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Abstract

Unconsciousness in severe acquired brain injury (sABI) patients occurs with
different cognitive and neural profiles. Perturbational approaches, which
enable the estimation of proxies for brain reorganization, have added a new
avenue for investigating the non-behavioural diagnosis of consciousness. In
this prospective observational study, we conducted a comparative analysis of
the topological patterns of heartbeat-evoked potentials (HEP) between patients
experiencing a prolonged disorder of consciousness (pDoC) and patients
emerging from a minimally consciousness state (eMCS). A total of 219 sABI
patients were enrolled, each undergoing a synchronous EEG-ECG resting-state
recording, together with a standardized consciousness diagnosis. A number of
graph metrics were computed before/after the HEP (Before/After) using the
R-peak on the ECG signal. The peak value of the global field power of the
HEP was found to be significantly higher in eMCS patients with no difference
in latency. Power spectrum was not able to discriminate consciousness neither
Before nor After. Node assortativity and global efficiency were found to vary
with different trends at unconsciousness. Lastly, the Perturbational Complex-
ity Index of the HEP was found to be significantly higher in eMCS patients
compared with pDoC. Given that cortical elaboration of peripheral inputs may
serve as a non-behavioural determinant of consciousness, we have devised a
low-cost and translatable technique capable of estimating causal proxies of
brain functionality with an endogenous, non-invasive stimulus. Thus, we pre-
sent an effective means to enhance consciousness assessment by incorporating
the interaction between the autonomic nervous system (ANS) and central ner-
vous system (CNS) into the loop.

Abbreviations: ANS, autonomic nervous system; CRS-R, Coma Recovery Scale-Revised; eMCS, emergence from MCS; GFP, global field power; HEP,
heartbeat-evoked potential; MCS, minimally conscious state; PCI, Perturbational Complexity Index; pDoC, prolonged disorders of consciousness;
PSD, power spectrum density; SABI, severe acquired brain injuries; TMS, transcranial magnetic stimulation; UWS, unresponsive wakefulness

syndrome.
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1 | INTRODUCTION

Prolonged Disorders of consciousness (pDoC) are char-
acterized by alteration in arousal and/or awareness due
to vascular, traumatic, anoxic or other brain damages
lasting more than 28 days. The heterogeneity of beha-
vioural/neural profiles of patients with a pDoC necessi-
tates a standardized assessment, currently relying solely
on behavioural responses only (Bayne et al.,, 2017).
Within the current taxonomy of consciousness, coma is
characterized by the absence of both arousal and aware-
ness, the unresponsive wakefulness syndrome (UWS;
Laureys et al., 2010) by arousal without awareness and
the minimally conscious state (MCS; Bruno et al., 2011)
by reproducible but non-consistent awareness (although
minimal). Finally, patients who present -consistent
awareness with intentional or functional communica-
tion are considered as emergent from the MCS (eMCS).
Those patients often enter in a confusional cognitive
state before recovering (or not) full or partial cognitive
functions.

The Coma Recovery Scale-Revised (CRS-R; Giacino
et al., 2005) hierarchically targeting reflexive behaviour
and cognitively mediated activity (McDonnell et al., 2015)
has been recommended with minor reservations for the
clinical diagnosis by the American Congress of Rehabili-
tation Medicine (Seel et al., 2010). However, given the
multitude of factors influencing the misdiagnosis rate
(up to 40% in pDoC), vigilance fluctuations (Wannez
et al., 2017), impairments in the motor networks (Hakiki,
Cecchi, et al., 2022), associated diseases (Thibaut
et al., 2014) and diffuse pain (Formisano, Contrada,
Aloisi, et al., 2019) need to be acknowledged. To cope
with these risks, authors demonstrated how the repeated
CRS-R administration (Wang et al., 2020; Wannez
et al., 2017), the use of a mirror for the visual pursuit
assessment (Cruse et al., 2017) and the inclusion of auto-
referential stimuli (Bredart et al., 2006; Hermann
et al., 2019; Laureys et al., 2007; Vanhaudenhuyse
et al., 2008) improve responsiveness and diagnostic accu-
racy. In this context, quantitative, non-behaviourally
based neuronal correlates of consciousness have also
been proposed from neuroimaging (Demertzi et al., 2015;
Menon et al., 1998; Owen et al., 2005; Soddu et al., 2012),
central (Casarotto et al.,, 2016; Engemann et al., 2018;
Liuzzi, Grippo, Campagnini, et al., 2022; Liuzzi, Hakiki,
Draghi, et al., 2023; Sitt et al., 2014) and peripheral

