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Abstract: Background: Pain assessment is a challenge in critically ill patients, in particular those who
are unable to express movements in reaction to noxious stimuli. The purpose of the study was to
compare the pupillary response and skin conductance to pain stimulation in critically ill unconscious
patients. Methods: This observational study included adult patients admitted to the intensive care
unit (ICU) with acute brain injury (Glasgow Coma Scale < 9 with a motor response < 5) and/or
requirements for deep level of sedation. Automated pupillometry (Algiscan, ID-MED, Marseille,
France) was used to determine pupillary reflex dilation during tetanic stimulation. The maximum
intensity of the stimulation value allowed the determination of a pupillary pain index score ranging
from 1 (no nociception) to 9 (high nociception): a pupillary pain index (PPI) score of ≤4 was used to
reflect adequate pain control. For skin conductance (SC), the number of SC peaks per second (NSCF)
was collected concomitantly to tetanic stimulation. An NSCF of ≤0.07 peak/second was used to
reflect adequate pain control. Results: Of the 51 included patients, there were 32 with brain injury
and 19 receiving deep sedation. Mean PPI score was 5 (Interquartile Range = 2–7); a total of 28 (55%)
patients showed inadequate control of the nociceptive stimulation according to the PPI assessment.
Only 15 (29%) patients showed a detectable skin conductance, with NSCF values from 0.07 to 0.47/s.
No correlation was found between skin conductance algesimeter (SCA)-derived variables and PPI
score or pupillary dilation to pain. Conclusions: Detection of inadequate pain control might vary
according to the method used to assess nociception in ICU patients. A poor agreement between
quantitative pupillometry and skin conductance was observed.

Keywords: pain; automated pupillometer; critically illness; skin conductance; brain injury;
algesimeter; analgesia

1. Introduction

Pain is a frequent event during critical illness; however, its assessment in patients
continues to be a challenge for critical care clinicians [1]. In one study, patients on mechan-
ical ventilation who were assessed for pain within two days of intensive care unit (ICU)
admission were more likely to receive sedation and dedicated analgesia during painful
procedures than patients whose pain was not assessed; this approach resulted in a shorter
duration of mechanical ventilation [2]. However, this strategy is challenging in patients
with absent movements in reaction to nociceptive stimulation, i.e., those with severe brain
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injury and/or receiving deep sedation with the use of neuromuscular blocking agents
(NMBAs) [3]. Indeed, the two validated clinical instruments to assess pain in non-verbal
patients, i.e., the behavioral pain scale (BPS) and the critical care pain observational tool
(CPOT), are based on scoring facial expression, movement of the arms, and respiratory
patterns during mechanical ventilation (MV) [4]. In ICU patients who are unable to move,
the clinical signs of nociception produce atypical and non-quantifiable reactions to noxious
procedures, such as face flushing, clenched teeth, clenched fist, and tremor [5,6].

In this context, efforts have been made to develop non-clinical quantification of no-
ciception. Vital signs, such as changes in heart rate, blood pressure, respiratory rate, and
oxygen saturation, were found as poor indicators of nociception [1]. Technology using heart
rate variability (i.e., the analgesia nociception index), bilateral bispectral index system (BIS),
or incorporating various physiologic parameters (i.e., nociception level index) [7–9] still
requires more validation in the ICU setting. Pupillary reflex dilation using videopupillome-
ter showed promising results regarding nociceptive assessment in the ICU [10–12]. The
pupillary pain index (PPI), a score derived from pupillary reflex dilatation measurements
during a standardized pain stimulation, could anticipate inadequate analgesia during
tracheal aspiration in sedated critically ill patients, regardless of the presence of brain
injury [13]. The skin conductance algesimeter (SCA) is a device to assess nociception using
sympathetic-induced changes in skin conductance [14]; SCA has been explored in the peri-
operative setting with interesting results [15–17]. SCA might be of interest in ICU patients
because skin conductance is marginally influenced by circulatory alterations, adrenergic
medication, NMBAs, or body temperature [18].

The aim of this study was therefore to compare concomitant measurements of pupil-
lometry and skin conductance during noxious stimulation in critically ill unconscious
patients. The primary objective of this pilot study was to compare the number of patients
with no evidence of nociception using each technique.

