., 2020). For ethical, therapeutic, and economic reasons, it is 
crucial to determine consciousness diagnosis correctly and to predict 
outcome as early, reliably, and precisely as possible (Graf et al., 2008; 
Grill et al., 2013; Lopez-Rolon and Bender, 2015).

The recent guideline of the European Academy of Neurology on DoC 
considers multimodality of assessments an important element in DoC 
diagnostics (Kondziella et al., 2020). To further improve accuracy of 
diagnosis and prognosis it is thus important to investigate novel para
digms to reveal neuronal correlates of consciousness in DoC patients, 
which can add to the outcome of behavioural measures.

In particular, studies adopting EEG paradigms have made significant 
contributions in the field of DoC research. One of the key metrics of the 
EEG signal is its oscillatory activity, which represents the rhythmic ac
tivity of the brain at different frequencies. These different rhythms can 
be linked to specific brain states and cognitive processes and have been 
reported to be altered in DoC patients. EEG studies typically investigate 
either the endogenous neural oscillations across various frequency 
bands spontaneously produced by the brain (Bai et al., 2017; Duszyk- 
Bogorodzka et al., 2022), or the evoked activity produced by a specific 
stimulus - e.g. evoked-related potentials, ERPs - (Kotchoubey, 2017). A 
specific type of evoked analysis, which can be used to investigate the 
frequency specific neural response is the so-called Steady State Visually 
Evoked Potential (SSVEP), which is the neural response to a flickering 
light source at a specific frequency (Norcia et al., 2015). It has been 
shown that the visual cortex can respond to visual flicker at frequencies 
from 1–100 Hz, showing particular resonance at neurologically relevant 
frequencies of 10, 20 and 40 Hz (Herrmann, 2001). The evoked response 
created by averaging many segments of data time-locked to the visual 
flicker can result in exceptionally high signal to noise ratio, as any 
sources of noise not time locked to the flicker (e.g. muscle artifacts, eye 
movements) will eventually be reduced to zero in the process of aver
aging if data is recorded for sufficient length of time (e.g. 3.5 min) 
(Dowsett et al., 2020).

Resonance in the cortex resulting from 40 Hz visual stimulation is of 
particular interest as links between gamma band activity (30 - 80 Hz) 
and consciousness have been reported; for example animal research has 
shown that during ketamine anesthesia high frequency oscillations in 
the gamma range are altered (Garwood et al., 2021; Mainali et al., 
2022). In humans, decreased gamma oscillations have been associated 
with cognitive decline in a range of neurological and neuropsychiatric 
disorders, such as Alzheimer's disease (He et al., 2021; Sahu and Tseng, 
2023; Strüber and Herrmann, 2020). Accordingly, the therapeutic ef
fects of gamma entrainment on cognitive functioning through 
non-invasive brain stimulation are being increasingly investigated 
(Strüber and Herrmann, 2020). Sensory entrainment stimulation, which 
presents flickering light or sounds at gamma frequencies, can induce 
gamma oscillations in the auditory (Pantev et al., 1991; Pastor et al., 
2002) and visual cortices (Herrmann, 2001) of healthy brains (Strüber 
and Herrmann, 2020). Moreover, such 40 Hz stimulation has been 
found to attenuate amyloid pathology and improve cognitive capacities 
in both AD patients and mouse models (Adaikkan et al., 2019; He et al., 
2021; Iaccarino et al., 2016; Martorell et al., 2019; Sahu and Tseng, 
2023; Singer et al., 2018) while being safe and tolerable, even when 
presented for prolonged periods of one hour daily for 4–8 weeks (He 
et al., 2021).

In this study we tested if SSVEPs in the gamma band at 30 Hz and 
40 Hz could provoke a brain response that was (1) different between 
healthy controls and DoC patients, and more importantly (2) different 
between patients with UWS and MCS, thus qualifying as a biomarker of 
consciousness in the severely injured brain. As 40 Hz stimulation is 

particularly linked to consciousness - as shown above - we hypothesized 
that the difference in SSVEPs resulting from 40 Hz and 30 Hz visual 
flicker stimulation would be more dissociable in MCS patients than the 
UWS patients, accounting for their reduced state of consciousness 
compared to MCS patients.

We looked at the ratio of the amplitude at 30 Hz and 40 Hz, as we 
hypothesized that the higher amplitude at 40 Hz (relative to 30 Hz) 
typically seen in healthy participants might be an index of conscious
ness. The ratio of 40 Hz to 30 Hz might be a particularly useful measure 
as SSVEP amplitude can vary significantly across participants, and 
across experimental setups (different amplifiers and electrode types 
etc.). The comparison of SSVEPs at two different frequencies gives a 
baseline response which can correct for variability across participants 
and different setups.

Our main hypothesis was that there would be a significant difference 
in the amplitude of the 40 Hz SSVEP relative to the 30 Hz SSVEP, as 
resonance at 40 Hz is associated with conscious perception. In addition 
to our primary hypothesis we performed an exploratory analysis on 
various aspects of the 30 and 40 Hz SSVEPs to identify optimal markers 
of consciousness.

We chose to compare 30 and 40 Hz as these two frequencies produce 
a fairly similar perceptual response, but often result in distinct differ
ences in the SSVEP in healthy participants; with the resonance at 40 Hz 
being of particular interest as this may be related to the activity of neural 
circuits associated with consciousness (Başar-Eroglu et al., 1996; Llinás 
& Ribary, 1992; Tassi & Muzet, 2001).

