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Spontaneous eye blinking
as a diagnostic marker in prolonged
disorders of consciousness

Alfonso Magliacano’, Martin Rosenfelder?3’, Nina Hieber?3, Andreas Bender?*,
Anna Estraneo®® & Luigi Trojano®*

Clinical diagnosis of patients with prolonged disorders of consciousness is very challenging. As
spontaneous eye blink rate (EBR) is reliably correlated with cognitive activity in healthy individuals,
we investigated whether EBR could serve as a marker of patients’ level of consciousness. We assessed
ten patients in prolonged Vegetative State/Unresponsive Wakefulness Syndrome (VS/UWS; three
females; mean age=50.3 +17.8 years) and fourteen patients in Minimally Conscious State (MCS; three
females; mean age=52.9+17.5 years) at their admission to a rehabilitation unit after the acute phase.
During two separate 3-min rest conditions, we recorded patients’ EBR by integrating on-line visual
and off-line electro-oculographic count. We also assessed EBR during two auditory oddball tasks, i.e.
passive listening and active counting of target tones in a sub-group of patients. EBR was significantly
higher in MCS than in VS/UWS; moreover, EBR positively correlated with a validated index of
responsiveness derived from the Coma Recovery Scale-Revised. Patients’ mean EBR showed no
significant differences within sessions and across experimental conditions of the oddball task, in both
VS/UWS and MCS. Our findings suggest that, at least in the post-acute phase, observing patients’ EBR
for 3 min at rest could help to discriminate between VS/UWS and MCS, improving accuracy of clinical
diagnosis.

After a severe brain injury, accurate diagnosis of prolonged (=28 days) disorders of consciousness (DoC)", i.e.
Vegetative State/Unresponsive Wakefulness Syndrome (VS/UWS)? and Minimally Conscious State (MCS)?, is
essential for optimizing patient management*. Yet, to date diagnosis of DoC is based on clinical interpretation
of patients’ spontaneous behaviour and voluntary responses to multisensory stimulation®, that could be however
hindered by cognitive and sensory-motor impairments®. Indeed, several studies reported that a diagnosis based
on clinical consensus might lead to a misdiagnosis rate of 30-40%%”. Therefore, it is of primary importance to
identify reliable diagnostic markers of consciousness not relying on patients’ voluntary responses>.

Here we focused on spontaneous eye blink rate (EBR) as a possible index of patients’ level of consciousness,
easy to detect in clinical practice®. EBR is thought to be linked to the activity of the spinal trigeminal complex,
whose excitability is modulated by dopaminergic activity in the basal ganglia’. According to the well-established
mesocircuit hypothesis'®, dopaminergic projections within striato-thalamo-cortical circuits also play a key role in
regulating conscious processes'!~'* and are a target for therapeutic intervention for recovery of consciousness'*™'4.
Indeed, a relative sparing of thalamo-cortical neuronal assemblies has been reported in MCS compared to VS/
UWS!>16 Moreover, beyond the need for corneal lubrication, EBR is modulated by cognitive variables such as
level of vigilance and fatigue'’, and task demand'”®. For instance, during an auditory oddball paradigm, healthy
individuals’ spontaneous EBR increases as a function of ‘cognitive load™?, i.e. the cognitive resources needed to
perform a task.

Driven by the goal to establish additional easy-to-detect markers for improving diagnostic accuracy in patients
with DoC, we hypothesized that patients in MCS might present a higher EBR compared to patients in VS/UWS,
and that changes in EBR as a function of cognitive load could be observed in patients with a higher level of
responsiveness, i.e. in MCS but not in VS/UWS.
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To test the above hypotheses, we recorded EBR in a sample of patients with prolonged DoC at rest and, in a
sub-group of patients, during an auditory oddball paradigm in which participants were presented with a random
sequence of standard and target tones. In order to further manipulate the level of cognitive load, the auditory
oddball paradigm was presented with passive and active instructions, and the P300 component on event-related
potentials (ERPs) was recorded as an index of patients’ engagement in the tasks'.

Methods
Participants. All patients with DoC due to severe acquired brain injury consecutively admitted to a special-
ized early rehabilitation unit in Germany from March to December 2020 were screened.

To be eligible for the study patients had to meet the following inclusion/exclusion criteria: (i) clinical diagno-
sis of VS/UWS or MCS according to standard diagnostic criteria’?, confirmed by repeated (at least two within
2 weeks) assessments by Coma Recovery Scale-Revised (CRS-R*'), which is the most recommended clinical tool
for the diagnosis of DoC, based on the Aspen Workgroup diagnostic criteria® for VS/UWS and MCS?%; (ii) age
18 to 80 years; (iii) time post-injury (TPI) =28 days; (iv) lack of previous history of acquired brain injury, psy-
chiatric or neurodegenerative diseases; (v) no craniectomy or scars interfering with an electro-encephalographic
(EEG) recording; (vi) stabilized clinical conditions (e.g. no status epilepticus or severe respiratory failure); vii)
absence of ophthalmic disorders, or central or peripheral impairments in eyelid motility on clinical evaluation.

A sub-group of patients, who presented a score above 0 at the auditory sub-scale in at least two CRS-R assess-
ments, was assessed on an auditory oddball paradigm, to search for changes in EBR as a function of cognitive
load.

