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A B S T R A C T

For patients with disorders of consciousness (DoC), accurate assessment of residual consciousness levels and
cognitive abilities is critical for developing appropriate rehabilitation interventions. In this study, we investi-
gated the potential of electrooculography (EOG) in assessing language processing abilities and consciousness
levels. Patients’ EOG data and related electrophysiological data were analysed before and after explicit language
learning. The results showed distinct differences in vocabulary learning patterns among patients with varying
levels of consciousness. While minimally conscious patients showed significant neural tracking of artificial words
and notable learning effects similar to those observed in healthy controls, whereas patients with unresponsive
wakefulness syndrome did not show such effects. Correlation analysis further indicated that EOG detected vo-
cabulary learning effects with comparable validity to electroencephalography, reinforcing the credibility of EOG
indicator as a diagnostic tool. Critically, EOG also revealed significant correlations between individual patients’
linguistic learning performance and their Oromotor/verbal function as assessed through behavioural scales. In
conclusion, this study explored the differences in language processing abilities among patients with varying
consciousness levels. By demonstrating the utility of EOG in evaluating consciousness and detecting vocabulary
learning effects, as well as its potential to guide personalised rehabilitation, our findings indicate that EOG in-
dicators show promise as a rapid, accurate and effective additional tool for diagnosing and managing patients
with DoC.

1. Introduction

Disorders of consciousness (DoC) refer to impairments in a person’s
ability to recognise and perceive their surrounding environment and
internal state (Edlow et al., 2021). Depending on the severity of con-
sciousness impairment, patients with DoC are classified into either un-
responsive wakefulness syndrome (UWS) or minimally conscious state
(MCS) (Giacino et al., 2014). While both exhibit characteristics of
arousal, UWS patients lack signs of consciousness, whereas patients with
MCS demonstrate fluctuating and minimal levels of consciousness, with

occasional awareness of themselves or their environment (Giacino et al.,
2014; Giacino et al., 2004). Given the differences in their level of con-
sciousness and residual function, accurate classification is critical for
subsequent patient’s treatment. Currently, clinical diagnosis of con-
sciousness levels in DoC patients is primarily based on behavioural
assessment using the Coma Recovery Scale-Revised (CRS-R) (Giacino
et al., 2004; Giacino et al., 2009; Schnakers, 2012). However, varying
degrees of external motor and cognitive impairments resulting from
brain damage may hinder the manifestation of patients’ underlying
consciousness. Additionally, the instability of spontaneous movements
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in DoC patients makes it challenging to distinguish between random and
conscious behaviour (Schnakers, 2012; Childs et al., 1993; Wannez
et al., 2017). Therefore, relying solely on behavioural performance to
assess patients and diagnose DoC may lead to incorrect medical de-
cisions and interfere with the recovery process.

In recent years, an increasing number of studies have successfully
used neurological activity monitoring techniques such as Positron
Emission Computed Tomography (Stender et al., 2014), functional
Magnetic Resonance Imaging (fMRI) (Demertzi et al., 2015), and Elec-
troencephalography (EEG) (Laforge et al., 2020; Golkowski et al., 2017)
to assess level of consciousness and predict prognosis in DoC patients
(Kondziella et al., 2016; Marino et al., 2016; Snider and Edlow, 2020).
For example, Owen and colleagues proposed an active imagination
paradigm using fMRI to assess patients’ ability to follow commands,
their consciousness level, as well as their prognosis (Vogel et al., 2013;
Owen et al., 2006). Researchers have also used EEG signals recorded
while patients watched or listened to suspenseful movie clips to examine
the preservation of patients’ hidden capacity for narrative processing
(Laforge et al., 2020). However, these existing research methods still
need improvement. On the one hand, most of the active paradigms
require high levels of language and cognitive abilities from patients,
leading to reduced sensitivity (Kondziella et al., 2020) and better suit-
ability for patients with high levels of consciousness. On the other hand,
these techniques have limitations in clinical applications due to their
radioactive exposure, incompatibility with metal, high cost, time
consuming preparation, and difficulty in portability, especially unsuit-
able for patients with open head injuries or skull defects.

Compared to traditional detection techniques such as EEG, electro-
oculography (EOG) is more convenient to operate and apply. As a
technology for recording eye movements, EOG electrodes are easy to
apply without extensive head preparation, and are not affected by fac-
tors such as patients’ cranial bone defects. However, research using this
convenient EOG detection technique for DoC assessment has been
relatively limited. Some studies have employed other eye movement
detection techniques to examine patients with DoC. For example, one
study used eye-tracking technology to assess the preserved reading
comprehension ability of patients with MCS and found that they were
able to read word and comprehend sentences to some extent (Kwiat-
kowska et al., 2019). Another study also used eye-tracking signals to
assess cognitive functioning in patients with DoC (Kujawa et al., 2022).
However, these studies did not directly assess the patients’ levels of
consciousness, indicating the necessity for further research in this area.

Interestingly, previous studies in healthy subjects have shown that
vertical EOG recorded eye movements can track linguistic structure in
speech streams similar to cortical neural tracking (Jin et al., 2018). This
suggests a potential application of EOG in assessing language processing
abilities in DoC patients, which may be partially preserved (deJong
et al., 1997; Owen et al., 2005; Laureys et al., 2000). By analysing EEG
data, researchers have found specific cortical responses in patients when
passively presented with speech stimuli containing different levels of
linguistic structures. They suggested that assessing patients’ neural
tracking of different levels of linguistic structural levels can help to
determine the patient’s level of consciousness and prognostic outcome
(Sokoliuk et al., 2021; Gui et al., 2020). Moreover, the passive paradigm
ensures effective assessments even in patients without external behav-
iour. Therefore, integrating EOG with linguistic assessments could pro-
vide a more comprehensive understanding of the preserved functions in
DoC patients. However, the linguistic paradigm used in neural tracking
studies (common words, phrases, and sentences encountered in daily
life) relies on pre-existing language knowledge. The use of this paradigm
to assess consciousness in severely brain-injured DoC patients risks
producing biased results.