(Candia-Rivera et al., 2021; Liuzzi, Campagnini, Hakiki,
et al, 2023; Liuzzi, Grippo, Hakiki, et al., 2022;
Raimondo et al., 2017; Riganello et al., 2018; Riganello
et al., 2021) neurophysiology to probe consciousness
in absence of overt behavioural responses. It has been
highlighted how the neural responses to visceral inputs
contribute to conscious experience in healthy individ-
uals (Liuzzi, Hakiki, Scarpino, et al.,, 2023; Park
et al., 2018; Park & Tallon-Baudry, 2014; Park &
Thayer, 2014). Moreover, it has been suggested that cor-
tical modulation of peripheral body functions is influ-
enced by concurrent cognition (Pernice et al., 2019),
closing the bidirectional peripheral-central loop. In
particular, whenever the input is the cardiac heartbeat,
the evoked brain response is termed heartbeat-evoked
potential (HEP). Candia-Rivera et al. showed how
multivariate models trained on HEP-locked Electroen-
cephalography (EEG) segments improve consciousness
diagnosis with respect to random EEG segments, con-
firming the fundamental role of brain-heart interplay
(Candia-Rivera et al., 2021).

Despite the high number of correlates of conscious-
ness found in literature, the only marker successfully dis-
tinguishing consciousness levels is the Perturbational
Complexity Index (PCI), inspired on the Integrated Infor-
mation Theory by Tononi et al. (2016). The PCI targets
the ability of the thalamocortical system to differentiate
and integrate the information efficiently, assessing the
spatio-temporal compression complexity of the electro-
cortical response. However, such approach is based on a
combination of transcranial magnetic stimulation (TMS)
and EEG, which is more discomfortable, costly and with
more exclusion criteria for sABI patients than electrocar-
diogram (ECG) recordings.

Therefore, following this line of inquiry, in this
study, the fundamental hypothesis was based on a
parallel between the HEP (cardiac beat) and the TMS-
Evoked Potential (TEP). The first is an internally con-
ducted (endogenous) stimulus, and the second is an
exogenous magnetic pulse. In particular, we tested
whether the re-organization following the HEP is
related to the consciousness level and therefore to the
integration capabilities of the brain repertoires. Opera-
tionally, we therefore aimed to compare brain metrics
(spectral, graph-based, PCI) related to the HEP between
patients with/without a pDoC in a large cohort of
patients with an sABIL
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2 | MATERIALS AND METHODS

2.1 | Study design and data collection
This study is a prospective observational analysis within
the framework of the PRABI study (Hakiki, Donnini,
et al., 2022). It included sABI patients admitted to IRCCS
Fondazione Don Carlo Gnocchi Firenze from 1 January
2020 to 31 December 2022. Inclusion criteria were diag-
nosis of an sABI and adult age (>18). Approval from the
local Ethical Committee was obtained (N. 166060SS) and
enrolment was done following the Helsinki Declaration.
Patients were included after obtaining a written consent
signed by a legal guardian.

Demographics information (age, sex) and clinical
characteristics, including the clinical diagnosis of con-
sciousness at admission, were recorded. The latter was
based on the maximal value across at least five consecu-
tive CRS-R evaluations on five different days by skilled
evaluators (neurologists, speech therapists) with five or
more years of experience, using recommendations to
reduce the risk of misdiagnosis (e.g., use of a mirror and
caregiver involvement; Formisano, Contrada, Iosa,
et al., 2019; Vanhaudenhuyse et al., 2008).