As well as the evoked SSVEP response, we also investigated the effect 
of the visual flicker stimulation on the endogenous dominant oscillations 
commonly observed in DoC patients. The endogeneous oscillations in 
DoC patients are characterized by predominant delta oscillations in most 
UWS patients, and a higher theta band power in DoC (UWS and MCS) 
patients compared to healthy controls (Bai et al., 2021). Theta power is 
also strongly correlated with clinical behavior (Bareham et al., 2020). 
Endogeneous dominant oscillations are patient-specific, but can be ex
pected to be either delta or theta frequencies. We hypothesized that 
40 Hz stimulation might have a distinct effect on the ongoing oscillatory 
activity, which could potentially provide an additional diagnostic 
measure.

2. Materials and methods

2.1. Participants

20 DoC patients (15 male, 5 female) and 8 healthy control subjects (6 
male, 2 female) have been recruited for this study at a neuro
rehabilitation hospital in the south of Germany (Therapiezentrum Bur
gau, Bavaria, Germany). DoC patients in coma, UWS, MCS and eMCS 
were included. Patients were not included if they showed signs of epi
lepsy (epileptic discharges in the EEG) or if they had ongoing seizures 
that were not medically treated. There was no patient that had to be 
excluded due to epilepsy. Demographic and anamnestic data of patients 
and healthy controls groups can be found in Table 1. Details of indi
vidual subjects are shown in Table 1 of the supplementary material. 
Healthy participants provided informed consent to participation. For 
DoC patients, informed consent was obtained by the respective legal 
guardian. The ethics committee of the medical faculty at Munich uni
versity approved this study (No. 20–635), which was conducted as later 
amended part of an EU-funded clinical trial (EraPerMed), that is regis
tered at ClinicalTrials.gov (NCT04798456).

2.2. Clinical evaluation of doc patients

The clinical evaluation of the state of consciousness was evaluated at 
the beginning of the session for each DoC patient, using the Coma Re
covery Scale-revised (Giacino et al., 2004) by an experienced rater. The 
Coma Recovery Scale Revised (CRS-R) is a standardised and 
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multidimensional behavioral scale that is used most in diagnostics of 
DoC patients (Schnakers et al., 2009). It consists of 23 items arranged 
hierarchically and divided into six subscales (auditory, visual, motor, 
oromotor / verbal, communication and arousal). The score on each 
subscale is based on the presence or absence of behavior in response to 
sensory stimulation. The diagnosis is based on the nature of the best 
responses observed in each subscale. In several international validation 
studies, the CRS-R demonstrated good to excellent diagnostic sensitivity, 
internal consistency and criterion validity as well as intra- and interrater 
reliability (Giacino et al., 2004; Maurer-Karattup et al., 2010).

2.3. Visual flicker stimulation

To deliver visual flicker stimulation, an evoked potential system 
(Neuropack M1) from Nihon Kohden (Nihon Kohden Europe GmbH, 
Rosbach, Germany) was used. The system generated a sequence of red 
flashing LED light that was delivered to the eyes through a pair of 
goggles (Fig. 1). SSVEPs at 40 Hz have been previously recorded during 
sleep with red light flicker built into a sleep mask (Hainke et al., 2025). 
This makes them optimal for stimulation in DoC patients, who are 
characterized by fluctuating arousal (Wislowska et al., 2017). Red light 
has been reported to be optimal regarding perceived brightness with 
closed eyes (Bierman et al., 2011; Sakai, 2023). This visual flicker was 
presented to the left and right eye simultaneously through 10 red LEDs 
per eye. The goggles were placed over the eyes and fixed with a rubber 
band behind the head to ensure that the goggles were firmly placed on 
the eyes and surrounding light was blocked from entering the setup. 
Patients were tested lying in the bed on their back, healthy participants 
were seated in a chair in a comfortable position, slightly leaned 

backwards.

2.4. Creating SSVEPs

Creating SSVEPs with a high signal-to-noise ratio requires triggers in 
the EEG recording that are exactly time locked to the visual flicker. As 
the visual stimulation device used in this study did not have a trigger 
function, we built a custom circuit to generate triggers. This consisted of 
a photodiode placed inside the eye mask which recorded the change in 
luminance and generated a trigger in the EEG recording exactly time 
locked to the flicker. This allowed us to average thousands of segments 
of data (e.g. 40 Hz * 600 s = 24,000 segments in 10 min) to create an 
evoked response with a very high signal to noise ratio. This has the 
advantage of giving a very clean signal, but has the disadvantage of also 
being very sensitive to technical artifacts. As the flicker device is fitted 
over the eyes it is very close to the sensitive EEG electrodes and causes 
an electrical artifact in the signal, which can be mistaken for neural 
activity. To control for this, we carried out the experiment on several 
healthy participants with the addition of a “blackout” condition where 
the participant was wearing a blindfold between eyes and goggles such 
that no light could reach the eye, but otherwise the setup was identical. 
This allows us to quantify and remove any technical artifacts. In this 
setup, and in most other similar setups, we see a spike in the data at the 
point where the light switches on, and a spike in the opposite direction 
when the light switches off. This is an induced electromagnetic signal 
caused by the change in current. Although this artefact can be quite 
large, it is brief; typically, a few milliseconds. In cases such as this we can 
remove the artifact with linear interpolation of the signal over this brief 
time period. This is commonly used for transcranial magnetic stimula
tion artifact removal. Fig. 2 shows SSVEPs from a healthy participant at 
30 and 40 Hz, with and without a blindfold. One can clearly see the 
“spikes” in the data when the light switches on and off in both condi
tions. The (approximately) sinusoidal SSVEP can be seen without the 
blindfold, with the electrical artifact superimposed on the neural 
response. Below is the same data after the artifact removal. The linear 
interpolation replaces the segment of data during the “spike” with a 
straight line fitted to the data immediately before and after the artifact. 
We can see in the blackout data after artifact removal a near flat line, 
which is what we would expect to see if there were no electrical artifacts 
(because there is no neural activity time locked to the visual flicker). As 
we are creating SSVEPs by averaging segments of data time locked to the 
visual flicker, we know that these artifacts will be in exactly the same 
point relative to the trigger, and can apply the same removal procedure 
to all data. Visual inspection confirmed that no residual artifacts were 
remaining in the data across all DoC patients and healthy controls.

