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Since behavioral responses to external stimuli of patients presenting disorders of consciousness (DoC) are
often difficult to qualify, covert physiological correlates of responsivity are deemed as potentially valu-
able tools to help assessment procedures. While noxious stimuli seem good candidates to explore DoC
patients’ responsivity, autonomic and electrophysiological correlates of pain detection in DoC patients
are still debated. This research aims at investigating autonomic and cortical activation as covert measure
of residual somatosensory and nociceptive processes in patients in vegetative state. Twenty-one patients
received touch- and pain-related stimulations while autonomic and cortical measures were recorded,
with minimal stress for them. Results showed an increased frontal and parietal activation in response
to both touch and pain stimuli. Pain-related stimulation was however associated with greater delta pari-
etal response, lower left frontal activation, and increased electrodermal and heart rate measures. Present
findings suggest that both somatic stimulations could induce measurable central responses, which might
mirror basic attention orientation and perceptual processes. Nonetheless, the nociceptive stimulation in
particular seemed to induce a more consistent and informative pattern of covert response even if we used
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a mild pain-induction procedure.
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1. Introduction

A novel research field that is beginning to draw the attention of
the research and clinical communities tries to find an answer to the
question of what ‘it is like’ to present a clinically-altered conscious-
ness state [1]. Chronic disorders of consciousness (DoC) conse-
quent to severe brain injury are indeed characterized by the
dissociation between two fundamental dimensions of conscious-
ness: arousal and subjective awareness [2]. In current clinical prac-
tice, decisions concerning patients’ preserved level of
consciousness are based principally on clinical observations [3].
Nonetheless, in DoC patients behavioral responses are often not-
systematic and difficult to qualify. Consequently, such difficulties
frequently lead to misdiagnosis and erroneous assessment of
patients’ state of consciousness. The use of covert measures is thus
being deemed as an optimal solution to overcome the limitations
of traditional behavioral methods. Besides the mostly-used
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neuroimaging (fMRI, PET), other techniques like the use of electro-
physiological (EEG) tools (see: [1,4,5]) and the investigation of
Autonomic Nervous System (ANS) functioning may also reveal
their utility for the assessment of DoC due to the remarkable easi-
ness and minimal invasivity of related physiological recordings.
The fact that patients can detect some aspects of painful stimuli,
but only processing them at an unaware level, has been made even
more clear thanks to covert measures, that allow us to detect the
presence of stimuli elaboration even in the absence of behavioral
evidences. Those pieces of evidence show that pain processing is
here maybe due to the preservation of thalamic and limbic circuits
[6-8]. Recent findings explain the apparent lack of pain perception
with a breakdown of cortical-thalamocortical connectivity [9-14].
As hinted by Calabro et al. [15] also Frontal-Temporo-Parietal (FTP)
networks have a prominent role within the global impairment of
pain processing, in fact they concur to arrange willing behavior
and self- and external world images [16,17]. Somatosensory cortex,
on the other hand, leads the sensory-discriminative component of
pain regulation [18,19]. In sight of this, patients that present an
Unresponsive Wakefulness Syndrome status, even if only una-
warely, should be able to perceive primary pain aspects. To answer
to the question whether DoC patients are able to feel pain, a wide
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EEG research tradition used Event-Related Potentials (ERPs) to
detect residual pain processing ability. An interesting finding is
the detection of a N2-P2 wave, with peak at around 200-350 ms,
at the scalp vertex after painful hand stimulation [20-22]. Beside
ERPs studies, spectral properties of EEG signals were used to per-
form connectivity studies [23-25] or to detect distinct areas’ acti-
vation or deactivation. These studies allowed to consider if
patterns of activity similar to the healthy ones, related to specific
functions, can be evoked in these patients in spite of lack of aware-
ness [26]. Focusing on studies about nociceptive perception in DoC
patients, evidences regarding spectral and oscillatory components
of EEG measures are however still not consistent. As a consequence
we need to refer to studies on healthy populations, which show,
within the main results, that pain perception and its motivational
components are linked to alpha-delta bands modulation (e.g. [27-
29] but see also [30]).