Word acquisition is a crucial component of language learning. Pre-
vious researches have employed associative learning methodologies,
such as using novel word-referent pairings (Bormann et al., 2020;
Kroenke et al., 2013; Tuomiranta et al., 2014), to assess language

abilities in subjects, facilitating unbiased assessment unaffected by
pre-existing language knowledge. (Peñaloza et al., 2022) This process
involves the use of attention, memory, and decision-making abilities.
The impact of brain injury on these higher-order functions varies (Gia-
cino et al., 2014), resulting in differences in language learning ability in
patients with DoC. Some studies have confirmed that learning abilities
are retained in a subset of patients with DoC (Bekinschtein et al., 2009;
Kim et al., 2012; Lancioni et al., 2014). Furthermore, studies in healthy
individuals have found that linguistic learning effects can be detected by
assessing subjects’ neural tracking of learned content (Chen et al.,
2020). Overall, the research suggests that the linguistic learning para-
digm could be used to assess consciousness in patients with DoC.

Therefore, this study aimed to investigate the effectiveness of EOG as
a convenient detection technique in assessing linguistic learning abili-
ties, and their relationship to levels of consciousness. By comparing the
language learning performance among participants with different levels
of consciousness, we aimed to validate the effectiveness of this paradigm
for assessing consciousness levels. Specifically, we employed an artifi-
cial word learning paradigm. Under the guidance of experimenters,
participants learned unfamiliar artificial words, each assigned a corre-
sponding meaningful concept. EOG recordings were taken during
auditory linguistic stimuli presentation before and after linguistic
learning to analyse and assess subjects’ language processing abilities and
learning effects in different states of consciousness. We also conducted
correlation analyses between learning effects recorded via EOG and EEG
to explore the robustness of this metric. Finally, we examined the as-
sociation between patients’ learning abilities and their behavioural
assessment scores. By investigating the differences in linguistic learning
abilities and their underlying mechanisms in patients with different
levels of consciousness, we expect to contribute to develop a convenient
clinical tool for the diagnosis of clinical DoC patients.

2. Materials and methods

2.1. Participants

Patients with DoC and healthy controls (HC) participated in the
current study. All participants were right-handed, native speakers of
Mandarin Chinese and provided written informed consent. This study
was approved by the Ethics Committee of the Hangzhou Normal
University.

2.1.1. Patients
Fifty-one patients with DoC were recruited from three medical in-

stitutions: Shanghai Yongci Rehabilitation Hospital, rehabilitation units
of Hangzhou Wujing Hospital, and Zhejiang Rehabilitation Medical
Centre. Forty-eight patients (38 males) were included in the final anal-
ysis. They met the following inclusion criteria: (i) diagnosed with MCS
or UWS according to the CRS-R (26 MCS and 22 UWS); (ii) presence of
the auditory startle reflex; (iii) no history of hearing or visual impair-
ment prior to brain injury; (iv) no history of neurological or psychiatric
disease prior to brain injury; (v) aged over 18 years; (vi) at least 28 days
post-onset [mean = 14.04 months; standard deviation (SD) = 6.78;
range: 3–35 months]. The mean age of patients with MCS was 61.00
years (SD = 11.74; range: 37–81 years), and the mean age of patients
with UWS was 51.64 years (SD= 15.44; range: 25–75 years). Thirty-one
patients suffered from non-traumatic brain injury (NTBI) and 17 pa-
tients suffered from traumatic brain injury (TBI). Background informa-
tion on the DoC patients is shown in Table 1.

2.1.2. Healthy controls
Twenty-four HC subjects were recruited from the local community of

each medical institution. And all subjects were included in the final
analysis (16 males). The subjects had a mean age of 58.46 years (SD =

11.36; range: 32–75 years), normal hearing and vision, and no history of
brain injury, psychiatric or neurological disease.

X. Xiao et al.
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The DoC patients and HC were comparable in age (F = 0.275, P =

0.602) and gender distribution (χ2 = 1.333, P = 0.248).

2.2. Clinical assessments

This study used the CRS-R (Giacino et al., 2004; Kondziella et al.,
2020) behavioural scale to assess patients’ levels of consciousness. Six
subscale scores of the CRS-R were generated to assess their specific
cognitive abilities, including Auditory function, Visual function, Motor
function, Oromotor/verbal function, Communication, and Arousal.
Following guideline recommendations, each patient underwent at least
five behavioural assessments within ten days prior to EOG data collec-
tion. These assessments were conducted by two medically trained
personnel who had received professional training. The highest total
score from the assessments was recorded as the final assessment score.
Clinical raters and data analysts were blinded to ensure unbiased

assessment.

2.3. Procedures

2.3.1. Stimuli
We used a speech stream consisting of five artificial words as

experimental stimuli. These artificial words were constructed from
Mandarin syllables, which were nonsense words, and semantically un-
related to each other. To generate these artificial words, we selected five
common trisyllabic real Mandarin words, all of which were nouns, with
each syllable occurring in only one word (i.e., “cháng jǐng lù”, “x̄ı hóng
shì”, “tūı xiāo yuán”, “diàn yùn dǒu”, “fǔ wò chēng” for giraffe, tomato,
salesman, iron, and for push-up). There were significant differences in
the initial phonemes, final phonemes, and tones at the corresponding
positions in each word. Subsequently, by randomly shuffling the sylla-
bles at the same positions within the real words, we obtained five
trisyllabic artificial words (i.e., “cháng xiāo shì”, “x̄ı wò dǒu”, “tūı jǐng
chēng”, “diàn hóng lù”, “fǔ yùn yuán”).