EEG recording and pre-processing. In all patients, an EEG was recorded at rest and during the experi-
mental oddball paradigm (see below) using an EGI NA400 amplifier (Electrical Geodesics Inc./Philips Neuro,
Eugene, Oregon, USA) connected to a HydroGel GSN sensor net with 256 channels arranged in an extended
10/20 montage and referenced to the vertex. Impedance was kept below 50 kQ for electrodes covering the cortex
as well as for electro-oculographic (EOG) electrodes, which represented a percentage of 75% of all 256 elec-
trodes. Data were sampled at a 1000-Hz rate and band-pass filtered between 0.1 Hz and 30 Hz; a notch filter was
used to eliminate frequencies around 50 Hz for online visualization. If the EEG recording in a session presented
a considerable number of artefacts, the acquisition was repeated within the next available day.

Patients’ spontaneous eye blinks were detected by means of a two-fold procedure. During the EEG record-
ing sessions, an experimenter (AM, MR, or NH) inserted a marker within the EEG recording each time she/he
clinically observed the patient performing an eye blink; this online procedure allowed to detect eye blinks that
would be not identifiable on the recording because of artefacts. After the experimental sessions, the supra- (i.e.
channels 37 and 18) and sub-orbital (i.e. channels 241 and 238) channels were extrapolated from the EEG for
obtaining a vertical EOG. EOG recordings were visually inspected by a different researcher, blinded with respect
to patients’ clinical diagnosis, to check the accuracy of the online detection of eye blinks by comparing the posi-
tion of the markers with eye blinks on EOG, defined as a sharp positive peak followed by a shallow negative
deflection in a time window of <400 ms®. Finally, the EOG recordings were reviewed in random order to reach
a final agreement on the number of blinks. EBR was defined as the ratio between the total number of blinks in
an experimental condition (rest or oddball) and the duration of the condition in minutes.

For ERPs analysis during the oddball paradigm (see below), the midline EEG channels Fz, Cz and Pz were
considered'*?*, and data were processed using EGI Waveform Tools Package (v5.4.1.2, EG], Electrical Geodes-
ics Inc., Eugene, Oregon, USA). Responses to target stimuli were segmented over 1000-ms epochs including
100 ms pre-stimulus baseline, time-locked to the stimulus onset. Epochs with voltages exceeding + 150 WV, eye-
movements activity exceeding + 80 pV and eye-blinks exceeding + 150 uV were rejected®. Accepted epochs
were averaged, offline filtered between 0.5 Hz and 30 Hz and corrected for baseline. The P300 wave in response
to active counting of target stimuli was defined as a visible positive peak (peak amplitude>0.75 uV) between
250 and 1000 ms after stimulus onset, and qualitatively identified by means of the visual inspection on the Cz
channel®. For statistical analysis, peak latency from the time of the stimulus onset and amplitude of the P300
were measured for midline channels (Fz, Cz, Pz) and then averaged across channels.

Stimuli and task of the oddball paradigm. The auditory oddball paradigm consisted of randomly
intermixed tones (non-target: 500 Hz, overall probability: 80%; target: 1000 Hz, overall probability: 20%) deliv-
ered through two loudspeakers positioned in front and directed toward the patients (70 dB SPL, 100 ms plateau
time, 5 ms rise/fall slope**). The auditory tones (78 target and 312 non-target tones) were presented with a 1-s
inter-stimulus interval, resulting in a task duration of 8 min. To manipulate the level of cognitive load while
controlling for perceptual load's, the patients were required to perform the task in two separate sessions: in the
first they were required to listen to sounds passively; in the second to actively count target tones. This paradigm
has been previously validated in a sample of healthy participants'®. Stimuli were presented electronically using
E-Prime 3.0 software (Psychology Software Tools, Pittsburgh, PA).

Procedure. In a within-subject design, each patient attended two recording sessions separated by at least
24 h. The sessions were carried out, after customary nursing procedures, between 10 a.m. and 5 p.m., a time
period poorly influenced by circadian somnolence peaks in patients with DoC?, and during which EBR is
thought to be stable in healthy individuals®. Both sessions were held at the patient’s bedside, with the patient
being supine and with her/his eyes open (i.e. patient being awake), while maintaining a quiet and dimly lit
environment. If the patient’s arousal level was insufficient, the arousal facilitation protocol of the CRS-R?! was
administered; if a patient continued to have her/his eyes closed, the experimental session was postponed to the
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next available day. Throughout each experimental session, the experimenter was positioned at the patient’s side,
in order to be able to observe occurrence of the eye blinks, however beyond the patient’s visual field.

In all patients, EBR was collected during a rest condition (duration: 3 min) in each recording session.

In the sub-group of patients selected for the oddball paradigm (except some of them who could not undergo
the complete paradigm due to logistical constraints, largely related to the CoViD-19 pandemic), after the first
rest condition a short break was allowed during which, if needed, the patient was briefly stimulated in order to
ensure sufficient arousal level. Thereafter, in the first session, the patient performed a passive oddball task (i.e.
just listened to the sounds), immediately followed by another rest phase (duration: 3 min). In the second session,
after the 3-min rest condition, the patient was required to perform an active oddball task (i.e. to count all the
target sounds) and a subsequent 3-min rest phase. The active oddball paradigm was always run in the second
session to avoid patients to engage in counting even when not required?’.

To prevent that awareness of blink recording affected patient’s EBR, throughout both sessions the patient was
never informed of the EBR recording, but she/he was simply encouraged to stay relaxed with her/his eyes open,
and not to move. This procedure was conducted regardless of patient’s clinical diagnosis.