Another face of the same coin can be showed by ANS investiga-
tions. Indeed, the assessment of electrodermal activity (EDA) and
the analysis of heart rate allow to specifically investigate the func-
tioning of both the sympathetic and parasympathetic branches of
ANS [31]. Further, they can be used to measure automatic reactions
to environmental modification and stimuli [32,33] - i.e. orienting
response. The orienting response is differently affected by the nat-
ure and the intensity of a stimulus and it tends to extinguish with
repeated stimulations [34,35]. Because of such properties, the
physiological orienting response may be deemed as an informative
marker for the investigation of many neuropsychological pro-
cesses. In previous research, in fact, it has been interpreted to
reflect attention to new or emotionally-connoted stimuli and infor-
mation [34,36], as well as implicit memory [32,37]. Focusing on
DoC patients’ responses, electrodermal activity of people who
had recovered from VS proved to differ from that of individuals
who had remained in VS. Because of that, it has been suggested
that electrodermal response could be used to predict potential
for recovery from severe DoC states [32]. Again, many findings
highlight the informativity of skin conductance responses (SCR)
following auditory stimuli like white noise, music, relatives’ voice,
and patients’ name (e.g. [38-40]). In addition, Keller, Hiilsdunk and
Miiller [39], by comparing somatosensory (tactile) and auditory
stimulations in medicated and non-medicated VS patients,
reported a significant increment of SCRs in response to tactile stim-
ulation. Notwithstanding the potential of such measures, literature
on the use of such measures to specifically explore pain perception
of DoC patients is not systematic.

As for cardiovascular metrics, literature on heart rate measures
is way more limited. Most of published studies are related to circa-
dian rhythms and sleep (e.g. [41]). In spite of its potential, in fact,
only a limited number of studies have specifically addressed such
valuable contribution [42]. One of the few findings concerning car-
diovascular responses to somatosensory stimulations can be found
in the above-cited study by Keller and colleagues [39], who also
observed a significant increase of HR in response to tactile stimu-
lation. To our best knowledge, no evidence on HR modulations
associated to pain detection in DoC patients is available. Nonethe-
less, many studies with healthy participants have shown that pain-
ful stimulation induces the activation of the sympathetic system
[43] with an increase in heart rate [44-46] and in skin conductance
[47,48] indices.

Given the paucity of studies dedicated to testing EDA and HR
potential for the assessment of pain detection in DoC patients
and the related still lacking literature on oscillatory brain
responses, the present research aims at investigating autonomic
and cortical activation profile as covert measures of somatosensory
and nociceptive information processing in VS patients. Moreover,
using a multi-methods approach, we designed a paradigm employ-
ing the co-registration of the aforementioned autonomic measures

and cortical activity measures. Thanks to brief single trial stimula-
tions and the application of an ice pack instead of classical stimuli
for pain induction (e.g. laser and electrical stimulation), we wanted
to detect cortical and autonomic activation without stressing and
tiring VS patients and to overcome ethical issues related to the
actual experience of non-responsive people. In particular, we
expected that pain-related stimulations, by inducing a basic stress
response and by consequently activating the sympathetic branch
of the ANS, would lead to an increase of skin conductance mea-
sures. Furthermore, we also expect that, in case stimulations will
be able to activate touch-related and pain-related pathways and
to induce a basic orienting response in enrolled patients, such
response will be mirrored by a global increase of heart rate and
skin conductance response, as well as by measurable markers of
cortical activation (modulation of EEG oscillatory activity) in pari-
etal somatosensory areas. Finally, given available literature on EEG
frequency-domain correlates of pain perception, we expect that
pain-related stimulation would induce a specific modulation of
alpha and delta activity.

2. Methods
2.1. Sample

The clinical cohort was constituted by twenty-one patients (8
female; Mage =59.12, SD,ee = 9.08) presenting a vegetative state.
Participants were enrolled at the Residential Care Facility “Foscolo”
in Guanzate (Como, Italy - Gruppo La Villa S.p.A.). Inclusion criteria
were: Coma/Near-Coma scale >2; Disability Rating Scale >22; clin-
ical classification as patients in a vegetative state following Rappa-
port [49,50] guidelines; distance from the clinical event
>12 months; no history of neurologic or psychiatric disorder prior
to coma. Exclusion criteria were: absence of medical stability for
48 h prior to the assessment procedure; clinically relevant signs
of hypothermia; clinically relevant signs of hyperidrosis; primary
somatosensory deficits; spinal cord or brain injuries affecting
transmission or processing of afferent somatosensory. Table 1
summarizes participants’ primary demographics and clinical data.

The study has been designed following the principles of the
Declaration of Helsinki. Procedures and methods were approved
by the Ethics Committee of the Department of Psychology of the
Catholic University of the Sacred Heart. Written informed consent
for the enrolment of patients included in the experimental cohort
was obtained from their legal representatives.

2.2. Procedure

Participants have been tested one at a time in a quiet room
within the Residential Care facility. Before patients were prepared
for electrophysiological and psychophysiological recordings, they
were observed by an expert clinician (duration = 10 min), who
monitored their current behavioral patterns, noted any peculiar
or atypical response, and decided whether to proceed with instru-
mental recording or to reschedule it if the participant did not pre-
sent relevant signs of activity and vigilance.