Table 1 
Demographic and anamnestic data of patients and healthy control subjects.

Coma (n = 1) 
and UWS (n = 8)

MCS (n = 10) and 
eMCS (n = 1)

Healthy 
controls

p- 
value

Gender - male: 
female

7:2 8:3 6:2 1

Age - M(SD) 50.9(17.4) 51.8(15.5) 33(8.3) .024
Time post injury 

(days) - M 
(SD)

517.7(1219.5) 261.1(437.8) - .676

TBI:non-TBI 3/6 3/8 - 1
CRS-R total 

scores M(SD)
6.3(1.7) 12.7(3.0) - <

0.001

Note. UWS = unresponsive wakefulness syndrome, MCS = minimally conscious 
state, eMCS = emergence from minimally conscious state. TBI = traumatic brain 
injury, M = mean, SD = standard deviation. The diagnosis (Coma, UWS, MCS) 
reflects the best diagnosis within two weeks according to five assessments with 
the Coma Recovery Scale - Revised.

Fig. 1. Healthy participant with goggles delivering visual flicker, photodiode and 64-channel electroencephalography (EEG) system (left). Inside of the goggles with 
10 red LEDs per eye (right).
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2.5. EEG recording

EEG recording was done in all subjects (patients and healthy par
ticipants) with a 64-channel EEG system (BrainAmp DC, BrainProducts, 
Gilching, Germany) and an electrode cap with saline-soaked sponges (R- 
Net, EasyCap, Wörthsee, Germany). The BrainAmp DC applies a 0.1 Hz 
low cut-off and a 1000 Hz high cut-off hardware filter to the recorded 
EEG signal. There was no notch recording filter. EEG data were recorded 
at rest for five minutes prior to the visual flicker stimulation, and for ten 
minutes at 30 Hz and another ten minutes at 40 Hz during visual flicker 
stimulation. Patients and healthy participants were instructed to remain 
still, but not to fall asleep during the procedure. An advantage of using 
red light LED goggles for visual flicker presentation is that stimulation 
functions regardless of whether the eyes are open or closed. Thus, DoC 
patients did not need to be specifically instructed to keep their eyes open 
or closed. Patients were monitored during the recording procedure by a 
researcher and a study nurse regarding any abnormal EEG activity - 
including ictal activity. EEG data was sampled at 5000 Hz, without 
additional recording filters.

2.6. EEG preprocessing

All EEG analyses were done in python using a combination of MNE 
(Gramfort et al., 2013) and custom written scripts.

We successfully recorded SSVEPs with time locked triggers (using the 
photodiode method described above) from all DoC patients at 30 Hz and 
40 Hz, for 10 min each. The order was kept the same because our pri
mary output measure was the online effect of flicker stimulation. 
Keeping the stimulation procedure constant allowed for a direct com
parison between patient groups. We also repeated the same experiment 
in 8 healthy control subjects. We used electrode POz for SSVEP and EEG 

dominant frequency analyses, as this typically shows a high response to 
visual flicker (Dowsett et al., 2020). Data was cleaned using the linear 
interpolation method described above. No other filters were applied (e. 
g. high-pass filter), as there was no drift in the EEG signal. Data was 
segmented into 500 ms segments time locked to the trigger corre
sponding to the onset on the light. Segments were non-overlapping, with 
each subsequent segment being time locked to the next trigger not 
included in the 500 ms segment of data (Herrmann, 2001). This resulted 
in approximately 1200 segments of data for each 10 min trial. Segments 
were then averaged, baseline corrected and multiplied by a hanning 
window; finally, a fast fourier transformation (FFT) was applied to the 
averaged signal to give the final SSVEP in the frequency domain.