We then concatenated all the artificial words in random order,
ensuring that the same word was not repeated immediately. The stim-
ulus speech stream was generated using the Neospeech synthesiser (http
://www.neospeech.com/, the male voice). Within the speech stream,
the transition probability between adjacent syllables within each word
was kept at 1, and word boundaries at 0.25. The total stimulus consisted
of 800 artificial words, totalling 2400 syllables, with each syllable
lasting 250 ms. Syllables were concatenated without acoustic gaps be-
tween them, resulting in a presentation rate of 4 Hz for each syllable and
1.33 Hz for each trisyllabic word (Fig. 1A). To prevent participants from
arbitrarily grouping every three syllables into single words from the
start, we added 7–8 random syllables at both the beginning and end of
the speech sequence. These additional syllables were randomly selected
from those constituting the artificial words, while also ensuring that the
generated sequence consisted entirely of nonsense words that were
semantically unrelated to each other.

The entire speech stream lasted for 10 min and 3.75 s. To increase
participants’ attention, we adjusted the formant shift ratio of 10 sylla-
bles and modulated them into “anomalous syllables” with a higher pitch
perception for use in the target detection task during the experiment. All
stimuli were presented using the Psychtoolbox MATLAB toolbox (Brai-
nard, 1997).

2.3.2. Experimental design
The experiment spanned two days, involving linguistic learning and

the recording of EOG and EEG data. Prior to the experiment, participants
were unfamiliar with the artificial words they were about to learn. They
listened to a speech sample extracted from the experimental speech
stream containing “anomalous syllables”. After listening to the sample,
participants were informed about the anomalous syllables and given
detailed explanations to help them understand.

Participants were then instructed to keep their eyes open and to
remain focused and still during the presentation of the speech stream.
Participants were also required to perform a target detection task while
listening to the experimental stimuli. Due to functional impairments in
patients, they were asked to imagine squeezing their right hand when
hearing “anomalous syllables”, while healthy participants were
instructed to make a keypress response instead. Throughout the exper-
iment, participants wore headphones to listen to speech streams.

The formal experiment consisted of alternating artificial word
listening tasks with EOG/EEG recording and artificial word learning
sessions (Fig. 1B). In the first phase of the experiment, participants’
EOG/EEG were recorded during speech stream presentations before
they engage in artificial word learning. During this phase, participants
were required to listen attentively to the experimental speech stream
and complete a target detection task as instructed. This phase served as
the pre-learning recording.

The second phase of the experiment consisted of two parts. First, an

Table 1
The demographic and clinical information of 48 patients with DoC.

Patient
ID

Diagnosis Age
(years)

Gender Aetiology Time since
injury
(months)

CRS-R
score

sub001 UWS 75 M NTBI 13 7
sub003 MCS- 44 M NTBI 35 11
sub004 MCS- 66 M TBI 11 12
sub005 UWS 71 M TBI 10 5
sub006 UWS 41 F NTBI 8 8
sub007 UWS 37 M NTBI 11 7
sub008 MCS- 67 M TBI 14 10
sub009 MCS- 81 M NTBI 16 11
sub010 UWS 34 M NTBI 12 5
sub011 MCS- 59 F NTBI 4 10
sub012 MCS+ 70 F TBI 14 19
sub013 MCS- 50 M NTBI 18 9
sub014 MCS- 47 M TBI 4 10
sub015 MCS- 37 M NTBI 4 8
sub016 UWS 42 M NTBI 7 7
sub017 MCS+ 66 M TBI 13 11
sub018 UWS 41 M NTBI 5 7
sub019 MCS+ 66 F TBI 15 18
sub020 UWS 33 M TBI 15 7
sub021 MCS- 53 M NTBI 8 12
sub022 UWS 55 M TBI 12 7
sub023 UWS 54 M TBI 3 7
sub024 MCS- 67 F NTBI 12 12
sub025 UWS 73 M NTBI 18 2
sub026 UWS 25 F NTBI 9 7
sub027 UWS 52 M TBI 15 7
sub028 UWS 29 F NTBI 10 7
sub029 UWS 71 M NTBI 32 8
sub030 UWS 67 M TBI 26 7
sub031 MCS- 77 M NTBI 20 12
sub032 UWS 55 M NTBI 13 7
sub033 UWS 56 M NTBI 10 6
sub034 MCS+ 72 F NTBI 10 15
sub035 UWS 68 M TBI 22 7
sub037 MCS- 51 M TBI 12 11
sub038 MCS- 75 M TBI 18 14
sub039 MCS- 50 M NTBI 23 11
sub040 MCS- 51 M NTBI 11 13
sub041 UWS 65 M NTBI 10 7
sub043 UWS 51 F NTBI 16 7
sub044 MCS- 68 M NTBI 20 9
sub045 MCS- 72 M NTBI 19 12
sub046 MCS- 52 M TBI 9 13
sub047 MCS- 66 M NTBI 16 13
sub048 UWS 41 M NTBI 21 7
sub049 MCS- 64 F NTBI 18 11
sub050 MCS- 71 M NTBI 22 12
sub051 MCS- 44 M NTBI 10 9

CRS-R = Coma Recovery Scale-Revised; DoC = disorders of consciousness; F =

female; M = male; MCS = minimally conscious state; N/A = data not available;
NTBI = non-traumatic brain injury; TBI = traumatic brain injury; UWS = un-
responsive wakefulness syndrome.
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eight-minute session of artificial word learning was conducted, in which
five artificial words were identified and learned as the names of five
fictional characters (Fig. 1C). Using graphic materials, the experimenter
provided a 2min oral description of all the characters represented by the
artificial words, including their names, physical characteristics, and
occupations. Participants then completed two 3-min learning tasks:
glyph learning and photo learning. Specifically, each artificial word was
audio presented for 750 ms along with the corresponding Chinese
character or photo of the character. Two consecutive artificial words
were separated by a 500 ms of silence and black screen. The five arti-
ficial words were repeated a total of 144 times. After completing the
artificial word learning, participants underwent another round of
listening tasks with EOG/EEG recording, consistent with the pre-
learning recording, as the post-learning recording.