EEG recordings based on the 10-20 International
Standard System were performed using a digital
machine (Gal NT, EBNeuro). An EEG prewired head
cap, with 19 electrodes’ (Fpl-Fp2-F7-F8-F3-F4-C3-C4-
T3-T4-P3-P4-T5-T6-01-02-Fz-Cz-Pz) set was adopted
with previously proposed EEG recording parameters
(Scarpino et al., 2020) at a sample rate of 128 Hz. A
synchronous ECG recording was performed via two
electrodes applied to the right and left of the heart at a
sample rate of 128 Hz. Closed-eyes polygraphy record-
ings included an initial 10-min resting-state part and
20 min of randomly administered stimuli (used in clini-
cal practice to assess reactivity, variability and, in gen-
eral, cortical responsiveness of the patient).

2.2 | Data pre-processing
The resting-state portion of the recording was retained
for further analysis. Each 10-min recording underwent
visual inspection by expert neurophysiologists to identify
excessive movement noise. The patient was included for
further analysis only if at least five consecutive minutes
of clean resting-state EEG were identified during this
review. The starting and ending points of the 5-min
section were manually selected and used to crop the poly-
graphy recording.

EEG unipolar recordings were re-referenced to the
grand average and high-pass filtered using the MNE
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library (Gramfort et al., 2013) (zero-phase FIR filter at
1 Hz with a Hamming’s window as suggested by the
PREP pipeline; Bigdely-Shamlo et al., 2015). Infinite-
impulse-response notch (50 Hz) filtering was sub-
sequently applied to further remove power line
disturbance. The initial 5s of the recording was dis-
carded to reject transitory artefacts. Channels exhibit-
ing persistent excessive or uncorrelated noise were
identified based on PREP criteria and interpolated by
means of spherical spline interpolation (Freeden, 1984)
using the MNE library. Lastly, the extended InfoMax
independent component analysis (ICA) method was
applied, and the independent components (ICs) were
automatically labelled using the MNE-ICALabel library
(Li et al., 2022) (Figure 1). Specifically, a neural-
network classifier trained on crowd-sourced data, based
on the Matlab ICLabel implementation, was used to
select the excluded ICs. Only ICs labelled as brain with
a confidence higher than 80% were retained. Channel-
level data were then reconstructed from the IC spaces
after including only brain data. From the clean
electrode-wise signal, power spectral density (PSD) fre-
quency peaks were extracted. Evoked data were aver-
aged across trials to obtain the average evoked response
per patient, and the results were also reported via topo-
graphic interpolation (topo-maps) at steps of 0.1 s.
From each averaged evoked data, the global field power
was computed as GFP=std(x,(t))Vt€ T, representing
the spatial standard deviation of the EEG recording, with
xn(t) the EEG recording of the n-th channel. Peak values
(in pV) and the related latencies (s) of the GFP were com-
puted for each patient. Additionally, the peak/latency
values of the averaged GFP within patient’s group were
computed.

The ECG signal was initially filtered using a high
pass 5th-order Butterworth filter at 0.5 Hz followed by
the same notch filter applied to EEG data. Tachogram
was extracted using the Python library NeuroKit2, and
it was visually inspected for missing beats (Makowski
et al., 2021). R-peaks were identified and rejected
whenever fell within +5 s from a manual annotation of
EEG artefact added during the recording by the
neurophysiopathologist.

2.3 | Functional connectivity estimation

Using the time points of the retained R-peaks (t*), two dif-
ferent windows (i.e., Before: t*; t* + 0.25s and After: t*
+ 0.25s; t* 4+ 0.5 s) were employed to extract segments of
synchronous EEG-ECG recordings, conditioned to previous
findings on the HER-timing (Luft & Bhattacharya, 2015;
Park et al., 2018; Park & Thayer, 2014). Within the interval
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FIGURE 1 Work pipeline. EEG and ECG recording, pre-processing and artefact rejection are reported in panels (a) and (b),
respectively. In panel (c), the estimation of functional connectivity matrixes and the related graph metrics (conditioned to the R-peaks) is
reported. ciPLV, corrected imaginary phase locking value; ECG, electrocardiography; EEG, electroencephalography; ICA, independent

component analysis; PCA, principal component analysis.