2.7. SSVEP extraction

Due to technical failure of the photodoide, SSVEPs could only be 
extracted from n = 13 DoC patients (see Table 2 in the supplementary 
material for the excluded patients P1, P4, P6, P7, P10, P12, P13), with 
n = 9 MCS/eMCS and n = 4 coma/UWS patients for the best CRS-R score 
analysis and n = 6 MCS/eMCS and n = 7 coma/UWS patients for the 
single CRS-R score analysis. We looked at the peak amplitude of the 
SSVEPs at 30 and 40 Hz. SSVEPs are often non-sinusoidal and typically 
show peaks in the frequency spectrum at harmonics, e.g. at 40 Hz we see 
peaks at 40, 80, 120, 160 Hz etc. These peaks can be either the result of 
higher frequencies being evoked by the flicker, or by the SSVEP being 
non-sinusoidal in shape with steep rise/fall of the signal resulting in 
higher harmonics. We also looked at the ratio of the fundamental fre
quency to the first harmonic (e.g. the amplitude of the peak at 40 Hz 
divided by the amplitude of the peak at 80 Hz), as an index of waveform 
shape which might be correlated with consciousness. We often see in 
healthy participants more complex waveform shapes from lower 

Fig. 2. SSVEPs in a healthy participant at 30 Hz and 40 Hz visual flicker frequency before (upper row) and after (lower row) artifact removal. Red lines display the 
evoked potential during stimulation when the visual flicker can enter the eye (typical setup also used in DoC patients). Black lines show the evoked potential during 
stimulation when the visual flicker is blocked from entering the eye by shielding with black cardboard that has been placed between the red LEDs and the par
ticipant’s eyes.
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frequencies of visual flicker resulting in larger harmonics; for example a 
higher second harmonic from 30 Hz flicker (60 Hz) than from 40 Hz 
flicker (80 Hz).

2.8. Calculating frequency and power of the dominant oscillation

For the analysis of the effect of visual flicker on the dominant theta 
oscillations, the data from electrode POz was selected and epoched into 
5 s, non-overlapping segments (approximately 120 segments from each 
10-minute recording). Each segment was baseline corrected, multiplied 
by a hanning window and an FFT was performed on each. The resulting 
spectra were then averaged to create one spectrum for each condition 
(30 Hz flicker, 40 Hz flicker and baseline) for each patient with a fre
quency resolution of 0.2 Hz. Induced frequency spectra of neural activity 
typically contain an aperiodic component (often called the 1/f noise) 
which is superimposed over any periodic components (i.e. the oscilla
tions) and can distort the amplitude of these oscillations (Donoghue 
et al., 2020). We used the FOOOF (fitting oscillations & one over f) 
toolbox to remove the aperiodic component, as this can vary between 
participants due to noise, and recover the amplitude of the dominant 
oscillation. Patients who did not show any clear oscillatory activity 

above the 1/f aperiodic noise were excluded from this analysis (n = 2, 
P2, P14, see Table 2 in the Supplementary Material). All other patients 
(n = 18) exhibited a clear dominant oscillation in the theta range (mean 
frequency: 5.8 Hz, standard deviation: 2.15 Hz). The FOOOF algorithm 
was set to identify peaks in the data between 0 and 20 Hz; the dominant 
oscillation was identified by eye and the corresponding corrected power 
from the FOOOF algorithm was extracted for each condition. To 
normalize for each patient, the power of the dominant oscillations in the 
baseline condition was subtracted from the power of the dominant 
oscillation during both the 30 Hz and 40 Hz flicker. DoC patients were 
separated into two groups: coma/UWS (n = 10) and MCS (n = 8) for 
single CRS-R diagnosis and n = 11 and n = 7 for the best CRS-R diag
nosis, respectively. Details on frequency and power of the dominant 
oscillation can be found in Table 2 of the supplementary material. A 
permutation test was performed for both the 30 Hz and 40 Hz conditions 
comparing the effect of the visual stimulation on the power of the 
dominant theta oscillation between coma/UWS and MCS groups, and 
effect size was reported as Cohen’s d.

As expected, healthy participants did not show any dominant oscil
lation in the theta range, only the typical alpha oscillation (8–14 Hz). As 
the healthy alpha rhythm behaves very differently to the pathological 
theta rhythm (especially as a result of visual stimulation), and likely has 
distinct physiological origins, it is not comparable to pathological theta 
waves and no comparisons were made.

2.9. Statistical analyses

As numbers in the DoC groups (coma, UWS, MCS) were small, two 
groups of patients were created for statistical analyses: coma and UWS 
patients were compared against MCS and eMCS patients. This allowed 
for statistical testing with higher power, using nonparametric permu
tation tests (Cohen, 2017) implemented in custom Python code.

3. Results

3.1. Effect of visual flicker frequency on SSVEPs

3.1.1. Analyses with the best clinical diagnosis within two weeks
Our primary hypothesis that the ratio of the amplitude of the 30/ 

40 Hz SSVEP peaks would be significantly different for conscious 
healthy controls and DoC patients was confirmed with both coma/UWS 
and MCS/eMCS groups showing a significant difference to healthy 
controls. On average the healthy controls showed a higher peak at 40 Hz 
than 30 Hz, whereas on average the DoC patients showed the opposite 
effect with a higher peak at 30 Hz (see Figs. 3 and 4). Specifically, the 
ratio of 30/40 Hz SSVEP amplitude was significantly different for 
healthy controls vs. coma/UWS patients (Z = 2.674, p = 0.004, 
d = 2.669) and for healthy controls vs. MCS/eMCS patients (Z = 2.192, 
p = 0.014, d = 1.242). The effect size was large in both cases, but 
noticeably larger for healthy controls vs. coma/UWS patients. The 
comparison between coma/UWS and MCS/eMCS groups did not reach 
significance (Z = 0.905, p = 0.183, d = 0.542).