In order to confirm the patient’s clinical diagnosis and to evaluate the level of responsiveness/consciousness
upon the day of each experimental session, a CRS-R was administered by an expert neuropsychologist at the
end of each session. The CRS-R with the best total score recorded after the two sessions was considered for the
statistical analyses.

For the patients who underwent the complete oddball paradigm, each session lasted about 15 min plus elec-
trode montage, whereas the duration of the CRS-R assessment was about 30 min, resulting in a total duration of
50 min per session approximately (about 35 min for patients who only underwent the rest condition).

Statistical analyses. The patients’ characteristics (age, sex, etiology, TPI, best CRS-R sub-scores, time
between the first and the second session) of the two groups (VS/UWS, MCS) were compared by means of non-
parametric Mann-Whitney U or by Chi-square test, as appropriate.

As regards the CRS-R, we recorded the patient’s best behavioural response to single CRS-R items and the
total score. However, since some CRS-R total scores (in the range 7-9) might overlap in VS/UWS and MCS%,
we computed the CRS-R index?, a modified score that converts the ordinal CRS-R total score into a linear score
considering the highest item in each of the six subscales. The CRS-R index provides information about the
patient’s overall level of responsiveness and avoids scores overlapping in the two diagnostic groups.

For analysis of EBR, as a first step, we assessed inter-rater agreement on EBR calculated by the two raters in
the two experimental sessions by computing the intraclass correlation coeflicients (ICC). Moreover, we measured
the inter-measure agreement between EBR detected through online clinical observation and that detected by
offline EOG check in the two experimental sessions by computing the ICC. We also calculated patients’ mean
variability in EBR between the first and the second session, and compared it between the two groups (VS/UWS,
MCS) by means of non-parametric Mann-Whitney U test.

Prior to analysing differences in patients’ EBR at rest across diagnostic groups and experimental sessions,
EBR was submitted to Shapiro-Wilk test for normality. As the EBR departed significantly from normality, and
also in considerations of the relatively small sample size, we analysed EBR findings by means of non-parametric
statistical tests: Mann-Whitney U test to compare two groups; Wilcoxon signed-rank test or Friedman’s test to
compare two or three observations, respectively, within groups. Correlations between EBR and continuous vari-
ables were evaluated by computing Spearman’s correlation coeflicients; correlations between EBR and categorical
or ordinal variables were evaluated by computing point-biserial correlation or Kendall’s coefficients, respectively.

As a first step we compared EBR at rest in the two diagnostic groups (VS/UWS, MCS) and in the two sessions
(first, second).

For the purpose of correlation analyses, we calculated the average between patients’ raw EBR at rest on the
first and on the second session. Then, we computed correlations coefficients between patients’ mean EBR and
demographic and clinical variables collected at study entry (sex, age, etiology, TPI, best CRS-R index, CRS-R
sub-scores, treatment with dopamine-agonists). Moreover, we evaluated the correlations between patients’ EBR
and the CRS-R index collected in each session.

As regards the oddball paradigm, we first investigated possible differences in characteristics (age, sex, etiol-
ogy, TPL best CRS-R sub-scores, time between the passive and the active session) of patients who completed the
oddball paradigm and the remaining patients of the overall sample.

Then, in the subsample of patients who completed the oddball paradigm, we compared EBR in the two diag-
nostic groups (VS/UWS), in the two sessions (first, second), and across phases (rest 1, oddball, rest 2). Within
this sub-group of patients, we also analyzed the correlation for patients’ EBR collected across the different phases
and tasks.

Last, we compared characteristics of the P300 on ERPs (P300 amplitude and latency values) between the two
diagnostic groups (VS/UWS, MCS) and between sessions (first, second). Moreover, we checked correlation of
patients’ mean EBR with mean P300 amplitude and latency in each task.

The level of significance was set at 0.05 and adjusted for multiple comparisons using the false discovery rate
correction. All analyses were performed using IBM SPSS v.25 (IBM Corp., Armonk, New York, USA).

Ethics. This study was approved by the Ethics Committee of the Medical Faculty at Ludwig-Maximilian Uni-
versity Munich. Written informed consent for the participation in the study was provided by all patients’ sur-
rogate decision-makers. This study complies with Declaration of Helsinki.
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Patient Gender gﬁ;rs) Clinical diagnosis | Etiology ’(rnlznths) S;Rofek CRS-Rindex | CRS-R assessments (n) | Brain lesion location

1* M 29 VS/UWS Anoxic 39 5(1-0-2-1-0-1) 4.50 2 NA

2 M 56 VS/UWS Anoxic 1.6 4 (0-0-2-1-0-1) 3.46 2 Bilateral parieto-occipital

3* M 62 VS/UWS Anoxic 1.3 5(1-0-2-1-0-1) 4.50 4 Global

4 M 38 VS/UWS TBI 4.8 6 (0-1-2-1-0-2) 4.84 2 Left ICH

5% F 66 VS/UWS Anoxic 1.6 6 (1-0-2-1-0-2) 4.84 3 Global, right cerebellum

6 M 50 VS/UWS Anoxic 1.8 5(0-0-2-1-0-2) 3.80 3 Global

7 M 65 VS/UWS Vascular 2.8 8 (2-1-1-2-0-2) 6.92 3 Global

8 F 24 VS/UWS TBI 10.6 5(1-0-2-1-0-1) 4.50 5 Right SDH

9 F 77 VS/UWS Vascular 1.4 6 (1-1-2-1-0-1) 5.54 4 Left parietal, basal ganglia

10 M 36 VS/UWS Anoxic 1.0 5(1-0-2-1-0-1) 4.50 5 Global

11 M 23 MCS+ TBI 79.4 9 (3-0-2-1-1-2) 14.22 4 Right parietal

12* M 68 MCS + Vascular 1.1 15 (3-4-4-2-0-2) | 49.65 2 Right middle cerebral artery