On day 2, the third phase of the experiment involved a second round
of artificial word learning and EOG/EEG recording during the presen-
tation of speech streams. Both procedures were consistent with those
used the second phase of the experiment.

2.4. Electrophysiological data recording

During the experimental sessions, electrophysiological data were
collected from all participants while they were in their optimal state
throughout the day. EOG/EEG responses were recorded continuously at
a sampling rate of 1000 Hz using a 32-channel BrainAmp EOG/EEG

system (Brain Products GmbH, Munich, Germany). The EOG electrodes
were placed below the right eye to record vertical EOG signals. EEG
signals were recorded according to the international 10–20 system. All
data were then preprocessed using custom MATLAB scripts and the
EEGLAB toolbox (version 14.1.2). Signals were filtered from 0.3 to 40 Hz
using a Butterworth filter. Independent component analysis (ICA) was
then applied to remove artifacts. All data, initially referenced online to
the FCz during acquisition, were then re-referenced to the average
mastoid recording (left and right mastoid) and resampled at 80 Hz.

2.4.1. Data feature extraction
To explore the neural tracking of rhythmic speech structures, fre-

quency domain analysis was performed on the data. First, to remove the
potential onset and offset effects and to focus on steady-state responses,
the neural activity corresponding to the random syllables presented at
the beginning and end of each speech sequence was not analysed. Next,
the 10-min continuous data were segmented into 50 epochs of 12 s each.
Since the syllables in the speech stream were presented at a constant
rate, each epoch corresponded to the presentation of 16 trisyllabic
words. The signals from the 50 epochs were then averaged and trans-
formed from the time domain to the frequency domain using the discrete
Fourier transform function. Inter trial phase coherence (ITPC) analysis
was then used to assess the degree of neural synchronisation at different
frequencies. It is defined as follows:

Fig. 1. Stimuli and procedures for the artificial word learning experiment. (A) The auditory stimulus stream consisted of five trisyllabic artificial words. The
artificial words were generated by randomly shuffling the syllables within five trisyllabic real Mandarin words. Each syllable was presented at 4 Hz, and each
artificial word at 1.33 Hz. (B) The experiment was conducted on two consecutive days. It included listening tasks with EOG/EEG recording before artificial word
learning, and two alternating sessions of artificial word learning, and listening tasks with EOG/EEG recording after learning. (C) Artificial word learning included: a
2-min oral description by the experimenter of the characters represented by the artificial words; 3-min of glyph learning; and 3-min of photo learning. Each artificial
word was presented auditorily for 750 ms with a 250 ms interval between the presentation of the glyph and the photo.

X. Xiao et al.
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ITPC(f) =
1
n

(
∑n

k=1

cos(θk)2 +
∑n

k=1

sin(θk)2
)

ITPC values ranged from 0 to 1, with higher values indicating greater
phase consistency of neural responses across trials at that frequency, and
thus greater neural synchrony.

2.5. Learning effect analysis

To accurately reflect the participants’ learning effects, the ITPC
values at the word-rate of 1.33 Hz were compared between the two post-
learning recordings. The recording with the highest ITPC value was
selected to represent the participant’s after learning performance, and
for the subsequent analysis.

Additionally, to control for the effect of individual variations in
syllable identification ability on the estimation of word identification
ability, we quantified individual word learning efficiency by the Word
Learning Index (WLI) using the following formula:

WLI =
ITPCword frequency

ITPCsyllable frequency

2.6. Statistical analysis

To confirm the successful linguistic tracking effect for our experi-
ment, a series of paired t-tests were conducted. ITPC values at word-rate
and syllable-rate were compared to the average of the two adjacent
frequencies. To deal with multiple comparisons, a Bonferroni correction
was applied to determine whether there were significant spectral peaks
at these two frequencies for each group of participants. To validate the
results, more paired t-tests were done on the ITPC values between the
word-rate and the average of the eight adjacent frequencies (i.e., ±0.33
Hz) and on the frequency of the first harmonic of the word-rate (i.e.,
2.67 Hz).

A two-way repeated measures analysis of variance (ANOVA) was
then performed to analyse ITPC values separately at word-rate and
syllable-rate to examine learning effects within each group. Learning
stage (i.e., before and after learning stages) was treated as a within-
subject factor, while group (i.e., HC, MCS, and UWS) was treated as a
between-subjects factor. Where significant main effects were identified,
post-hoc multiple comparisons were performed using Bonferroni-
corrected t-tests. In the case of a significant interaction, paired t-tests
were conducted on the ITPC values at that frequency before and after
learning within each group of participants to investigate specific
learning effects. To directly assess the efficiency of word learning, we
used the chi-squared test to compare whether the trends of change in
WLI (ITPC of word-rate/ITPC of syllable-rate) before and after learning
were consistent across the different groups. To ensure that the observed
vocabulary learning effects in the MCS group, as detected by EOG, were
not solely driven by patients with a higher level of consciousness (i.e.,
MCS+ patients), we excluded all MCS+ patients (n = 4) and conducted
the paired t-test and WLI analyses again to examine whether the MCS-
patients (n = 22) exhibited similar learning effects to the healthy
controls.

To further assess the usefulness of EOG ITPC in measuring linguistic
learning ability in DoC patients, we conducted separate Pearson corre-
lation analyses for the word-rate and syllable-rate. The “ITPC-differ-
ence” was defined as the change in ITPC values before and after learning
for each measure. These analyses examined the relationship between
EOG ITPC-difference and the EEG ITPC-difference within each patient,
with the aim of exploring the association between EOG ITPC and
commonly used biomarkers.