After, the peak of the HEP itself and a window of ~0.2 s
right after the peak are included. Before is termed in this
manner, since it corresponds to the portion of data before
the HEP peak, but given the inherent cyclicity of the heart
rhythm, each Before segment can also be considered as a
‘Much after’ segment of the previous After segment. Each
EEG electrode was used as a node for the definition of the
brain graph model. Weighted edges were set between each
nodes’ pairs computing mutual information (MI) following
Tzannes and Noonan, resulting in a 19 x 19 connectivity

matrix for each segment and each window. In particular,
the estimation of probability distributions was done in each
window using equi-populated bins as suggested by Magri
et al. (2009), with the number of bins following Sturge’s rule
(Scott, 2009) and previous work on this topic (Liuzzi,
Hakiki, Scarpino, et al., 2023). For a detailed explanation of
the computation process, we send the reader to Liuzzi et al.
(Liuzzi, Hakiki, Scarpino, et al., 2023). Because of the intrin-
sic (non-negative) undirected nature of the measure, the
resulting connectivity matrixes were lower triangular. The
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values on the main diagonals were set to zero to avoid
self-loops. Graph metrics were computed on the weighted
connectivity matrix to obtain density-independent values.
In particular, via custom Python code and the library
NetworkX (Hagberg et al., 2008), the following metrics
were computed for each patient and window: edge
betweenness centrality, node betweenness centrality,
closeness centrality, clustering coefficient, normalized
degree assortativity and global efficiency. Global
efficiency was computed by taking the inverse of the
shortest path length using Dijkstra’s method for weighted
graphs.

2.4 | PCIcomputation

PCI was computed using the Python implementation of
Comolatti and Casali (Comolatti et al., 2019) using as
baseline window Before and as response window After.
As in the manuscript, the percentage of variance
accounted for by the selected principal components
was set to 0.99, the minimum signal-to-noise ratio to
retain a principal component was set to 1.1. Noise con-
trol parameter k and the number of steps were set to
1.2 and 100.

2.5 | Statistical analysis
Descriptive statistics were reported in terms of medians
and interquartile ranges (IQR) for continuous variables
and in terms of counts and percentages for categorical
variables. The outcome was set to the presence of a pDoC
(versus eMCS patients). Evoked data were then grouped
between outcome groups. GFP peaks and related laten-
cies were compared between outcome groups via Mann-
Whitney tests. Evoked data, taken at the GFP peaks’
timing, were compared between the two groups via
Mann-Whitney tests and corrected for multiple compari-
sons (N, = 19), to evaluate significant differences at the
channel level.

Graphs’ metrics computed on the full window [¢*; t*
+ 0.5 s] were compared between pDoC and eMCS
patients, through the use of Mann-Whitney (or ¢-) tests
(conditioned to normality results). Then, metrics com-
puted on the two separated segments ([t*; £* + 0.25 s]
and [t* 4+ 0.25 s; t* + 0.5 s]) were compared (between the
two segments) via paired-samples Wilcoxon Sum Rank
tests (or t-) tests (conditioned to normality results).
Lastly, a two-way mixed ANOVA was performed with
between-factor set to presence/absence of a pDoC
and within-factor set to the computation window.
Greenhouse-Geisser corrected p-value is provided

T Wiy

conditioned to the results of Mauchly’s test of sphericity.
Partial #> was used as effect size measure. All tests were
performed on SPSS v. 27, and significance level a was set
to 0.05 for all tests.

3 | RESULTS

3.1 | Cohort and pre-processing
Two-hundred seventy-five patients were enrolled in the
study, of which 12 were discarded due to missing clinical
data, 34 due to the absence of the ECG recording and
10 due to the limited number of detected R-peaks
(NRypeaks < 50), resulting in 219 sABI patients (Figure 2).
The included cohort (median [IQR], age: 66 years [Owen
et al., 2005], TPO: 39 [Engemann et al., 2018]) was com-
posed of 119 eMCS patients and 97 patients with a pDoC
(Table 1). Recordings had a median length of 5.18 min
[IQR = 0.45] with a median number of R-peaks of
355 [IQR =105.5] and median HR of 74.6 BPM
[IQR = 21.41]. No significant differences were found
when comparing the number of peaks and HR between
pDoC and eMCS patients (Figure 3, p > 0.05, Mann-
Whitney).