13 M 33 MCS+ TBI 15.2 8(3-1-1-0-1-2) 13.18 2 Global, right SDH

14+ M 54 MCS- Anoxic | 12 10 (2-1-5-1-0-1) | 23.26 3 ;};’1’2 ?;111 sub-acute infarction right

15* M 62 MCS- Anoxic 52 10 (2-0-5-1-0-2) 22.55 3 Global

16* F 57 MCS + Vascular 1.4 11 (2-3-2-1-1-2) |23.60 2 Right SAH

174 M 58 MCS- Vascular | 16 12 (2-3-5-0-0-2) | 39.23 3 ;ffcfrayn;ﬁfazgfgﬁggf cerebral
Left SAH, right epidural hema-

18* M 60 MCS- TBI 1.6 14 (2-3-5-2-0-2) | 49.65 3 toma; bi-hemispherical contusion
bleeding

19* M 66 MCS- Anoxic 1.5 10 (2-3-2-1-0-2) | 49.65 3 Global
Left anterior and middle cerebral

20% F 48 MCS- Vascular 2.0 8 (1-3-2-0-0-2) 23.60 3 artery, right anterior cerebral
artery, left occipital

21 F 79 MCS+ TBI 4.6 18 (3-5-5-2-1-2) | 66.32 5 Right fronto-tempo-parietal

22 M 27 MCS+ Vascular 14 18 (4-4-4-3-1-2) |66.32 4 Posterior
Bi-hemispherical frontal and basal

23 M 33 MCS + TBI 33 13 (3-5-2-1-0-2) | 48.61 4 ganglia, left thalamic, fronto-
parietal SDH

24 M 72 MCs- Vascular 3.0 13 (2-3-5-1-0-2) | 40.27 6 right SAH, right SDH

Table 1. Characteristics of the patients. Patients” best CRS-R total score (and relative sub-scores: auditory-
visual-motor-oromotor/verbal-communication-arousal) out of the repeated examination is reported.

The asterisk * indicates the patients who completed the full oddball paradigm. Abbreviations: TPI="Time
Post-Injury; CRS-R = Coma Recovery Scale-Revised; M = Male; F = Female; VS/UWS = Vegetative State/
Unresponsive Wakefulness Syndrome; MCS = Minimally Conscious State; TBI = Traumatic Brain Injury;

NA =Not Available; ICH =Intra-Cerebral Hemorrhage; SDH = Sub-Dural Hemorrhage; SAH = Sub-Arachnoid
Hemorrhage.

Results

Patient sample. Out of 63 patients with DoC consecutively screened for the study, we enrolled a conveni-
ence sample of 24 patients with prolonged DoC (see Supplementary Fig. S1 online), 10 in VS/UWS and 14 in
MCS due to traumatic (n="7), anoxic (n=9), or vascular (n=8) etiologies (Table 1; no case related to CoViD-19).

Two patients in VS/UWS (patients 3 and 6) and one patient in MCS (patient 17), included in the present
sample, were on dopamine-agonists (amantadine) when the experimental sessions took place.

For 12/24 patients (50%; 5/10 VS/UWS; 7/14 MCS) at least one experimental session had been postponed
due to patients’ agitation or tiredness, or to logistical issues.

The two diagnostic groups did not differ in terms of sex (x>=0.23; df = 1; adjusted p=0.78), age (U=65.0;
adjusted p=0.91), etiology (x*=3.72; df=2; adjusted p=0.25), TPI (U=65.0; adjusted p=0.91), time between
sessions (U=>55.0; adjusted p=0.53), and oromotor/verbal (U =60.5; adjusted p=0.75), communication (U =45.0;
adjusted p=0.24), and arousal (U =33.0; adjusted p=0.08) CRS-R sub-scores (Table 2). Patients in MCS showed
a higher auditory (U =4.0; adjusted p <0.001), visual (U =16.0; adjusted p=0.005), and motor (U =27.5; adjusted
p=0.04) CRS-R sub-scores than patients in VS/UWS.

Eye blink rate atrest. The inter-rater agreement for patients’ EBR was very high for both the first (ICC for
average measure=0.990 [95% CI=0.976-0.996]; F ,; 3= 97.07; adjusted p<0.001) and the second (ICC=0.990
[0.978-0.996]; F(13,3=103.28; adjusted p<0.001) session. Similarly, the inter-measure agreement for EBR
detected by clinical observation and by EOG inspection was high for both the first ICC=0.973 [0.938-0.999];
F3,23y=37.31; adjusted p<0.001) and the second (ICC=0.984 [0.963-0.993]; F(y3,;)=62.06; adjusted p<0.001)
session.
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Total VS/UWS MCS