Finally, we also examined the relationship between the linguistic
learning effects represented by EOG ITPC and the behavioural perfor-
mance of the patients. The linguistic learning effect of each patient was
indicated by the difference in EOG ITPC before and after learning (ITPC-

difference). We conducted two-tailed Spearman correlation analyses
between the total score and subscale scores of the CRS-R and the ITPC-
difference at word-rate and syllable-rate.

3. Results

3.1. EOG tracking effects of linguistic features

By comparing the EOG’s ITPC spectral responses at word and syllable
rates with their adjacent frequencies, we observed different tracking
effects before and after learning in the HC, MCS and UWS groups
(Table 2; Fig. 2A). Specifically, the HC group displayed no significant
peak at the word-rate before learning (t = 1.625, Bonferroni corrected P
= 0.236), whereas significant peak at this frequency emerged after
learning (t= 3.766, Bonferroni corrected P= 0.002). For theMCS group,
we found a similar peak tendency, with no obvious peak at the word-rate
before learning (t = 0.765, Bonferroni corrected P = 0.903), but sig-
nificant peak emerging after learning (t = 2.521, Bonferroni corrected P
= 0.037). For the UWS group, the peaks in the word-rate were not sig-
nificant regardless of the learning stage (before learning: t = 2.251,
Bonferroni corrected P = 0.070; after learning: t = 1.967, Bonferroni
corrected P = 0.125). In contrast, there were significant peaks in
syllable-rate for all groups regardless of learning stage (t > 2.917,
Bonferroni corrected P < 0.029). To confirm the robustness of the sig-
nificant effect of linguistic tracking, we compared the word-rate ITPC
values with a wider range of neighbouring frequencies (the average of
the eight adjacent frequencies). The results were consistent with the
previously described findings in each group (HC/MCS word-rate before
learning: t < 2.384, Bonferroni corrected P > 0.052; HC/MCS word-rate
after learning: t > 3.563, Bonferroni corrected P < 0.003; UWS word-
rate before/after learning: t < 2.322, Bonferroni corrected P > 0.061).
Additionally, we tested for the significance of peaks at the first harmonic
of the word rate (i.e., 2.67 Hz). We found a significant peak at the
harmonic in the HC group after learning (before learning: t = 1.996,
Bonferroni corrected P = 0.116; after learning: t = 2.403, Bonferroni
corrected P = 0.049). However, no significant peaks at the harmonic
were observed before learning in the HC group or before and after
learning in the two patient groups (t < 2.204, Bonferroni corrected P >

0.074).

3.2. EOG learning effects of linguistic features

To examine the learning effect of linguistic features in each group,
we performed two-way repeated measures ANOVA analyses on the
EOG’s ITPC values for both word-rate and syllable-rate conditions.
Specifically, these ANOVA tests compared the ITPC values before and
after learning across the HC, MCS, and UWS groups within each fre-
quency condition.

Table 2
Tracking the effects of each linguistic feature’s ITPC spectral peaks at different
learning stages.

Learning stage HC MCS UWS

t P t P t P

Word-rate
before learning 1.625 0.236 0.765 0.903 2.251 0.070
after learning 3.766 0.002** 2.521 0.037* 1.967 0.125
Syllable-rate
before learning 4.658 0.000*** 5.414 0.000*** 3.342 0.009**
after learning 6.417 0.000*** 2.917 0.015* 3.774 0.029*

Paired t-tests were conducted to examine whether the neural response at the
word and syllable frequencies was significantly stronger than the average of the
two adjacent frequency bins. HC = healthy control; MCS = minimally conscious
state; UWS = unresponsive wakefulness syndrome; *P < 0.05, **P < 0.01, ***P
< 0.001 (Bonferroni corrected P value threshold).

X. Xiao et al.
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3.2.1. Learning effects of word
The results of the ANOVA on the ITPC values at the word-rate

showed significant main effects of learning stage (F = 8.327, P =

0.005) and group (F = 8.741, P < 0.001). Further post-hoc multiple
comparisons revealed that word-rate ITPC values were significantly
higher after learning than before learning (Bonferroni corrected P =

0.005) (Fig. 3A). Compared to the MCS group (Bonferroni corrected P <

0.001) and the UWS group (Bonferroni corrected P = 0.040), partici-
pants in the HC group exhibited higher word-rate ITPC values. There
was no significant difference between the MCS and UWS groups (Bon-
ferroni corrected P = 0.443) (Fig. 3B).

We also observed a significant interaction effect between learning
stage and group for ITPC values at the word-rate (F = 3.327, P = 0.042)
(Fig. 3C). This suggests that the patterns of change in word-rate ITPC
values varied across the three groups at different learning stages. To
further investigate the specific learning effects within each group, we
conducted paired t-tests on the before and after learning word-rate ITPC
values for each group separately. The results showed that for the HC
group, word-rate ITPC values increased significantly after learning (t =
2.495, Bonferroni corrected P = 0.020). Similarly, the MCS group
showed the same learning effect, with a significantly higher ITPC value
after learning (t = 2.612, Bonferroni corrected P = 0.015). In contrast,
no significant change was observed in the UWS group across different
learning stages (t = 0.416, Bonferroni corrected P = 0.682) (Fig. 3D).
Additionally, to test whether the learning effects observed in the MCS
group were driven only by a few patients with a higher level of con-
sciousness (i.e., MCS+, n = 4), we re-evaluated the learning effects by
excluding these MCS+ patients and focusing on the remaining MCS-
group (n = 22). We found that the MCS- patients still exhibited similar
learning effects, with a significant increase in word-rate ITPC values
after learning (t = 2.432, P = 0.024).