2. Materials and Methods
2.1. Study Population

In this monocentric, prospective, and observational study conducted between 1 April
2019 and 15 August 2019, adult patients admitted to the ICU of Erasme Hospital, Brussels,
Belgium were enrolled if they met the following inclusion criteria: an initial Glasgow coma
score (GCS) scale <9 with a motor response <5, the requirement of deep level of sedation
(Richmond Agitation-Sedation Scale—RASS of −5), and mechanical ventilation. Patients
with known pupillary abnormalities, multiple sclerosis, ocular surgery, severe peri-orbital
edema limiting pupillary assessment, pregnancy, or burns were not included. Patients were
explored during weekdays, using concomitant measurements of quantitative pupillometry
and skin conductance within the first 72 h of their admission to the ICU. Clinical assessment
of pain was performed using the BPS; in patients receiving NMBAs, BPS was reported with
the score of 3. The level of sedation was measured using the RASS score [19].

2.2. Quantitative Pupillometry

Quantitative pupillometry was performed by two operators using an automated
pupillometer (NeuroLight Algiscan, ID-MED, Marseille, France). Two pupillary reflexes
were explored: the pupil light reflex (PLR) and the pupil dilation reflex during noxious
stimulation. To measure PLR, a burst of light of fixed intensity (320 lux) and duration
(one second) was emitted by the device to each eye. A minimum duration of one minute
was allowed between appraisals of the two pupils to obtain full recovery of baseline pupil
diameter after light stimulation. A total of 4 s is needed to evaluate baseline pupil size
(mm), pupillary constriction rate (i.e., the difference between baseline and post-stimulation
pupil size, expressed as % of constriction from the baseline value), and constriction velocity
(CV) (mm/s). Mean values from both eyes were used for baseline assessment. Anisocoria
was defined as a difference of at least 1.0 mm between the two eyes [20].
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After baseline assessment (Figure 1), an electrical stimulation with stepwise, gradual
intensity (increasing from 10 mA to a maximum of 60 mA) was applied on the left forearm
of each patient, using two electrodes linked to the pupillometer. Both pupils were assessed
during the stimulation for a total of two pupillometry recordings; the average values of
these analyses were calculated. Baseline pupil size (mm), pupillary dilation to pain (%), and
the PPI were obtained. This index measures pupil dilation in response to a continuously
increasing 1-s electric stimulus from 10 to 60 mA using steps of 10 mA. When an increase
of 13% in pupil dilation reflex (PDR) is detected, the stimulus stops, and PPI is calculated
by the device; it assigns a score from 1 (pupillary dilation <5% to the maximal stimulation
intensity) to 10 (pupillary dilation >13% with 10 mA stimulus) [21]. A PPI score of ≤4 was
used to define adequate pain control.
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Figure 1. Timeline of the study protocol. PLR = pupillary light reflex; PPI = pupil pain index; NSCF = number of skin
conductance fluctuations; BPS = behavioral pain scale; SCA = skin conductance algesimeter.

2.3. Skin Conductance Algesimeter

Skin conductance was monitored during five minutes at baseline assessment before
the tetanic electrical stimulation. A skin conductance monitor (Med-Storm Pain Monitor-
ing System®; MED-STORM Innovation AS, Oslo, Norway) was used. Three single use
Ag/AgCl electrodes were attached to the palmar surface of the patient’s hand (i.e., the
thenar eminence for the current electrode; the hypothenar eminence for the measurement
electrode; and just below the second and third digits for the reference electrode), on the
opposite site to the pupillometry’s electrodes. The PainMonitorTM, a measurement unit
connected with such electrodes, was used to provide a small electrical signal between the
electrodes in order to evaluate the skin conductance, which was recorded on a computer
with dedicated software to analyze the electrical signal. Skin conductance was measured us-
ing an alternating current (66 Hz, 50 mV). The following parameters were collected: (a) the
number of skin conductance fluctuations per second (NSCF) or number of peaks/second;
(b) average peak (micro-Siemens/second, µSs); (c) average rise (µSs) that is the mean of
skin conductance related to the basal sympathetic tone; and (d) area under huge peak (µSs)
and area under small peak (µSs). These parameters were automatically calculated by the
device and analyzed during a window of 15 s, the update being made second by second.
The mean value for each of these variables, representing the 15-s window at baseline and
after the stimulation, was extracted for analysis. The cut-off that identifies a normal skin
conductance is 0.02 µSs, as showed in previous studies [22,23]; also in addition, a value of
NSCF equal or lower than 0.07 peak/second was considered as “absence of pain” while
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a value of at least 0.27 peak/second was considered as a visual analog scale (EVA) >4, as
stated by the manufacturer. Monitoring was not blinded so that the observers could see
the skin conductance curve and the values of NSCF and note when artefacts disturbed
registration. During the pain stimulation using the automated pupillometry, two markers
were inserted on SCA recordings.