275 sABI patients

12 excluded
» - missing clinical
h 4 data
263 sABI patients
34 excluded
v - absence of ECG

229 sABI patients

13 excluded
I - less than 50 Rqs
-Nic<2

216 sABI patients

I
v v

119 eMCS patients

A\ 4

97 pDoC patients

FIGURE 2 Enrolment flowchart with exclusion reasons.
eMCS, emergence from minimally conscious state; pDoC,
prolonged disorder of consciousness; SABI, severe acquired brain
injuries.
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Interpolation was performed on 162 channels
(3.95% of all channels) with an average of 0.75 chan-
nels interpolated per patient (std = 0.97). O1, 02 and
T5 were interpolated 21 (12.9%), 21 (12.9%) and
18 (11.1%) times, respectively (Figure 4c) with only
nine times O1 and O2 being interpolated in the same
patient. For what concerns IC removal, the median
number of excluded components resulted equal to

TABLE 1 Descriptive statistics of the cohort.
pDoC (N = 97) eMCS (N = 119)
Age, years 68 [19] 65 [19]
Sex, F 37(38.1) 50 (41.0)
TPO, days 40 [21] 38 [24]
Etiology
TBI 20 (21.1) 32(26.7)
Anoxic 11 (11.6) 4(3.3)
Ischemic 20 (21.1) 23(19.2)
Vascular 42 (44.2) 53 (44.2)
CRS-R, points 8 (7] 23 [1]
Auditory 2[2] 4[2]
Visual 2 (2] 53]
Motor 2 (2] 6 [0]
Oro-motor 1[0] 3[3]
Communication 0[1] 2[0]
Arousal 2 (1] 3[0]
ERBI, points —275[0] —275 [38]

Note: Median and interquartile ranges (in square brackets) are reported for
numerical variables, whereas counts and percentages (in parenthesis) are
reported for categorical variables.

Abbreviations: CRS-R, Coma Recovery Scale-Revised; eMCS, emergence
from minimally conscious state; ERBI, Early Rehabilitation Barthel Index;
F, females; pDoC, prolonged disorders of consciousness; TBI, traumatic
brain injury; TPO: time post-onset.

13 [IQR = 4], compared with 9 [IQR = 3] when includ-
ing all ICs independently from the labelling confidence
(Figure 4a). However, such more aggressive IC removal
strategy did not influence differently eMCS (median

13 [IQR =3]) and pDoC (median 13 [IQR = 3])
patients (Mann-Whitney p = 0.123, U = 6469.500,
Figure 4b).

3.2 | HEP spectral analysis

EEG power spectrum was computed with the Welch
method Before and After within the low-frequency band-
width (6 and ) and the high-frequency bandwidth
(a and p). No significant differences were found between
eMCS and pDoC patients in both bandwidths and win-
dows (<8 Hz/Before: p = 0.351; <8 Hz/After: p = 0.964;
8-30 Hz/Before: p = 0.570; 8-30 Hz/After: p = 0.651,
Figure 5).

However, patients were found to have a higher abso-
lute power in the During window both in the <8 Hz band
(p <0.001, U=29978.000) and in the 8-30 Hz band
(p <0.001, U =27944.000). Via a two-way mixed
ANOVA, the interaction between windows (within fac-
tor) and consciousness (between factor) was found to be
not significant at low (p = 0.192, F = 1.706) and at high
(p = 0471, F = 0.520) frequencies. Also combining the
frequency range (1-30 Hz) resulted in a non-significant
interaction (p = 0.217, F = 1.528). Therefore, despite the
decrease in absolute power After the HEP, no significant
difference was detected between eMCS and pDoC
patients.