3.1.2. Analyses with clinical diagnosis at the day of visual flicker 
stimulation

The results of the effect of the visual flicker frequency on the SSVEPs 
with clinical diagnosis on the day were identical to the results using the 
best clinical diagnosis within two weeks. For further reference regarding 
the results on the day, see Supplementary Material 1.

3.2. Effect of visual flicker stimulation on EEG dominant frequency

3.2.1. Analyses with the best clinical diagnosis within two weeks
The mean difference in power was negative during 30 Hz flicker for 

both coma/UWS (−0.001 μV2) and MCS/eMCS (−0.022 μV2) groups, i.e. 
the visual stimulation resulted in a reduction in power of the dominant 

Table 2 
Exploratory tests on the effect of 30 Hz and 40 Hz visual flicker on various 
outcome measures (peak at visual flicker frequency, ratio of fundamental to 2nd 
harmonic, ratio of 30/40 Hz peak) with diagnosis taken from the best CRS-R 
assessment within two weeks.

Flicker 
frequency

Measure Comparison Z 
score

p-value Effect- 
size

30 Hz Peak at flicker 
frequency

HC vs. coma/ 
UWS

1.791 0.037* 1.241

30 Hz Peak at flicker 
frequency

HC vs. MCS/ 
eMCS

1.465 0.071 0.729

30 Hz Peak at flicker 
frequency

coma/UWS vs. 
MCS/eMCS

1.334 0.091 0.84

40 Hz Peak at flicker 
frequency

HC vs. coma/ 
UWS

2.652 0.004** 2.535

40 Hz Peak at flicker 
frequency

HC vs. MCS/ 
eMCS

2.547 0.005** 1.547

40 Hz Peak at flicker 
frequency

coma/UWS vs. 
MCS/eMCS

1.204 0.114 0.734

30 Hz Ratio of 
fundamental to 
2nd harmonic

HC vs. coma/ 
UWS

1.57 0.058 1.036

30 Hz Ratio of 
fundamental to 
2nd harmonic

HC vs. MCS/ 
eMCS

2.134 0.016* 1.18

30 Hz Ratio of 
fundamental to 
2nd harmonic

coma/UWS vs. 
MCS/eMCS

0.994 0.16 0.596

40 Hz Ratio of 
fundamental to 
2nd harmonic

HC vs. coma/ 
UWS

1.489 0.068 0.975

40 Hz Ratio of 
fundamental to 
2nd harmonic

HC vs. MCS/ 
eMCS

1.734 0.041* 0.895

40 Hz Ratio of 
fundamental to 
2nd harmonic

coma/UWS vs. 
MCS/eMCS

0.322 0.374 0.198

30+40 Hz Ratio of 30/40 Hz 
peak

HC vs. coma/ 
UWS

2.688 0.004** 2.669

30+40 Hz Ratio of 30/40 Hz 
peak

HC vs. MCS/ 
eMCS

2.202 0.014* 1.242

30+40 Hz Ratio of 30/40 Hz 
peak

coma/UWS vs. 
MCS/eMCS

0.898 0.185 0.542

Note. Test results are shown for three subgroup comparisons: healthy partici
pants vs. coma/unresponsive wakefulness patients (denoted as UWS), healthy 
participants vs. minimally conscious state/emergence from minimally conscious 
state patients (denoted as MCS), and coma/UWS vs. MCS/eMCS patients. All p- 
values are uncorrected due to the exploratory nature of the statistical tests.

* p-values < 0.05.
** p-values < 0.01.
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theta oscillation relative to baseline on average. All coma/UWS patients 
showed a decrease in the change of dominant frequency power (visual 
flicker - baseline) from 30 Hz to 40 Hz visual flicker. MCS/eMCS patients 
present a mixture of decrease and increase in the change of dominant 
frequency power (visual flicker - baseline) from 30 Hz to 40 Hz stimu
lation (Fig. 5).

Likewise, the mean difference in power during 40 Hz flicker was 

negative for both the coma/UWS group (−0.074 μV2) and the MCS/ 
eMCS group (−0.006 μV2).

The permutation tests revealed no significant difference between 
coma/UWS and MCS/eMCS patients for 30 Hz visual stimulation 
(Z = 0.477, p = 0.317, d = 0.28). However, we did observe a significant 
difference between MCS/eMCS and coma/UWS groups during 40 Hz 
visual stimulation (Z = −1.86, p = 0.031, d = −1.264), see Fig. 5.

Fig. 3. Evoked FFT showing SSVEPs, averaged across all participants/patients, for 30 Hz (left) and 40 Hz (right) flicker. A clear peak at the flicker frequency and the 
2nd harmonic can be seen in all cases. For the healthy controls the 40 Hz flicker evokes a larger response, and the 30 Hz flicker evokes a larger 2nd harmonic relative 
to the peak at the fundamental. Both DoC groups show weaker SSVEP amplitudes than healthy controls generally, with 40 Hz being smaller on average than 30 Hz. 
The scaling of the y axis is of the same amplitude in both plots. UWS = unresponsive wakefulness syndrome. MCS = minimally conscious state. eMCS = emergence 
from minimally conscious state.