2.4. Data Collection

Demographics, medical history, and clinical data on the day of automated pupil-
lometry and SCA assessment were collected. The severity of illness of each patient was
assessed using the sequential organ failure assessment (SOFA) score on ICU. Reasons for
ICU admission as well as the presence of primary brain injury and concomitant therapies
(i.e., vasopressors, renal replacement therapy, or extra-corporeal membrane oxygenation
(ECMO)) were also collected. The use of drugs that might interfere with pupillary constric-
tion (i.e., opiates, sedatives, or barbiturates) and of anti-epileptic drugs was also noted.
Typical procedures, such as washing, turning the patient, physiotherapy, or invasive pro-
cedures were not allowed during the study period. No adjustment of data to reduce the
potential sources of bias was performed.

2.5. Statistical Analysis

Discrete variables were expressed as counts (percentage) and continuous variables as
means ± standard deviation (SD) or median (25th–75th percentiles) as appropriate. The
Kolmogorov–Smirnov test were used and histograms and normal-quartile plots exam-
ined to verify the normality of distribution of continuous variables. Differences between
groups were assessed using a χ-square or Fisher’s exact test for categorical variables, as
appropriate, a paired t-test or a Wilcoxon rank test for paired continuous variables, and
a t-test or a Mann–Whitney-U test for continuous independent variables. To test the re-
lationship between automated pupillometry and SCA-derived variables, Pearson’s (or
Spearman) correlation analyses were performed, accordingly. The agreement between
the two techniques was evaluated by comparing the number of patients with adequate
pain control (PPI ≤ 4 and NSCF < 0.07) using Cohen’s Kappa coefficient. An additional
analysis comparing patients with and without primary brain injury was also performed.
Furthermore, characteristics of patients with concordant and non-concordant results from
the two techniques were analyzed. A p < 0.05 was considered statistically significant.
Statistical analyses were performed using IBM SPSS Statistics 25.0 for Macintosh (Armonk,
NY, USA). Using the upper confidence interval for the population variance approach to the
sample size calculation, a pilot sample size between 30 and 50 was chosen, corresponding
to standardized effect sizes of 0.4 and 0.7 (for 90% power based on a standard sample size
calculation) [24].

3. Results
3.1. Patient Characteristics

A total of 51 patients were included during the study period; 22 other patients were
eligible but not included: 11 admitted during the weekend, 9 refusals to participate, and
2 with previous ocular surgery. Characteristics of the study population are shown in
Table 1. Thirty-two patients were admitted with an acute brain injury: post-anoxic coma
(n = 13), hemorrhagic stroke (n = 13), traumatic brain injury (n = 5), and status epilepticus
(n = 1). Other included patients had septic shock (n = 4), cardiogenic shock (n = 4),
hemorrhagic shock (n = 2), acute respiratory distress syndrome (n = 7), respiratory failure
after heart or lung organ transplantation (n = 2), and acute chronic liver failure (n = 1). The
median time from ICU admission to the pain study was 2 (1–4) days. In the study cohort,
39 patients (76%) were receiving opioids (33/39 sufentanil) and 38 (75%) receiving sedatives
(propofol, n = 29; midazolam, n = 4; inhaled sevoflurane, n = 2; thiopental, n = 1; propofol
and sevoflurane, n = 1; and propofol and midazolam n = 1). Fifteen (29%) patients were
treated with a continuous infusion of NMBAs. ICU mortality was 37% (n = 19).
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Table 1. Characteristics of the study population. Subgroup analysis comparing patients with primary brain injury
(“NEURO”) and others is also reported. Data are presented as count (%) or median (Interquartile Ranges—IQRs).

ALL (n = 51) NEURO (n = 32) NON-NEURO (n = 19)

Age, years 60 (49–70) 58 (48–70) 61 (50–70)
Male, n (%) 39 (76) 19 (59) 13 (68)

ICU admission to test, days 2 (1–4) 2 (1–4) 2 (1–6)

COMORBID DISEASES
COPD/asthma, n (%) 9 (18) 5(16) 4 (21)

Heart failure, n (%) 11 (22) 5 (16) 6 (32)
Hypertension, n (%) 27 (53) 15 (47) 12 (63)

Diabetes, n (%) 9 (18) 8 (25) 1 (5)
Immunosuppression, n (%) 4 (8) 1 (3) 3 (16)

Liver cirrhosis, n (%) 3 (6) 1 (3) 2 (10)
Chronic renal failure, n (%) 9 (18) 5 (16) 4 (21)

SOFA score on admission 9 (8–12) 9 (8–11) 11 (8–13)

LIFE-SUPPORT THERAPIES
CRRT, n (%) 8 (16) 3 (9) 5 (26)

ECMO, n (%) 4 (8) 0 (0) 4 (21) *

DRUGS
Opioids, n (%) 39 (76) 24 (75) 15 (78)