(n=24) (n=10) (n=14) Adjusted p
Sex (M/F) 18/6 7/3 11/3 .78
Age (years) 51.8+17.3 50.3+17.8 529+17.5 91
Etiology (TBI/vascular/anoxic) 7/8/9 2/2/6 5/6/3 25
TPI (months) 6.4+15.9 3.1+29 8.7+20.7 91
CRS-R auditory sub-score 2(2) 1(1) 2(1) <.001
CRS-R visual sub-score 1(4) 0(1) 3(3) .005
CRS-R motor sub-score 2(3) 2(0) 4.5 (3) .04
CRS-R oromotor/verbal sub-score 1(1) 1(0) 1(1) .75
CRS-R communication sub-score 0(0) 0(0) 0(1) 24
CRS-R arousal sub-score 2(1) 1(1) 2(0) .08
Time between sessions (days) 5.0+3.9 6.3+5.1 4.1+2.6 .53

Table 2. Patients’ characteristics as a function of clinical diagnosis. Descriptive data are reported as

mean + standard deviation for continuous variables, as median (inter-quartile range) for ordinal variables and
as counts for categorical variables. Patients’ best CRS-R index and sub-scores out of the repeated examination
is reported. Univariate statistics are based upon the Mann-Whitney U test or x* test, as appropriate. p

values was adjusted with the false discovery rate correction. Significant differences are reported in bold.
Abbreviations: VS/UWS = Vegetative State/Unresponsive Wakefulness Syndrome; MCS = Minimally Conscious
State; M = Male; F = Female; TBI = Traumatic Brain Injury; TPI=Time Post-Injury; CRS-R = Coma Recovery
Scale-Revised.

Raw EBR at rest was consistently higher in MCS than in VS/UWS group; mean variability between the first
and second session was 3.8 blink/min (SE=2.5), with non-significant differences (U=41.0; adjusted p=0.17)
between VS/UWS (mean=-1.7; SE=2.5) and MCS (mean ="7.8; SE=3.7; see Fig. 1 for mean and individual EBR
in the two sessions).

The analysis on EBR at rest showed a significant difference between diagnostic groups in both the first (VS/
UWS: mean =8.05; SE=3.10; MCS: mean=17.99; SE=3.39; U=25.0; adjusted p=0.03) and the second session
(VS/UWS: mean =6.35; SE=1.82; MCS: mean =25.80; SE=3.97; U=8.0; adjusted p <0.001).

EBR did not differ significantly between the two sessions in either the complete sample (Z=-1.44; adjusted
p=0.24) or in the single diagnostic sub-groups (VS/UWS: Z =-0.25; adjusted p=0.91; MCS: Z=-1.79; adjusted
p=0.16).

The mean EBR at rest correlated significantly with the best CRS-R index (p = 0.60; adjusted p=0.005; Fig. 2),
and with the CRS-R auditory sub-score (1,=0.58; adjusted p <0.001), whereas no significant correlations were
observed with age (p=-0.02; adjusted p=0.96), TPI (p=-0.04; adjusted p=0.92), sex (r,,=-0.21; adjusted
p=0.44), etiology (r,,=-0.13; adjusted p=0.70), dopaminergic therapy (r,, =-0.08; adjusted p=0.86), or with
CRS-R visual (1,=0.28; adjusted p=0.15), motor (1, =0.29; adjusted p=0.17), oromotor/verbal (1, =0.08; adjusted
p=0.77), communication (1, =0.35; adjusted p=0.11), and arousal (1, =0.33; adjusted p =0.14) sub-scores.

The correlation between the EBR collected in the first session and the respective CRS-R index did not reach
statistical significance (p =0.40; adjusted p =0.08), whereas the EBR collected in the second session significantly
correlated with the CRS-R index collected in the second session (p=0.68; adjusted p <0.001).

Eye blink rate as a function of cognitive load. Out of the overall sample, three patients (patients 2, 4, 6
in VS/UWS) were excluded from the oddball paradigm due to their absence of response to the CRS-R auditory
sub-scale. Patients 7-10 in VS/UWS and patients 11 and 21-24 in MCS were also excluded due to constraints
related to the current CoViD-19 pandemic. Patient 13 in MCS underwent the full paradigm but was excluded
from the analysis due to low arousal during the first session, and the impossibility to perform recording in fol-
lowing days. Therefore, 11 patients (patients 1, 3, 5 in VS/UWS; and patients 12, 14-20 in MCS; see Table 1)
completed the whole paradigm including the oddball task.

This sub-group of patients did not differ from the remaining patients of the overall sample in any demo-
graphic, anamnestic or clinical characteristic (all adjusted p>0.05).

Considering data from all patients across sessions, mean EBR significantly differed between the two diag-
nostic groups (U=0.0; adjusted p=0.04), as it was higher in MCS (mean =22.00; SE=4.75) than in VS/UWS
(mean=3.70; SE=1.46). EBR did not differ significantly between the two sessions either in the whole DoC group
(Z=-1.51; adjusted p=0.22) or in single diagnostic sub-groups (VS/UWS: Z=-1.07; adjusted p=0.41; MCS:
7 =-1.26; adjusted p=0.31). Similarly, EBR did not differ significantly across the three phases of the task in either
the whole group (x*=2.36; df=2; adjusted p=0.43) or in single diagnostic sub-groups (VS/UWS: x*=0.67; df=2;
adjusted p=0.86; MCS: x*=3.00; df=2; adjusted p=0.33; Fig. 3).