3.2.2. Learning effects of syllable
The results of the ANOVA on the ITPC values at the syllable-rate

showed the significant main effect of group (F = 8.489, P = 0.001).
Post-hoc multiple comparisons revealed that the HC group had higher
ITPC values at the syllable-rate compared to the MCS group (Bonferroni
corrected P < 0.001) and the UWS group (Bonferroni corrected P =

0.029) (Fig. 3F). No significant main effect of learning stage (F = 0.286,
P = 0.594) (Fig. 3E) or significant interaction effect (F = 0.661, P =

0.519) (Fig. 3G) was observed.

3.2.3. Learning effects of word/syllable ratio
The ratio of word-rate and syllable-rate ITPC values (i.e., WLI) re-

flects word learning effects controlling for syllable-rate differences
(Fig. 4). The results showed that 70.83 % of the HC participants showed
increased WLI values after learning compared to before learning, and
80.77 % of the MCS patients exhibited increased WLI after learning. In
contrast, only 40.91 % of the UWS patients showed an increase in WLI
after learning.

Chi-squared tests revealed that, compared to the UWS group, a

significantly higher proportion of subjects in the HC group (χ2= 4.182, P
= 0.041) and the MCS group (χ2= 8.078, P= 0.004) exhibited increased
WLI values after learning. No significant difference was found between
the HC and MCS groups (χ2 = 0.675, P = 0.411). Additionally, we found
that 77.27 % of MCS- patients exhibited increased WLI values after
learning, a proportion similar to that of the HC group (χ2 = 0.247, P =

0.619) and significantly higher than that of the UWS group (χ2 = 6.017,
P = 0.014).

3.3. Correlation of EOG with other biomarkers

We examined the correlation between the linguistic learning effects
reflected in the EOG and EEG of each patient, respectively, under both
word-rate and syllable-rate conditions. It was found that at the word-
rate there was a significant positive correlation between the EOG
ITPC-difference and the EEG ITPC-difference (r = 0.317, P = 0.028),
suggesting agreement between the two detection measures in reflecting
the learning effects of artificial words (Fig. 5A). However, for the
syllable-rate (Fig. 5B), no significant correlation was observed between
the EOG ITPC-difference and the EEG ITPC-difference (r = 0.079, P =

0.595).

3.4. Correlation between learning effect and behavioural performance

Following the correlation analysis between the patients’ linguistic
learning effects of EOG and their behavioural performance as reflected
in various scales (Table 3), it was found that, at the word-rate, the EOG
ITPC-difference showed a significant positive correlation with the
“Oromotor/Verbal Function” sub-scale score of the CRS-R (ρ = 0.370, P
= 0.010) (Fig. 5C). However, for the syllable-rate, no significant asso-
ciation was observed between the EOG ITPC-difference and this sub-
scale score (Fig. 5D; ρ = − 0.136, P = 0.358), nor with other behav-
ioural scores (|ρ| < 0.226, P > 0.122).

4. Discussion

Evaluating residual learning ability and levels of consciousness in
DoC patients has important implications for clinical diagnosis and
management. We compared the learning patterns between different
groups of DoC patients and HC by analysing behavioural and EOG data
recorded during speech stream presentation before and after a language
learning task. The results showed that patients in the MCS group
exhibited learning patterns similar to those of HC, as both groups
showed neural tracking of artificial word frequencies after linguistic
learning compared to before learning. However, neural tracking of
artificial word frequency in the UWS group did not demonstrate sig-
nificant differences between learning stages. In addition, EOG data
showed significant synchronisation with traditional EEG measures in
detecting linguistic learning effects. Furthermore, EOG-detected
learning effects were significantly correlated with scores on the “Oro-
motor/Verbal Function” subscale of the CRS-R. These results support the

Fig. 2. EOG spectrograms in each group. The ITPC spectra of the EOG responses for the HC, MCS, and UWS groups, showing trends before and after the artificial
word learning, illustrate the changes in ITPC values across different frequencies. HC = healthy control; ITPC = inter-trial phase coherence; MCS = minimally
conscious state; UWS = unresponsive wakefulness syndrome.
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Fig. 3. Comparisons of word and syllable rate ITPC across learning stages in each group. (A) Post-hoc comparisons of word-rate ITPC between different learning
stages. Mean and SEM are depicted. Significant difference was observed between learning stages. (B) Post-hoc comparisons of word-rate ITPC between groups. Mean
and SEM are depicted. Significant differences were observed between groups. (C) Word-rate ITPC across learning stages and participant groups. A significant
interaction indicates that ITPC developed differently between groups across stages. (D) Paired t-tests of ITPC values between learning stages for each participant
group. (E) Post-hoc comparisons of syllable-rate ITPC between different learning stages. Mean and SEM are depicted. No significant difference was observed. (F) Post-
hoc comparisons of syllable-rate ITPC between each group. Mean and SEM are depicted. Significant differences were observed between groups. (G) Syllable-rate ITPC
across learning stages and participant groups. No significant interaction was observed. After = after learning; Before = before learning; HC = healthy control; ITPC =

inter-trial phase coherence; MCS = minimally conscious state; NS = not significant; UWS = unresponsive wakefulness syndrome; *P < 0.05, **P < 0.01, ***P < 0.001
(Bonferroni corrected P value threshold).
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ability of EOG signals to detect linguistic learning effects in our partic-
ipants and suggest the potential clinical application of this approach,
which combines linguistic learning and electrophysiological methods in
the assessment of the level of consciousness in patients with DoC.