Fig. 4. Peak amplitude of SSVEPs for each participant/patient for 30 Hz and 40 Hz flicker. For most (but not all) healthy participants the 40 Hz peak was larger than 
the 30 Hz, whereas the opposite is true for most (but not all) DoC patients. UWS = unresponsive wakefulness syndrome. MCS = minimally conscious state. 
eMCS = emergence from minimally conscious state.
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We did an exploratory analysis without the two patients in coma and 
eMCS to see if effects still hold if only UWS and MCS patients remain in 
the sample. For the remaining 16 subjects the mean difference in power 
(visual flicker - baseline) remained negative for 30 Hz (UWS: −0.011; 
MCS: −0.022) and 40 Hz stimulation (UWS: −0.054; MCS: −0.005). 
There was no significant difference between UWS and MCS patients for 
30 Hz stimulation (Z = 0.288, p = 0.387, d = 0.152) and 40 Hz stim
ulation (Z = −1.325, p = 0.093, d = −0.794).

3.2.2. Analyses with clinical diagnosis at the day of visual flicker 
stimulation

When classifying DoC patients using the best clinical diagnosis 
within two weeks, we observed similar results from the effect of the 
stimulation on the endogenous frequency. Details can be found in the 
Supplementary Material 2.

3.3. Exploratory analyses

3.3.1. Analyses with the best clinical diagnosis within two weeks
Table 2 shows the results of all exploratory tests (uncorrected p- 

values are shown for reference only). The amplitude of the peak at 
flicker frequency was higher in healthy participants compared to both 
groups of DoC patients for both 30 and 40 Hz flicker, although 40 Hz had 
the largest effect size (d = 2.535 for UWS/coma, d = 1.547 for MCS/ 
eMCS). The ratio of the fundamental to the 2nd harmonic (i.e. the non- 
sinusoidal characteristics of the waveform shape) resulted in large ef
fects sizes (>1) with 30 Hz flicker when comparing healthy participants 
to both coma/UWS patients, and MCS/eMCS patients.

3.3.2. Analyses with clinical diagnosis at the day of visual flicker 
stimulation

Table 3 in the Supplementary Material shows the results of all 
exploratory tests (uncorrected p values are shown for reference only). 
The amplitude of the peak at flicker frequency was higher in healthy 
participants compared to both groups of DoC patients for both 30 and 
40 Hz flicker, although 40 Hz had the largest effect size (d = 2.634). All 
effect sizes were comparable to those from the analyses using the best 
clinical diagnosis within two weeks.

4. Discussion

In this study we sought to investigate the effect of visual flicker 
stimulation on SSVEPs and the dominant EEG oscillationsin DoC pa
tients. Studying these effects in 13, respectively 18 DoC patients and 8 
healthy participants, we were able to confirm our primary hypothesis; 
namely that the amplitude ratio between the 30 Hz and 40 Hz SSVEPs 
was significantly different between healthy awake participants and DoC 
patients. As far as we are aware, we are the first to record gamma band 
SSVEPs in DoC patients and an exploratory analysis was justified to seek 
out potential markers which might be able to distinguish states of con
sciousness, and in particular to separate cases of coma/UWS and MCS/ 
eMCS. Although no SSVEP measure reached statistical significance when 
directly comparing coma/UWS and MCS/eMCS patients, and this was a 
relatively small sample size, some effects (e.g. ratio of 30 to 40 Hs peak) 
gave effect sizes of greater than 0.7. The limited sample size might be the 
primary reason for the effect in the 30/40 Hz peak ratio between UWS 
and MCS patients not reaching statistical significance. Further studies 
with a larger sample size are justified, as well as further exploration of 
the optimal stimulation parameters to distinguish different states of 
consciousness.

We were able to observe a difference between coma/UWS and MCS/ 
eMCS patients in the effect of 40 Hz visual flicker on the amplitude of the 
endogenous theta oscillations. As this was a small sample size, and the 
effect was subtle, this result should be interpreted with caution, but 
further investigation is justified. It has to be noted that when coma and 
eMCS patients are removed from the sample, the effect of the visual 
flicker stimulation on the theta oscillations is no longer significant (but 
does trend towards significance). Interestingly, coma and eMCS patients 
tended to drive the effect. Further studies with a greater number of 
patients in the various subgroups are warranted to investigate this 
finding in more depth. We do not have a clear hypothesis as to why the 
amplitude of the endogenous theta oscillations would be affected by 
gamma band visual flicker, but as 40 Hz stimulation has been reported to 
have a wide range of neural effects in both humans and mice, e.g. 
strengthening of neuronal connectivity and synaptic plasticity (You 
et al., 2020; Zheng et al., 2020), as well as glymphatic, neuroimmune 
and vascular effects (Blanco-Duque et al., 2024; Murdock et al., 2024), it 
is reasonable to assume a change in global brain state can result from 
such frequency specific stimulation that might affect the pathological 

Fig. 5. Difference in absolute EEG signal power of the dominant theta frequency between baseline and visual flicker stimulation in coma/unresponsive wakefulness 
(UWS) patients and minimally conscious state (MCS) / emergence from minimally conscious state (eMCS) patients.
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theta oscillation.
There was one UWS patient (P4) who showed an increase in power in 