Then, non-invasive sensors were placed (see Fig. 1) and, after a
brief accommodation period, resting-state data were collected so
to obtain baseline physiological recordings (duration = 2 min). Par-
ticipants were thus presented with touch- and pain-related stimu-
lations. The order of presentation was counterbalanced to prevent
potential biases due to sequence effects. Stimulations lasted for
10 s and were followed by a 2-min inter-stimulus interval. During
the touch-related stimulation, a confederate firmly grasped the
wrist of participants’ dominant hand. During the pain-related stim-
ulation, a confederate placed a dry ice pack in correspondence to
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Table 1
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Primary demographics and clinical data of patients included in the experimental cohort. Saturation, heart rate and blood pressure data refer to monitoring sessions previous to

experimental manipulations.

ID Etiology Sex Age at event Age at assessment Distance from event GCS CNC DRS Saturation Heart Rate  Blood-Pressure  Blood-Pressure
(years) (years) (months) (%) (bpm) (systolic) (diastolic)
P01  TBI M 50 51 14 9 2 23/30 97 65 120 80
P02  Stroke F 65 66 16 9 3 23/30 96 94 120 80
P03  Anoxia M 52 53 12 5 4 27/30 94 61 110 70
P04 Anoxia M 53 57 57 6 4 26/30 96 84 110 70
P05  Stroke F 67 69 34 8 3 24/30 95 76 110 80
P06  Stroke F 75 76 14 8 3 24/30 94 76 120 70
PO7 Anoxia M 80 81 12 8 3 24/30 93 68 130 90
P08 TBI M 51 52 22 5 4 27/30 96 74 100 60
P09 Anoxia M 41 43 22 6 3 26/30 98 74 100 70
P10 TBI F 56 60 49 3 4 28/30 97 65 110 75
P11  Stroke F 44 49 67 5 3 27/30 97 72 130 80
P12 TBI M 33 37 47 8 4 24/30 98 64 100 60
P13 Anoxia F 67 70 40 8 3 24/30 97 74 100 60
P14 Anoxia F 76 86 117 8 3 24/30 97 85 110 60
P15 TBI M 43 51 85 6 4 26/30 96 60 100 60
P16  Stroke F 52 53 13 9 3 23/30 98 60 140 75
P17 Anoxia M 40 47 86 7 4 25/30 98 70 110 60
P18 TBI M 28 29 15 6 4 26/30 99 75 100 70
P19 Stroke M 64 66 27 6 3 26/30 99 77 100 70
P20  Stroke M 84 85 19 8 4 24/30 93 60 100 70
P21  Stroke M 60 61 13 8 3 24/30 99 66 100 60

M: male; F: female; TBI: Traumatic Brain Injury; GCS: Glasgow Coma Scale; CNC: Coma/Near-Coma scale; DRS: Disability Rating Scale; bpm: beats per minute.

N

Fig. 1. (a) EEG montage according to the 10-20 International System. N: nasion; I:
inion; A1-A2: left and right pre-auricular points. (b) Placement of the multipurpose
sensor used to collect electrodermal and cardiovascular data with minimal
invasivity.

the wrist of participants’ dominant hand. We opted for such proce-
dure to induce physiological responses related to nociception with
limited hazard to the patients and non-invasively since the extent
to which DoC patients might experience pain and suffer is still a
matter of debate and thus the use of properly noxious stimulations
(e.g. electrical stimulation of the median nerve) might raise ethical
issues [51,52].

2.3. Recording and analysis of EEG activity

Data concerning EEG activity and responsivity were collected
via a V-Amp system and processed via Analyzer2 software (Brain
Products GmbH, Gilching, Germany). The montage included 15
electrodes (sintered Ag/AgCl sensors referenced to linked earlobes,
placement according to the 10-20 International System, [53]).
Electrodes impedance was monitored and kept under 5 kQ. Ocular
activity was recorded via VEOG to keep track of artifacts. Data
were sampled at 500 Hz (input filters: 0.01-250 Hz bandpass
and 50 Hz notch) and then filtered offline with a 0.5-50 Hz IIR
bandpass filter (slope: 48 db/octave). Data were then segmented
and visually inspected for ocular, muscle, and movement artifacts.
Fast Fourier Transform (Hamming window, resolution: 0.5 Hz)
was applied to artifact-free segments (rejected segments: 14%)
to compute baseline and condition-specific average power spectra.
Finally, average power for the main EEG frequency bands (delta -
0.5-3.5 Hz, theta - 4-7.5 Hz, alpha - 8-12.5 Hz, beta - 13-30 Hz,
and gamma - 30.5-50 Hz) was extracted and used to compute
stimulation-specific modulation indices by weighting EEG activity
during stimulations over baseline values.