4.1. Assessment of linguistic learning effectiveness

Linguistic learning is a process that requires the integration of

sensory, neural networks and motor systems. Through learning, our
familiarity with phonology, grammar and lexical knowledge is
enhanced, which improves language processing abilities (Batterink and
Paller, 2017; Vanden Bosch der Nederlanden et al., 2022). In line with
this, we here showed that semantic and orthographic knowledge asso-
ciated with the artificial words increased their neural tracking. More-
over, previous research has found that, in healthy individuals, the
acquisition of linguistic knowledge would lead to neural tracking effects
in the processing of higher-level linguistic structures (Chen et al., 2020).
Our results showed that before linguistic learning, no significant neural
tracking at the word-rate was observed in any group. This further con-
firms that without learning, higher linguistic structures hidden in speech
would not be identified or captured.

Our findings revealed that, after learning, the healthy control (HC)
group exhibited significant learning effects, affirming the paradigm’s
general applicability. We also observed that although a high proportion
of participants in this group showed an increase in the word/syllable
ratio after learning, some did not demonstrate this effect. This could be
attributed to some healthy participants experiencing fatigue or distrac-
tion during the latter part of the after learning EOG recording, leading to
decreased attention to experimental stimuli. This reduction in attention
could result in a weaker neural response to word frequencies and a
stronger response to rhythmic syllable frequencies, ultimately affecting
the manifestation of the WLI increase.

As regards DoC patients, we observed that MCS patients, like HC,
exhibited significant learning effects, indicating that both groups had

Fig. 4. WLI changes in each group. The numbers in the figure represent the
count of participants in each group (HC, MCS, UWS) who showed an increase or
no increase in WLI values after the learning task. The background color in-
tensity indicates the percentage of participants within each group correspond-
ing to these counts, as shown by the adjacent color bar. HC = healthy control;
MCS = minimally conscious state; UWS = unresponsive wakefulness syndrome;
WLI = Word Learning Index.

Fig. 5. Correlation analysis between EOG ITPC-difference and EEG ITPC-difference, and relationship with CRS-R scores. (A) A significant positive correlation was
observed between EOG ITPC-difference and EEG ITPC-difference at word-rate in DoC patients. (B) No correlation was observed between EOG ITPC-difference and
EEG ITPC-difference at syllable rate in DoC patients. (C) EOG ITPC-difference showed a significant positive correlation with the score on the “Oral motor/verbal
function” subscale of the CRS-R at word-rate in DoC patients. (D) No significant association was found between EOG ITPC-difference and the score on the “Oral
motor/verbal function” subscale of the CRS-R at syllable-rate in DoC patients. ITPCdiff = the change in inter-trial phase coherence values before and after learning for
each measure; *P < 0.05, ***P < 0.001(Bonferroni corrected P value threshold).
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completed the extraction of linguistic structures through learning. The
majority of individuals within this group also demonstrated an increase
in WLI values after learning. This finding suggests that the MCS patients
may still retain some degree of learning ability and consciousness,
although their performance may differ from that of HC. Previous neu-
roimaging, electrophysiological, or behavioural studies have all
demonstrated that MCS patients retain some language processing ability
(Kwiatkowska et al., 2019; Rohaut et al., 2015; Aubinet et al., 2022;
Nigri et al., 2017; Schiff et al., 2005; Balconi and Arangio, 2015; Boly
et al., 2004). Other research suggests that even without explicit learning,
MCS patients with some level of consciousness would show statistical
learning of word structure similar to HC (Xu et al., 2023). To note,
compared with healthy controls, such a learning effect is still weaker in
MCS patients. For example, they did not show an effective tracking at
the harmonic frequency as healthy controls and exhibited lower ITPC
values compared to heathy controls. This may be because that their
brain connectivity and integrative capacities are still impaired
compared to healthy controls due to brain damage. Additionally, indi-
vidual variability and fluctuations in consciousness levels among MCS
patients (Giacino et al., 2014) might lead to less consistent neural re-
sponses to linguistic stimuli.

In contrast, UWS patients did not show a similar learning pattern
during the learning process, with the proportion of individuals showing
an increase in WLI post-learning close to the chance level (50 %). This
may reflect that their severely impaired level of consciousness may
affect their linguistic learning ability. Although UWS patients may retain
some language processing abilities (Kotchoubey et al., 2014; Beukema
et al., 2016), they still lack relatively advanced language processing
abilities (Gui et al., 2020). Studies of sleep and deep anaesthesia also
demonstrate the lack of advanced language processing abilities in
completely unconscious subjects (Koelsch et al., 2006; Makov et al.,
2017).

4.2. Neural tracking effects of syllables

Neural tracking of syllables refers to the human brain’s recognition
and response to rhythmic variations in auditory stimuli. The temporal
envelope containing the acoustic prosody of speech would elicit regular
cortical activity in the listener, resulting in neural tracking manifested as
neural oscillations synchronised with the frequency of the temporal
envelope (Li et al., 2019; Kerlin et al., 2010; Lalor and Foxe, 2010).
Research suggests that cortical tracking of speech temporal envelopes is
an automatic, non-attentive process, with synchronised neural oscilla-
tions primarily reflecting auditory encoding in response to these
rhythmic acoustic features (Prinsloo and Lalor, 2022). Neural tracking
of speech envelopes has been observed in studies involving native and
non-native languages, as well as non-linguistic stimuli (Lalor and Foxe,
2010; Kubanek et al., 2013; Ding et al., 2016; Zou et al., 2019).

Since cortical tracking of syllable frequency is an automatic process
that does not require learning, it can be inferred that even when con-
sciousness is impaired, the human brain can still engage in neural
entrainment. This is consistent with the results of our study in that,
regardless of the participants’ levels of consciousness, significant neural
tracking corresponding to syllables frequency can be observed when

exposed to speech streams composed of syllables of constant frequency.
Moreover, the successful tracking of syllable frequency also manifests
the validity of our experimental paradigm.