the dominant (theta) oscillation from 30 Hz to 40 Hz visual flicker 
stimulation, contrary to all other patients in that group (see Fig. 3 in the 
Supplementary Material). Approximately one week prior to the visual 
flicker stimulation, this patient was diagnosed with MCS, due to 
command-following behavior (opening and closing the eyes and 
squeezing the investigator’s hand on command). Thus, despite being 
clinically unresponsive on the day of investigation, the pattern of an 
increase in dominant frequency power from 30 Hz to 40 Hz resembled 
an MCS patient, which was the ‘true’ state of consciousness of this pa
tient when assessed with the best CRS-R out of multiple assessments. For 
another UWS patient (P15), the 40 Hz SSVEP amplitude was larger than 
the 30 Hz peak amplitude, which was reversed in all other coma/UWS 
patients. Thus, the SSVEP pattern of this one UWS patient mimics the 
pattern of most MCS patients and healthy control participants (see Fig. 2
in the Supplementary Materials). Indeed, only one week after the 
assessment of SSVEPs, this patient was clinically diagnosed with MCS 
due to visual pursuit behavior, and fitted the pattern of other MCS pa
tients in the analysis with the best CRS-R score (Fig. 4). These two 
particular cases demonstrate the potential of SSVEPs as biomarker for 
covert consciousness and prognostic marker for the rehabilitation of 
consciousness after severe brain injuries. This potential should be 
further investigated in future studies with larger patient samples.

There were two other cases (P3 and P18), for whom the clinical 
diagnosis improved from the analysis with CRS-R on the same day to the 
best clinical CRS-R. In the case of P3, their revision of the initial diag
nosis of coma to MCS- is based on the eye-opening at the second clinical 
assessment. The automatic motor response (as behavior defining MCS 
state) was the same in both assessments. Indeed, this patient did not 
show a larger response to 40 Hz visual flicker than 30 Hz stimulation, 
which would be expected in MCS patients. P18 showed visual pursuit 
and an automatic motor response, which were not present at the day of 
visual flicker stimulation. This revision of the diagnosis is reflected by a 
larger response to the 40 Hz visual flicker stimulation than to 30 Hz 
stimulation, as is expected for MCS patients.These cases demonstrate 
that the response to the visual flicker stimulation seems to be an indi
cator of the true state of consciousness, even though the diagnosis was 
different on the day of stimulation.

Although there were some changes in the clinical diagnosis from the 
diagnosis of the day and the best diagnosis within two weeks, the effects 
of the visual flicker stimulation did not change, neither for the SSVEPs 
nor the effect on the dominant oscillations. This stability in the main 
effects is surprising, taking into account that 80% of subacute DoC pa
tients show fluctuations in the clinical signs of consciousness (Barra 
et al., 2025), and that the rate of misdiagnosis can be reduced from 
36% to below 5% if at least five clinical assessments are done instead of a 
single one with the CRS-R (Wannez et al., 2017).

A significant advantage of the method we have demonstrated in the 
current study is the simplicity of application. The results we have pre
sented are from a single electrode (POz), and we have deliberately not 
used any independent component analysis (ICA), average re-referencing 
or artifact correction other than the removal of the trigger artifacts 
caused by the visual stimulation. This means that the current method 
could be administered relatively easily without the need for 64 channel 
setups and complex analysis pipelines which might vary across working 
groups or require specialist training. The analysis demonstrated here 
could be applied with a single channel EEG amplifier and a dedicated 
visual stimulation device. Such a device would be relatively inexpensive 
and simple to use, allowing for a standardised diagnostic to be applied 
across clinics.

In the current study we only tested two visual flicker frequencies, 30 
and 40 Hz. Our hypothesis was that SSVEPs would be larger at 40 Hz 
than 30 Hz for individuals who are conscious, due to resonance at 40 Hz 
(which has been associated with consciousness) and that this pattern 
would be reversed in unconscious patients. There is good reason to 

suppose that 40 Hz might be an index of consciousness, and 30 Hz was a 
reasonable control frequency as it is perceptually similar to 40 Hz 
flicker. Future studies should explore the use of other frequencies, as 
lower frequencies, e.g. 10 Hz, often show complex waveform shapes 
with higher harmonics in the gamma band, and this complexity might be 
a more suitable index of consciousness (Dowsett et al., 2020; Nuttall 
et al., 2022, Dowsett et al. 2026). However, choosing lower frequencies 
as control with regard to 40 Hz is not trivial: lower frequencies might 
entrain totally different frequency bands (e.g. beta band when stimu
lation at 25 Hz). Choosing higher frequency bands for stimulation (e.g. 
35 Hz) might be perceptually too close to the target frequency at 40 Hz.. 
Additionally, stimulating at frequencies below 30 Hz could potentially 
evoke visual fatigue, migraine headache, and provoke epileptic seizures. 
Since the prevalence of seizures in the population of DoC patients (27%) 
is much higher than in the healthy population (0.76%), stimulation at 
frequencies lower than 30 Hz should be avoided in such a highly 
vulnerable patient population. Visual flicker at individualized alpha 
frequencies has shown increased functional connectivity across brain 
regions (Jaeger et al., 2023). Similarly, a study on SSVEP-based brain 
computer interface with healthy controls and patients with 
locked-in-syndrome used 10 Hz and 14 Hz visual flicker frequency and 
was able to demonstrate that brain responses to these two classes of 
stimulation were sufficiently distinct that they could be used for the 
classification in a command-following and communication task 
(Lesenfants et al., 2014). A more fine grained approach using flicker 
frequencies throughout the gamma band in small steps might reveal an 
optimal set of frequencies for indexing consciousness beyond the two we 
tested in the current study.