2.4. Recording and analysis of autonomic activity

Data concerning autonomic activity and responsivity were col-
lected via a wireless Biofeedback2000*P"* system (Schuhfried
GmbH, Mddling, Austria). The multipurpose integrated sensor
was placed in correspondence to the distal phalanx of the second
finger of the non-dominant hand. Skin conductance (tonic - SCL,
skin conductance level - and phasic - SCR, skin conductance
response - activity) and cardiovascular (HR, heart rate) data were
sampled at 40 Hz and inspected for the presence of artifacts. Car-
diovascular activity was collected via photoplethysmography and
heart rate data were computed starting from measures of periph-
eral blood volume. SCR data were directly computed by the record-
ing software by applying a 0.05 Hz high-pass filter to SCL data. An
online notch filter (50 Hz) was used to minimize electrical noise.
After artifact rejection, autonomic activity collected at rest and
during somatic stimulations was segmented and averaged to cal-
culate mean condition-specific SCL, SCR and HR modulations via
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an ad hoc automated VBA script designed to localize event-markers
and calculate condition-specific metrics.

3. Results

Two sets of analysis was performed with respect to EEG mea-
sures (for each frequency band) and autonomic measures (SCL,
SCR, and HR). A first set of repeated measure ANOVAs with inde-
pendent factor Electrode (15 levels) and Stimulation (touch vs.
pain) was applied to dependent EEG measures. Post-hoc compar-
isons (contrast analyses) were applied to the data. Simple effects
for significant interactions were further checked via pair-wise
comparisons, and Bonferroni correction was used to reduce multi-
ple comparisons potential biases. A second set of repeated measure
ANOVAs with independent factor Stimulation (touch vs. pain) was
applied to dependent autonomic measures. For all the ANOVA
tests, the degrees of freedom have been corrected using
Greenhouse-Geisser epsilon where appropriate. Furthermore, the
normality of the data distribution was preliminary assessed by
checking kurtosis and asymmetry indices. The size of statistically
significant effects has been estimated by computing partial eta
squared (#?) indices.

3.1. EEG data

As shown by ANOVA for delta band, interaction effect Stimula-
tion x Electrode revealed significant results (F[14,19]=8.09,
p<0.001, m?=0.32). Post-hoc paired comparisons revealed
increased frontal (Fz, F3, F4) and parietal (Pz, P3, P4) activation
more than the other cortical sites in the case of both touch and pain
stimulation (all comparisons p < 0.001). In addition, somatic stim-
ulation revealed increased parietal (P3, P4) response in the case of
pain-related more than touch-related stimulation (respectively F
[1,19]=6.98, p<0.001, Nn%=0.29; F1,19]=6.77, p<0.001,
n? = 0.29; Fig. 2a).
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Fig. 2. EEG oscillatory activity (power values) in response to touch- and pain-
related stimulation. (a) Delta activity over parietal sites. (b) Alpha activity over left
frontal sites. Bars represent + 1SE.

About alpha band, Stimulation x Electrode showed significant
results (F[14,20]=7.55, p <0.001, n?=0.31). Indeed post-hoc
paired comparisons revealed greater left frontal (F3) alpha power
(lower activation) for the pain-related stimulation than the
touch-related one (F[1,20] = 7.08, p < 0.001, )% = 0.31 Fig. 2b).

No other effect was statistically significant.

3.2. Autonomic data

As shown by ANOVA for SCR, stimulation effect revealed signif-
icant results (F[1,19] =7.54, p < 0.001, n?=0.30), with increased
SCR values in response to pain-related more than touch-related
stimulation (Fig. 3a). The analysis of SCL data did not show signif-
icant results (F[1,19] = 1.17, p = .23, n? = 0.09).

In addition, moving to HR measures, somatic stimulation
revealed increased values in response to pain more than simple
touch (F[1,19] = 6.11, p < 0.001, n? = 0.27; Fig. 3b).