3.3 | HEP morphological descriptors

The averaged evoked recordings were grouped (and aver-
aged) across the two groups (Figure 6, eMCS in panel a

pDoC 1 012 pDoC
0.0015 - [ eMCS ' 1 eMCS
0.010 1
@ 0.0010 - 0.008 1
0.006 FIGURE 3 Kernel density estimate
of the number of peaks (upper panel)
0.0005 - 0.004 - and HR (lower panel) after R-peaks
0.002 - detection for all included patients. BPM,
beats per minute; eMCS, emergence
0.0000 T T f 0.000 - T T T from minimally conscious state; KDE,
0 500 1000 0 50 100 150 kernel density estimate; pDoC,
Number of R-peaks Heart Rate (BPM) prolonged disorder of consciousness.
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FIGURE 4 Number of excluded components (panel a) when retaining all the brain-labelled components (orange) and all the brain-
labelled components with confidence of >80% (blue). Panel (b) reports the division of excluded components of the adopted technique in the
manuscript. The number of times each channel was interpolated is reported in panel (c). eMCS, emergence from minimally conscious state;

KDE, kernel density estimate; pDoC, prolonged disorder of consciousness.

and pDoC in panel b). Grouping the HEP in two regions
of interest (fronto-central and posterior) resulted in a sig-
nificantly delayed frontal peak in both cohorts, ~0.15s
after the posterior one. After computing the GFP of each
patient, and the related peak/latencies (Figure 7, panels
B/C), the peak value (absolute maxima in the interval
0-0.5 s) was found to be significantly higher (p < 0.001,
U = 3104) in eMCS patients (median of 30.36 pV [IQR
13.89 pV]) than in pDoC (median of 26.78 pV
[IQR = 9.24 pV]), with no significant difference in laten-
cies (p = 0.615, median eMCS of 0.21 s [IQR = 0.16 s],
median pDoC of 0.21 s [IQR = 0.13 s]).

Deriving the peak/latency values of the mean group-
level GFP (Figure 7a) resulted in a peak of 28.78 pV
(latency = 0.19s) and 23.36 pV (latency = 0.20s) for
eMCS and pDoC patients, respectively.

34 | PCI

PCI values were reported in Figure 8. PCI was found to
be significantly higher (p = 0.005, U = 4470.000) in
eMCS (median 0.25 [IQR = 0.21]) than in pDoC patients
(median 0.21 [IQR = 0.20]).

3.5 | Graph metrics

Node betweenness centrality and closeness centrality
(Figure 9a,b) were found to increase After the HEP, for
both eMCS (p < 0.001, U =4373.500 and p < 0.001,
U = 4087.000, respectively) and pDoC patients
(p <0.001, U =2600.500 and p < 0.001, U = 2570.000,
respectively). Conversely, weighted clustering coefficient
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FIGURE 5 EEG absolute power

for eMCS and pDoC patients both in the
low-frequencies (upper plot) and high-
frequencies (lower plots), Before and
After the R-peak. eMCS, emergence
from minimally conscious state; pDoC,
prolonged disorder of consciousness.
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(Figure 9c) was found to decrease After the HEP
(p < 0.001 for both groups). Coherently with their defini-
tion, the correlation between node betweenness centrality,
closeness centrality and clustering coefficient was found to
be strong (Spearman’s R: Node-Closeness = 0.611, Node-
Clustering = —0.738, Closeness-Clustering = —0.659, all
p < 0.001). Assortativity (Figure 9d) was found to be signifi-
cantly lower After (median = 0.83, IQR =[0.14]) than
Before (median = 0.87, IQR = [0.13]) for eMCS patients
(p = 0.008, U = 8460.000), opposite to pDoC (Before 0.89
[IQR = 0.11], After 093 [IQR=0.08], p = 0.001,
U = 3449.000). When performing two-way mixed ANOVA,
consciousness (between factor) was found to be signifi-
cantly influencing assortativity (papy < 0.001, F[1]
= 30.484, ;72 =0.125) as well as the interaction
consciousness x window (papy=0.001, F[1]=12.812,
n?=0.056).

Global efficiency (Figure 9¢) was found to be signifi-
cantly higher (p < 0.001, U = 9167.000) in eMCS patients
Before (median 0.488 [IQR = 0.022]) compared with After
(median 0.479 [IQR = 0.027]), whereas non-significant in
pDoC patients (p = 0.158). Focusing only on global effi-
ciency Before, a receiver operating characteristic (ROC)
analysis resulted in an AuRoC = 0.79 (with trapezoidal
rule, Figure 9F). Importantly, when performing two-way

After

mixed ANOVA, besides consciousness (papy < 0.001)
and window (papy < 0.001), also the interaction
consciousness x window was found to be significant
(papy <0.001, F[1] = 55.716, > = 0.206).