Concerning data from all patients within sessions, EBR was higher in patients in MCS than in patients in
VS/UWS in both sessions, but the difference between the two groups reached the significance threshold in the
second session only (first session: U=2.0; adjusted p=0.12; second session: U= 0.0; adjusted p=0.04). Moreover,
patients in MCS showed a significantly higher EBR than patients in VS/UWS in all the three phases of the task
(all adjusted p <0.05).
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Figure 1. Patients’ mean and individual EBR as a function of the session (first, second) in the two diagnostic
groups (VS/UWS, MCS). The void symbols depict patients in VS/UWS, whereas the filled symbols refer

to patients in MCS. Error bars display standard errors corrected for within-subject design. Abbreviations:
EBR =Eye Blink Rate; VS/UWS = Vegetative State/Unresponsive Wakefulness Syndrome; MCS = Minimally
Conscious State.

EBR collected in each phase of the two sessions correlated significantly with EBR collected in the other phase
within the same session, but not across sessions (see Supplementary Table S1 online).

Event-related potentials. Analysis of P300 was performed on a sub-sample of 10 patients, since EEG
recording from one patient (patient 19) was excluded due to presence of artefacts.

A visually detectable P300 in response to target stimuli was observed only in three MCS patients (patients
14, 16, 18). Mean number of epochs accepted for analysis of P300 was 187+ 119 (range: 36-367) in the passive
task and 169 + 112 (range: 50-387) in the active task.

The two diagnostic groups did not differ significantly in amplitude (U =5.0; adjusted p=0.24) or latency
(U=11.0; adjusted p=0.92) of the ERPs. Similarly, there were no significant differences across sessions in both
amplitude (Z=0.00; adjusted p=0.99) or latency (Z=-1.69; adjusted p=0.17; see Supplementary Table S2 online
for patients’ mean amplitude and latency values).

No significant correlation was found between P300 amplitude or latency and EBR in either task (all adjusted
p>0.05).
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Figure 2. Scatter plot displaying the correlation between patients’ best CRS-R index and mean resting EBR
across sessions. The void symbols depict patients in VS/UWS, whereas the filled symbols refer to patients in
MCS. Abbreviations: EBR = Eye Blink Rate; CRS-R=Coma Recovery Scale-Revised.
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Figure 3. Patients’ (n=11) EBR as a function of the task (passive, active) and the phase (Rest 1, Oddball, Rest
2) in the two diagnostic groups (VS/UWS, MCS). Error bars display standard errors corrected for within-
subject design. EBR was significantly different between diagnostic groups (adjusted p=.04), but no significant
differences were observed within groups across tasks and phases (all adjusted p>.05). Abbreviations: EBR=Eye
Blink Rate; VS/UWS = Vegetative State/Unresponsive Wakefulness Syndrome; MCS = Minimally Conscious
State.
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Discussion

In the present cross-sectional study, we observed a significantly higher EBR in the MCS than in the VS/UWS
group. In a sub-group of patients, the experimental manipulation of tasks’ cognitive load did not exert any
effect on patients’ EBR irrespective of clinical diagnosis. At group level, patients’ mean EBR was found to be
quite stable across phases within each experimental session. Nonetheless, some variability was observed across
sessions at individual level in both VS/UWS and MCS, and might be ascribed to small fluctuations in arousal
and/or fatigue'.

The difference in EBR between VS/UWS and MCS could not be ascribed to demographic or anamnestic
characteristics (i.e. age, sex, etiology, and TPI), that did not differ between the two diagnostic groups and did not
correlate with EBR. Similarly, it is unlikely that differences in EBR between the two groups could be explained
by the arousal level, as the CRS-R arousal sub-score did not differ significantly between VS/UWS and MCS
patients and did not correlate significantly with EBR. Moreover, differences in EBR between VS/UWS and MCS
could not be explained by pharmacological treatment, as in the three patients (two in VS/UWS; one in MCS),
who were treated with dopaminergic drugs during the study, EBR did not differ from other patients of their
respective diagnostic group.

It is well accepted that spontaneous eye blinks not only serve the lubrication of the corneal surface, but are
affected by several variables including cognitive states’. Indeed, three or four blinks/min are thought to be suf-
ficient for preserving the corneal tear film*, whereas mean EBR of healthy individuals is usually higher®. In our
study, the considerably low EBR shown by patients in VS/UWS seemed to be very similar to that necessary for
maintaining eye hydration, and might be interpreted as a basic spontaneous physiologic reflex triggered by dry
spots appearing on the corneal epithelium?!, with little or no additional influence of cognitive activity.

The neurobiological factor underlying the significantly higher spontaneous EBR in MCS than in VS/UWS
is probably represented by dopaminergic activity. Indeed, there is evidence that dopamine modulates EBR in
healthy and brain-damaged individuals®*>. Dopamine has a critical role in controlling arousal and attentional
systems™, too, and several studies linked a higher EBR to higher attentional resources involved in a cognitive
activity'’*°. On this basis, we could speculate that the higher EBR in MCS, compared to VS/UWS, is an index of
patients’ relatively spared cortico-subcortical dopaminergic projections®, which are likely related to the minimal
but definite behavioural evidence of self and environment awareness in MCS®.