Here we used red light as this is optimal for transmission through 
closed eyes regarding perceived brightness (Bierman et al., 2011; Sakai, 
2023). SSVEPs at 40 Hz have also been demonstrated during sleep with 
red light flicker built into a sleep mask (Hainke et al., 2025). However, 
red light flicker has also been reported to be a risk for provoking sei
zures, as well as stimulation at frequencies between 15 Hz and 20 Hz 
(Fisher et al., 2022). Future experiments might also investigate how 
variations in the colour or temporal properties of the flickering light 
affect the SSVEP, as these can be easily varied and may result in varia
tion in the SSVEP waveform shape which is proportional to the state of 
consciousness.

A significant limitation of the current study is that the visual flicker 
device was fitted over the eyes, and it was not possible to say for sure if 
the DoC patients had their eyes open during the visual stimulation. This 
is unlikely to have affected the outcome significantly as we can assume 
that the majority of the patients had their eyes closed, and in the cases 
where they might have opened them, we expect there to be no difference 
in the likelihood of a DoC patient opening their eyes between 30 and 
40 Hz flicker. However, future experiments should optimally use a de
vice which can allow observation of whether the eyes are opened or 
closed, either by having the light source some distance away from the 
eyes, or by using a camera inside the eye-mounted light source. In the 
study by Hainke and colleagues (Hainke et al., 2025) 40 Hz visual flicker 
was done with much weaker light than in this study (as to not wake up 
participants during sleep). This implies that having a spacer between the 
patient’s face and the goggles would not significantly diminish the 
brightness to levels whereSSVEPs could not be seen. Such a setup would 
then allow visual confirmation of whether DoC patients were opening or 
closing their eyes.

There is no reliable way to find out verbally if stimulation was 
causing any discomfort or pain, as DoC patients in coma, UWS or MCS 
cannot be directly asked. Although we did not see any behavioral sign of 
discomfort, such as flexion withdrawal or localization movement to the 
stimulation device, which are behavioral signs tested with the CRS-R, 
shortening the visual stimulation period without a significant loss of 
information would be advisable for future studies on SSVEP in DoC 
patients.

EEG was recorded from 64 electrodes, but analyses only focused on a 
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single occipital electrode (POz). This procedure was chosen based on 
previous findings (Dowsett et al., 2020) showing that capturing 
steady-state visual evoked potentials can be achieved with single elec
trodes with a high signal-to-noise ratio. The choice of a single electrode 
was also based on the following considerations: Firstly, the EEG caps we 
used for this study were saline-soaked sponges, due to the easier, faster, 
and pain-free application, which is important in a population of 
brain-injured patients. Although these electrode caps are convenient and 
well suited to experiments such as these, they do come with some 
drawbacks. One such limitation is that there is often some degree of 
"bridging" between electrodes, due to the cap being soaked in saline, 
which results in disproportionately high similarity between the signal 
from nearby electrodes. This issue is confounded by the fact that DoC 
patients are tested in a comfortable - thus supine - position, which places 
pressure on the occipital electrodes. As a result, we cannot rely on 
nearby electrodes to show the spatial variability that we would expect 
from conventional gel electrodes. Due to the "bridging" and the resulting 
smearing of spatial information, it is unlikely that an array of occipi
tal/parietal electrodes would give a significantly better result in the 
current data set. Secondly, many pilot experiments with full field visual 
flicker have shown maximum SSVEP amplitude at Oz/POz, so it is a 
reasonable assumption that this electrode will be the optimal position. 
While this simplicity in capturing SSVEPs successfully is certainly a 
strength, it can also be a limitation, as the topographical distribution of 
SSVEPs could bear additional important information on the brain re
gions involved in processing visual flicker stimulation. It has been 
shown that occipital as well as mid-temporal regions play an important 
role in the generation of SSVEPs (Di Russo et al., 2007). Studying the 
spatio-temporal distribution of SSVEPs in DoC patients in future in
vestigations with small arrays of gel-based electrodes spread over oc
cipital areas could deliver precise information on the integrity of 
visual-perceptual processing in this vulnerable population.

Such future investigations, with significantly increased sample size, 
should be performed to refine the experimental design used in the pre
sent study. This would rule out the possibility of an effect of visual 
stimulation on SSVEPs being missed due to an underpowered study 
design.

In conclusion, we have demonstrated that SSVEPs in the gamma 
band can be evoked in all DoC patients and that the frequency specific 
properties of these SSVEPs are significantly different from healthy 
awake participants. Specifically, resonance in the 40 Hz gamma band is 
a promising marker of consciousness. Furthermore, we found that 40 Hz 
visual flicker stimulation modulates the ongoing theta oscillations in 
DoC patients with an average decrease in amplitude for coma/UWS 
patients, and an average increase for MCS/eMCS patients. Although this 
is a relatively small effect, we propose that this might be a potential 
diagnostic measure to aid in distinguishing between the two groups and 
further research is justified. SSVEPs are simple to record, only require a 
single electrode and give a very high signal-to-noise ratio without 
requiring complex analysis pipelines, and as such are potentially a useful 
tool for distinguishing states of consciousness which should be explored 
further.

Glossary

AD Alzheimer’s disease
CRS-R Coma Recovery Scale-Revised
DoC Disorders of consciousness
EEG electroencephalography
ERP evoked-related potential
FDG- 

PET
fluorodeoxyglucose-positron emission tomography fMRI = functional 
magnetic resonance imaging

ICA independent component analysis
MCS minimally conscious state
SSVEP steady-state visual evoked potential
UWS unresponsive wakefulness syndrome
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