4 | DISCUSSION

In this work, we proposed and tested a preliminary pipe-
line that uses the evoked cortical response of peripheral
rhythms (i.e., heart cycle) to evaluate whether such mea-
sures can be considered correlated with (un)conscious-
ness. To achieve this, we compared spectral estimates,
topological descriptors, the PCI and graph metrics of the
HEP (Before and After) between pDoC and eMCS
patients.

Initially, we validated previous results on HEP timing
(Luft & Bhattacharya, 2015; Park & Thayer, 2014) in
healthy controls (i.e., latency of the GFP) with the HEP
reaching its maximum peak approximately 0.2 s after the
R-peak, with a potential reaching the left side of the brain
first (Figure 6a/b). The higher peak of the GFP is coher-
ent with the fact that the evoked response of a more com-
plex (healthy) brain results in a more integrated (and
differentiated) response (Hudson & Pryor, 2016; Stein &
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FIGURE 6 HEP representation for eMCS (panel a) and pDoC (panel b) patients. In each panel, a topographic interpolation at 0.1 s
steps is reported together with the individual channel’s activity. With thicker blue and red lines, the average of posterior and anterior
channels is shown. eMCS, emergence from minimally conscious state; pDoC, prolonged disorder of consciousness; Rol, region of interest.

Peelen, 2021; Tononi, 2005), thus generating higher vari-
ability across channels (i.e., the GFP), enforcing previous
results on pDoC patients on HEP (Candia-Rivera
et al, 2023) or other evoked potentials (Piarulli

et al., 2015; Tzovara et al., 2015). However, the ascendant
pathways to the CNS conducting and delivering the heart
depolarization to the brain are not damaged in sABI
patients as when the structural impairment affects also
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FIGURE 7 GFP estimate (panel a) in pDoC (blue) and eMCS (orange) patients. Box plot of latency and peak values in pV are reported
respectively in panels (b) and (c). eMCS, emergence from minimally conscious state; GFP, global field power; pDoC, prolonged disorder of
consciousness.
¢ The complexity of the evoked response (PCI) could
087 distinguish the two cohorts at the group level, with eMCS
having higher values. Nevertheless, comparing TEP and
0.6 1 HEP shows a significant difference in amplitude and in
the number of phasic modes, both higher when the stim-
g 0.4 uli are the TMS (Edlow et al., 2023; Ort et al., 2023).
Furthermore, in most PCI studies, the baseline window is
notably longer than the response window and does not
02 include any transitory effects of the evoked potential
thanks to the proper stimulus trigger (Comolatti
0.0 1 et al., 2019). All this makes impossible to compare HEP-

eMCS

FIGURE 8 PCI values of pDoC (orange) and eMCS (blue)
patients. eMCS, emergence from minimally conscious state; PCI,
erturbational Complexity Index; pDoC, prolonged disorder of
consciousness.

the brainstem. This is confirmed by the fact the HEP
mean latency does not differ between pDoC and eMCS.
But, the variability of the HEP peaks’ latency across
patients (from ~0.15 to 0.4 s after the R-peak) introduces a
fundamental constraint to the choice of the window, com-
bined with the necessity of using equally long windows to
avoid metric dependences from the number of samples.
Therefore, most HEP-related depolarization occurs in the
After window (0.25 to 0.5 s, after the maximal HEP peak
(~0.2 s), whereas the baseline signal can be found in the
Before (or Much After) window. Nevertheless, even if much
after, it is physiologically impossible to obtain a window
where the effect of the HEP is completely absent since it
would imply an EEG recording during no cardiac activity.