In the present study, we reduced the EEG montage time and the discomfort for patients by using an EEG
cap rather than employing single electrodes. Nonetheless, the experimental setting and the montage of EEG cap
could still induce some level of discomfort in patients. The higher EBR observed in MCS with respect to VS/
UWS might be interpreted as related to a higher sensitivity of patients in MCS to distress, and thus could inform
about the level of responsiveness rather than directly reflect different levels of consciousness. Future studies
could test this alternative hypothesis by comparing patients’ EBR collected by EEG and by clinical observation
on different sessions.

On a behavioural level, patients in MCS exhibit a greater tendency to visually explore the surrounding envi-
ronment, in comparison to patients in VS/UWS. Indeed, an intentional behaviour frequently shown by patients
in MCS consists in visually pursuing and/or fixating environmental or salient stimuli***. The visual exploration
behaviour of patients in MCS might involve a broad scan of the environment through several large saccades™,
which are often accompanied by blinks*, thus contributing to increase EBR in MCS. Moreover, in healthy indi-
viduals spontaneous blinking at rest is thought to improve environmental monitoring by systematically compar-
ing the image appearing at the eyelid opening with its mnestic trace stored at the moment of eyelid closure®, in
line with the so-called “sentinel theory”. Interestingly, electrophysiological studies identified EEG delta and
alpha activity phase- and time-locked to spontaneous blinking (i.e. blink-related oscillations, BRO) in healthy
individuals, which is correlated to activity in the posterior cingulate cortex/precuneus (PCC/PCu)**4. Previous
studies showed that delta BRO are very low in both VS/UWS and MCS patients*', whereas alpha BRO are lower
in VS/UWS than in MCS and healthy controls, with patients in MCS showing an intermediate signal intensity
on the PCC/PCu with respect to VS/UWS and healthy controls*. We could not collect these electrophysiologi-
cal measures in the present study, but searched for relationships between EBR and the CRS-R visual sub-scale,
which includes items for assessing visual pursuit and fixation (associated with visual exploration behaviour).
Although patients in VS/UWS and MCS differed significantly in their CRS-R visual sub-scores, the correlation
between EBR and the CRS-R visual sub-score did not reach the significance level. This was probably related to
the presence of other unexplored factors influencing EBR, i.e. in one patient in MCS (patient 15) who did not
exhibit any visual response at the repeated CRS-R in spite of a high EBR. Nonetheless, it is plausible that the visual
exploration behavior and BRO might help to explain the higher EBR in MCS compared to VS/UWS, although
these considerations should be tested specifically.

It is also important to consider that the CRS-R visual sub-scale includes an item assessing the blink reflex
to visual threat. The lack of significant correlation between EBR and the CRS-R visual sub-score could also be
explained by the difference in the neural mechanisms controlling blink reflex and spontaneous blinking. Indeed,
blink reflex is elicited by multisensory inputs through the brainstem reticular formation to the facial nerve
nucleus or adjacent structures*?, whereas spontaneous blinking is thought to be modulated by dopaminergic
activity in the basal ganglia® and related with activity in several cortical regions, particularly those involved in
the brain default mode network*>*,

The role of EBR as a supplementary source of information in discriminating between diagnostic categories
of prolonged DoC was supported by the significant positive correlation found between EBR and the CRS-R
index that, as recalled above, provides reliable information about the patient’s overall level of responsiveness®.
However, this correlation was stronger for data collected during the second than during the first session, likely
in relation to small fluctuations in arousal and/or fatigue in patients in MCS, not significant at a group level.
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Our findings are partly similar to those reported by Bonfiglio et al.** in a sample of thirteen patients with

DoC classified as being in ‘persistent vegetative state’ (PVS; roughly corresponding to our patients in VS/UWYS)
or not (non-PVS; including patients in MCS and patients who were emerging from MCS) based on their score
at the Glasgow Outcome Scale (GOS)*®. Mean resting EBR at study entry collected in Bonfiglio et al’s non-PVS
patients (around 15 blink/min) did not differ substantially from that we recorded in our patients in MCS (it was
a little higher in our patients, likely in relation to the recording setting: our patients wore an EEG cap, Bonfiglio
et al’s patients did not). At variance, mean EBR differed markedly between Bonfiglio et al’s patients in PVS
(who showed the highest values in the study, around 17 blink/min, similar to EBR exhibited by our patients in
MCS) and our patients in VS (who showed the lowest values). It is hard to reconcile these different findings,
but this apparent discrepancy could be explained by differences in diagnostic criteria (GOS in Bonfiglio et al.,
with possible misdiagnosis of patients in MCS, vs. CRS-R here) and in time post-injury. Indeed, Bonfiglio et al.
examined a quite heterogeneous sample of patients in VS (mean months after onset: 16.7; median: 6.5; range:
1-72; only one patient assessed at 2 months post-onset, and the others at 6 or more) whereas our sample mostly
included patients at their first admission in a rehabilitation unit after the acute phase post-injury (mean months
after onset: 3.1; median: 1.7; range: 1-10; all patients but one assessed within 5 months post-onset). As in their
study*® Bonfiglio et al. observed significant changes of EBR during hospitalization (i.e. in 2-3 months after study
entry) in some patients, the huge differences in TPI in the two samples of patients in VS/UWS might really play
a relevant role in explaining the differences between the studies. Therefore, the potential clinical diagnostic
implications of EBR and its evolution over time in DoC, also as a function of the clinical diagnosis, need further
evidence to be fully comprehended.