4. Discussion

The present study aimed at exploring the potential of metrics
related to electrophysiological and autonomic activation profiles
- namely, frequency-domain EEG modulations, skin conductance
and heart rate measures — as markers of residual information-
processing for touch- and pain-related pathways in VS patients.
The analyses of EEG and ANS responses highlighted that both cen-
tral and peripheral measurements might provide relevant informa-
tion for the evaluation of patients’ responsivity even via
stimulation procedures that limit potential harm and stress. In par-
ticular, somatic stimulations relying on touch-related and pain-
related pathways lead to measurable modulations of delta oscilla-
tions over frontal and parietal electrode sites, with a peculiar mod-
ulation of parietal activity in response to pain-related stimulations.
Again, lower left frontal activation was observed when the simula-
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Fig. 3. Autonomic activity in response to touch- and pain-related stimulation. (a)
Skin conductance responses. (b) Heart rate. Bars represent * 1SE.
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tions activated pain-related pathways. In addition, cardiovascular
and electrodermal measures consistently presented a relevant
modulation during the pain-related stimulation. Going down to
specifics, signs of increased arousal were found both in SCR and
HR measurements.

Starting from the observed increase of delta oscillations, it is
crucial to note that such modulation followed a stimulation.
Indeed, in clinical contexts heightened delta activity is globally
deemed as a marker of inactivity, alteration of neural communica-
tion and unconsciousness. Nonetheless, modulations of delta
power related to the occurrence of an event, such as sensory or
cognitive stimulations, proved to be associated to perceptual and
attention processes [54]. Such interpretation is further supported
by the distribution of observed effects. Indeed anterior modula-
tions of delta power are thought to mirror cognitive load related
to information processing, whereas additional delta activity over
posterior areas proved to occur following stimulations that have
an emotional - positive/appetitive or negative/aversive - connota-
tion [55,56]. Again, moving to limited though specific literature on
frequency-domain EEG correlates of pain perception, it is worth
noting that the modulation of delta oscillatory activity have been
put in relation with affective-motivational aspects of pain-related
stimulations [27].

Findings concerning frontal alpha modulations adds to those
concerning posterior delta activity and helps sketching a clearer
picture of covert responses to somatic and, in particular, nocicep-
tive stimulations. The presence of alpha activity is indeed generally
deemed as a marker of cortical idling and, when collected during a
task, of inhibition of information-processing [57-59]. Starting from
such hypothesis and according to the dual systems model of neural
signatures of affective experience [60,61] greater left frontal alpha
power following pain-related stimulation with respect to simple
touch may mirror the inactivation of the left-lateralized prefrontal
neural system, which mediates pleasant experiences and approach
motivational drives. While a lack of activation of the leftward
approach system is consistent with the aversive nature of pain-
related stimuli, we suggest that the fact that we did not observe
a complementary increase of activation of the rightward avoidance
system is worth additional investigations. Such investigations
would also enrich literature on lateralized prefrontal responses
to approachable and aversive stimuli, since almost all available evi-
dence regard induction methods based on visual and/or acoustic
stimulations.

Taken together, findings concerning cortical activation follow-
ing touch and nociceptive stimulation suggest that the latter is able
to elicit a more consistent and informative pattern of EEG
responses. Such remark is further supported by findings concern-
ing ANS activity. The analysis of both skin conductance responses
and heart rate indeed highlighted that pain-related stimulations
were able to systematically induce clear autonomic activation.
While the absence of significant modulations of SCL measures
might mirror altered tonic electrodermal activity due to basic auto-
nomic dysfunction, as often observed in DoC patients, the observed
variations of skin conductance responses and heart rate elicited by
pain-related stimulations may mirror preserved basic mechanisms
regulating phasic changes of arousal and primal responses to the
environment [62,63]. Those results are consistent with Keller,
Hiilsdunk and Miiller [39] observations. Namely, the authors
reported that even somatosensory stimulations (in their case, a
tactile stimulation) could elicit relevant increase of SCR and HR
indices in vegetative state patients. Again, while evidence concern-
ing autonomic correlates of pain perception of DoC patients is not
systematic, present findings are consistent with available studies
with healthy participants, which reported activation of the sympa-
thetic system as measured by increased cardiovascular and elec-
trodermal activity following pain-inducing stimuli [43,45,48].

Given available evidence, present findings suggest that both
somatic stimulations induced measurable central responses that
might mirror basic attention orientation and perceptual processes.
Nonetheless, they also suggest that the nociceptive stimulation in
particular could have been able to induce a more consistent and
informative pattern of covert activation response. Even if we used
a mild pain-induction procedure - devised to cause minimal harm
and stress to the patients - such form of stimulation showed an
interesting potential for the investigation of responsivity of VS
patients. While potential implications concerning ethics of such
induction procedure may be worthy, we nonetheless acknowledge
that our observations are still preliminary and need to be further
strengthened by replication to be rightly used to inform practice.
Moreover, we think it is worth noting that the need for replication
is a crucial point for future investigations also due to the paucity of
available literature on specific autonomic and frequency-domain
EEG correlates of nociceptive information processing in both clini-
cal and non-pathological conditions (see, for example, [27-29]; but
also [30]).
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