and TEP-derived PCI values in absolute value.
Confirmation of previous findings (i.e., higher integra-
tion and efficiency in eMCS patients; Chennu et al., 2017;
Rizkallah et al., 2019) were found with graph theory met-
rics. However, node and closeness centrality, proxies of
the importance of node removal, increased After the HEP
peak, coherent with the focal nature of an evoked poten-
tial. Furthermore, the HEP acts as a soft desynchroniza-
tion stimulus disrupting local clusters and resting-state
thalamocortical networks (i.e., ABCD model; Forgacs
et al., 2017; Forgacs et al., 2022). Therefore, in a more effi-
cient network at baseline (eMCS Before), the HEP desyn-
chronization and resynchronization (from After to Before)
are significant, while leaving unchanged a less efficient
one (pDoC). Assortativity is the preference for a network’s
nodes to connect to similar ones, with connections’ simi-
larity determined by the connectivity function (Oujamaa
et al., 2023). Thus, the instability of brain hubs at uncon-
sciousness operated via more homogeneous and more
structurally  constrained local dynamics (Achard
et al., 2012; Chennu et al., 2014; Forgacs et al., 2017;
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estimate; pDoC, prolonged disorder of consciousness.

Forgacs et al., 2022) are coherent with the stronger ten-
dency of pDoC patients to form connections following sim-
ilarity instead than functionality.

Nevertheless, any of the measures computed in the
manuscript are yet ready to be used at the single-subject
level and may not be viewed as a diagnostic criterion of
consciousness but should be used as an additional sup-
port to the behavioural/neuroimaging assessment. The
derived pipeline, differently from the TMS-EEG

paradigms, suffers from a moderate inter-subject variabil-
ity, which may be due to a number of (bidirectional) fac-
tors influencing the HEP. In particular, attention and
arousal deficits (Wang et al., 2020), impairments in the
sensory-motor pathways (Thibaut et al., 2014) and a
number of dysautonomic behaviours in sABI patients
(Riganello et al., 2015) may influence in a patient-specific
manner of the analysis of evoked potentials, which are
not centrally induced as done by the TMS.
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However, compared with the TMS, even if the HEP
does not specifically aim at desynchronizing brain net-
works, it has a similar effect of the insertion of a mag-
netic dipole within an electrical network overcoming
some of the disadvantages of the TMS. Seizures (very
common in SABI patients; Pease et al., 2022), the pres-
ence of pacemakers or implanted metal objects, craniec-
tomies (Hakiki et al., 2021) and overall clinical
complexity often limit its use in the everyday clinical
practice.

Among the limitations of this work, the mono-
centric nature of the study must be acknowledged,
which inherently calls for external validations. How-
ever, the large sample size used and the evidence
obtained from the analysis allow us to moderately infer
results to the general population. Also, whether high-
density EEG set-ups may increase the diagnostic
performances of ECG-locked graph metrics has to be
tackled in further studies, despite 19-channel set-ups
have been proven to be fully acceptable for quantitative
EEG analysis and graph theory (Miraglia et al., 2021).
Concerning the choice of the connectivity metric, we
need to acknowledge that MI may suffer from volume
conduction effects, and further work is required using
more refined metrics that are less affected by volume
conduction. However, the large sample size allows us
to consider the results valid and the fact that already a
sub-optimal set-up provides valuable insights into
the phenomenon corroborates the stability of the
approach. The moderate sampling frequency of the
EEG recording (128 Hz) allowed us only to estimate
the Before/After condition, without performing analysis
in smaller bins (three or more) and impaired the com-
putation of frequency-specific connectivity patterns,
specifically at low-frequencies. Higher sampling rates
may allow for the use of event-related desynchroniza-
tion technique (i.e., the study of time-dependent power
changes) to confirm such findings. Lastly, the parame-
ters adopted to calculate PCI, followed the ones used
in literature for TMS-EEG paradigms. However, given
the dependence of the PCIst values on the parameters
used and on the noise levels of the response/baseline
windows, further exploration should be done concern-
ing the best parametrization needed to compute PCl,
after the HEP.

5 | CONCLUSION

Our work poses preliminary steps into the use of the
HEP as a complementary information guiding beha-
vioural diagnosis. Such an approach opens a new per-
spective on the diagnosis of consciousness levels by

offering a safe, low-cost and bedside support, based on
innate and causally related proxies of brain efficiency.

The developed algorithms, without making use of less
accessible techniques as fMRI/PET or invasive stimula-
tions such as TMS/tDCS, may easily be integrated into
daily clinical and neurophysiological assessments.
Finally, we show a profitable way to complement con-
sciousness assessment by including the ANS-CNS inter-
action within the loop.
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