The auditory oddball paradigm used here has been found to increase the EBR as a function of the task’s cogni-
tive load in healthy participants'®. Here this effect could not be observed: patients’ EBR remained stable in the rest
and the oddball conditions, as well as in the passive and the active versions of the oddball task. Albeit this could
have been expected for patients in VS/UWS, this finding in MCS was not consistent with our initial hypothesis.
A change in EBR depending on the cognitive load would have demonstrated that the patients were performing
the task correctly. These findings would therefore suggest that most patients in our sample were not performing
or were not able to perform the task, thus making the manipulation of cognitive load ineffective. This inference
was supported by ERPs data. Previous evidence showed that ERPs, and specifically the P300, could provide an
online indication of cortical processing in DoC*¥, and differences in the P300 amplitude and latency between
passive and active tasks could be interpreted as a sign that patients are voluntarily trying to perform the task?.
Instead, the present results showed no significant differences in the characteristics of the P300 between the passive
and the active condition of the oddball task, even in patients showing language-related behaviours (i.e. patients
in MCS+%: patients 12 and 16). Moreover, we did not find a significant correlation between P300 characteristics
and EBR. In this respect it is worth mentioning that both P300 and EBR are supposed to be indices of attention
and to be modulated by dopaminergic activity, but P300 and EBR could be controlled by different mechanisms.
In particular, EBR seems to depend on a wide central dopaminergic system*?, whereas P300 could be mediated by
a specific mesocortico-limbic dopaminergic action®’. Accordingly, a recent study on healthy participants showed
that EBR did not correlate with the P300 recorded during an oddball or a Go/No-Go™ task. Taken together, ERPs
data were consistent with the idea that patients of either group did not perform the task as requested.

The accomplishment of the oddball paradigm might be potentially hindered by co-occurrence of cognitive
impairments. Indeed, here we use the umbrella term ‘cognitive load’ to define the attentional and cognitive
demands required by the oddball tasks compared to rest, and in particular by the active compared to the passive
task. However, the active oddball task actually implied several cognitive processes, such as sustained attention
(i.e. trying not to miss any tone’!), selective attention (i.e. distinguishing target from non-target tones®?), and
working memory (i.e. keeping in mind the count of target tones®). Each of these processes can be selectively
impaired in severely brain-injured patients, and our paradigm could not allow to differentiate among them.
Moreover, it should be considered the possible presence of aphasia in some patients, and in particular those with
a brain lesion to left hemisphere (e.g. patients 17, 18, 20), which could have led to inability to understand task
instructions. Further studies should investigate whether the expected effect of cognitive load could be identified
in patients with Locked-In Syndrome (LIS; i.e. full consciousness but severe or complete motor impairment),
and whether it would help in discriminating LIS from DoC>*.

This study has several possible limitations. First, blindness to patients’ clinical diagnosis could not be assured
for the researcher who evaluated EBR during the experimental sessions. However, we reduced the possible
examiner-related bias by means of an off-line EOG check performed by two independent researchers with high
inter-rater agreement.

Second, here we used a fixed order of the tasks, with the passive task always preceding the active task. This pro-
cedure was based on previous literature on healthy individuals'®*>*® and on patients with DoC***"*” suggesting
that performing the active before the passive condition could trigger attending the stimuli also when this is not
requested. In the present study the two conditions were separated by some days, with a possible reduction of such
a carry-over effect, but we preferred to employ the same procedure previously validated on healthy individuals".

Third, we investigated EBR but we did not focus on the description of further characteristics of patients’ eye
blinks (e.g. blink amplitude, variability in intervals between blinks) due to technical constraints.

Fourth, even if we performed experimental sessions in a time of the day poorly affected by somnolence peaks,
some studies suggested that significant differences in patients’ responsiveness can be observed between morning
and afternoon’***. Performing both recording sessions at the same time of the day in all patients could have
limited this possible bias, but was not feasible because of the specific therapeutic needs of the single patients.
Circadian changes in EBR in patients with DoC remain to be fully explored.

Fifth, previous studies® suggested that up to the fourth CRS-R assessment, behavioural fluctuations may still
impact the diagnostic accuracy. Although here patients’ diagnosis was based on clinical evaluation by expert
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neuropsychologists supported by repeated (at least two and up to six) CRS-R assessments, some patients under-
went less than five CRS-R, resulting in a possible misdiagnosis rate ranging from 9 to 24%*.

Finally, we are aware that the results of the present study are based on a relatively small sample size, and are
to be interpreted with caution. Moreover, the small sample size did not allow us to perform solid analyses within
the two diagnostic groups, for instance comparing patients in MCS as a function of complexity of their behaviour
(i.e. MCS- and MCS+)*. Future studies should enrol larger samples to unravel these issues and to confirm the
present results, ascertaining possible sensitivity and specificity of different EBR values in distinguishing VS/
UWS from MCS.

In conclusion, we demonstrated that spontaneous EBR was significantly higher in MCS than in VS/UWS
and correlated positively with patients’ overall level of responsiveness as measured by the CRS-R index. These
findings represent an evidence that, at least at their admission at a rehabilitation unit after the acute phase, EBR
might constitute a diagnostic biomarker for prolonged DoC, easily to be collected at bedside, providing addi-
tional information when some CRS-R sub-scales could not detect conscious behaviours due to patient’s sensory
or motor deficits.

If our results will hold true in larger study populations, a simple and low-burden but decisive clinical marker,
such as counting eye blinks over 3 min, will help to reduce rate of misdiagnosis in DoC patients, without the
need for additional high-tech methods.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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