4.3. Application of EOG in the consciousness assessment

Previous studies have demonstrated the potential of EEG signals in
assessing subjects’ lexical learning abilities (Chen et al., 2020; Batterink,
2020; Ding et al., 2018). In this study, we found that EOG signals could
successfully track the learning effects of artificial words and synchronise
with EEG signals at 1.33 Hz. This finding validates the ability of EOG to
synchronously track linguistic structures with the cortex (Jin et al.,
2018), and further demonstrates the accuracy of our paradigm used to
assess subjects’ linguistic learning effects.

Our paradigm shows promise for clinical applications. On the one
hand, language processing abilities are closely related to levels of con-
sciousness. Previous research has indicated that residual language pro-
cessing abilities in patients may point to their level of consciousness
(Owen et al., 2005; Sokoliuk et al., 2021; Gui et al., 2020). In line with
this, our language learning paradigm has demonstrated effectiveness in
detecting consciousness levels, particularly in patients with higher
consciousness levels (i.e., MCS patients). On the other hand, the para-
digm’s efficacy can be evaluated using EOG alone. The practicability
and low effort required to record EOG demonstrate that this approach
could be qualified for use in a hospital ward to complement standard
behavioural assessments. Integrating this paradigm into daily hospital
routines could enhance the accuracy of consciousness assessments and
potentially improve patient care by providing additional insights into
their cognitive and linguistic processing abilities.

We also found that the synchrony of EEG and EOG neural oscillations
at 4 Hz (i.e., the syllable frequency) was not significant. A possible
explanation for this result is that EEG and EOG, as different physiolog-
ical indicators, record different cognitive components, leading to
inconsistent performance at this frequency. Syllables are primarily rec-
ognised based on their rhythmicity rather than the process of lexical
learning. Therefore, the discrepancy between the 1.33 Hz and 4 Hz re-
sults may indicate that the EOG result at 4 Hz reflects the patients’
lexical learning ability, rather than a general similarity between EOG
and EEG signals.

4.4. Correlation between linguistic learning and behavioural assessments

The assessment of Oromotor/Verbal subscale of the CRS-R subscale
may to some extent reflect the language recovery of patients with DoC.
Our study found a positive correlation between patients’ learning of
advanced linguistic structures and their scores on this subscale. This
correlation may be due to the preservation of the patients’ language
function as measured by this behavioural scale, which may reflect the
recovery of linguistic learning ability.

In addition, the Communication subscale, as one of the subscales that
can reflect the subjects’ speech function, is also crucial for indicating the
recovery of the patients’ language function. However, in this study, we
found that its scores showed only a positive correlation trend with the
learning effects detected by EOG. This may be because the scoring

Table 3
The correlation between behavioural scale scores and changes in ITPC values before and after learning for each linguistic feature.

Learning effects under different frequency CRS-R Tot CRS-R AF CRS-R VF CRS-R MF CRS-R OF CRS-R C CRS-R AR

Word-rate ITPC-difference ρ-value 0.080 − 0.043 − 0.035 0.068 0.370 0.226 − 0.131
P-value 0.590 0.772 0.815 0.647 0.010** 0.122 0.375

Syllable-rate ITPC-difference ρ-value − 0.211 − 0.109 − 0.088 − 0.195 − 0.136 − 0.142 − 0.153
P-value 0.150 0.460 0.552 0.185 0.358 0.335 0.299

CRS-R Tot= Total score of the CRS-R scale; CRS-R AF= Auditory Function subscale of the CRS-R scale; CRS-R VF= Visual Function subscale of the CRS-R scale; CRS-R
MF=Motor Function subscale of the CRS-R scale; CRS-R OF=OroMotor/Verbal Function subscale of the CRS-R scale; CRS-R C= Communication subscale of the CRS-
R scale; CRS-R AR = Arousal subscale of the CRS-R scale; **P < 0.01 (Bonferroni corrected P value threshold).
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criteria of the Communication subscale require relatively high and
explicit language processing abilities from the patients (Giacino et al.,
2004). For patients in the stage of global functional impairment (MCS
and UWS), their residual language functions were difficult to reflect in
this subscale due to confounding factors such as motor/attention im-
pairments. Therefore, we speculate that in the early stages of recovery of
consciousness in DoC patients, the Oromotor/Verbal function subscale
may be more sensitive in detecting the recovery of patients’ language
functions.

4.5. Future directions

Studies have suggested the possibility of using higher-level linguistic
structures (e.g., phrases, sentences) to further assess patients’ linguistic
learning abilities. For example, Getz et al. (Getz et al., 2018) observed
from MEG data that only subjects who understood the language content
showed neural tracking of phrase structure, highlighting the importance
of abstract knowledge of phrase structure for linguistic structure
recognition.

Our study included both MCS+ and MCS- patients, but the small
sample size of MCS+ patients precluded detailed subgroup analyses and
limited the ability of this study to examine the effectiveness of this
paradigm in differentiating between MCS subgroups. Future research
should include a larger sample size of MCS+ patients to enable more
statistically balanced and robust analyses. Incorporating higher-level
linguistic structures into our learning paradigm may further discrimi-
nate subgroups of MCS patients, with MCS+ patients potentially
retaining greater language processing capacity (Aubinet et al., 2022).

4.6. Conclusions

In conclusion, by dynamically monitoring explicit language learning
processes using the EOG indicator, we found that MCS patients exhibited
learning patterns similar to HC in linguistic learning. In contrast, UWS
patients did not show this learning capability. Additionally, we vali-
dated the consistency of the EOG indicator with other traditional mea-
sures in detecting lexical learning effects. Furthermore, we found a
correlation between lexical learning effects of EOG and Oromotor/
Verbal function. These findings provide evidence for the use of EOG as a
rapid and accurate technique for assessing residual cognition in DoC
patients and provide potential biomarkers for personalised rehabilita-
tion interventions for patients with DoC.
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