Sedatives, n (%) 38 (75) 19 (59) 19 (100) *
NMBAs, n (%) 15 (29) 9 (28) 6 (32)

Vasopressors, n (%) 34 (67) 18 (56) 16 (84)
Inotropic agents, n (%) 5 (10) 1 (3) 4 (21)

OUTCOME
ICU mortality, n (%) 19 (37) 14 (44) 5 (26)

Data are presented as mean ± SD, median (25th–75th percentiles) or count (%). COPD = chronic obstructive pulmonary disease;
ICU = intensive care unit; AP = automated pupillometry; SOFA = sequential organ failure assessment; CRRT = continuous renal
replacement therapy; ECMO = extracorporeal membrane oxygenator; NMBAs = neuromuscular blocking agents. * p < 0.05 “neuro” vs.
“non-neuro” patients.

3.2. Automated Pupillometry and SCA Assessment

At baseline, mean pupil size was 2.7 (2.2–3.2) mm, PLR was 20 (13–25)% and mean
constriction velocity was 1.26 (0.98–2.19) mm/s. Only three patients had anisocoria. In two
patients, NSCF was 0.27/s and 0.20/s at baseline, while all others had values of 0 for NSCF
and other SCA-derived variables (Table 2). All patients also had a BPS of 3 at baseline and
a RASS score of −5.

After the electrical variable stimulation, there were no significant changes in oxygen
saturation, while respiratory rate significantly increased from 22 (15–30) to 24 (17–30)/min
(p < 0.01), mean arterial pressure significantly increased from 83 (71–99) to 86 (71–101)
mmHg (p = 0.01), and heart rate increased from 81 (71–99) to 83 (72–95) bpm (p = 0.04).
Among the 36 patients with no NMBA treatment, 7 (19%) showed an increase of BPS from
baseline ranged from 4 to 8. Median PPI score after stimulation was 5 (2–7); a total of 28
(55%) patients showed inadequate control of the nociceptive stimulation according to the
PPI assessment. Concomitantly, 15 patients had a detectable skin conductance with NSCF
ranged from 0.07 to 0.47/s (in Table 3, values pre- and post-stimulation of SC are reported).

A disagreement (i.e., “non-concordant results”) between the two techniques was
found in 25/51 patients: 6 had detectable NSCF with PPI ≤ 4 and 19 had high PPI with un-
detectable skin conductance (Table 4). Thus, the k coefficient of agreement of PPI and NSCF
for pain control under a nociceptive stimulation was 0.06. Patients with non-concordant
results between the two techniques were older and had a higher body temperature than
others (Supplemental Table S1); the proportion of patients with a brain injury was similar
between the two groups (15/25, 60% vs. 17/26, 65%, p = 0.77).
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Table 2. Characteristics of patients on the day of nociceptive stimulation assessment. Subgroup analysis comparing patients
with primary brain injury (“NEURO”) and others is also reported. Data are presented as count (%) or median (IQRs).

ALL
(n = 51)

NEURO
(n= 32)

NON-NEURO
(n = 19)

VITAL PARAMETERS
MAP, mmHg 83 (71–99) 92 (72–106) 73 (69–83) *

Heart rate, bpm 81 (71–99) 79 (72–98) 84 (68–101)
Respiratory rate, bpm 22 (15–30) 21 (13–30) 24 (19–30)
Arterial saturation, % 98 (96–100) 99 (96–100) 96 (95–99) *

Temperature, ◦C 36.8 (36–37.2) 36.9 (35.0–37.3) 36.8 (36.3–37.2)
GCS 3 (3–3) 3 (3–3) 3 (3–3)

BASELINE NOCICEPTION PARAMETERS
Pupillometry Values

Size, mm 2.7 (2.2–3.2) 2.7 (2.3–3.3) 2.5 (2.1–2.9)
Constriction rate, % 20 (13–25) 19 (11–24) 23 (15–33) *

Constriction velocity, mm/s 1.26 (0.98–2.19) 1.11 (0.71–2) 1.66 (1.20–2.49) *
Anisocoria 3 (6) 3 (9) 0 (0)

Algesimeter Values
Area huge peak, 0 (0–0) 0 (0–0) 0 (0–0)
Peak/sec (NSCF) 0 (0–0) 0 (0–0) 0 (0–0)
Average rise, µSs 0 (0–0) 0 (0–0) 0 (0–0)

Average peak, µSs 0 (0–0) 0 (0–0) 0 (0–0)

Data are presented as mean ± SD, median (25th–75th percentiles) or count (%). MAP = mean arterial pressure; GCS = Glasgow coma scale,
NSCF = number of skin conductance fluctuations per second. * p < 0.05 “neuro” vs. “non-neuro” patients.

Table 3. Algesimeter values pre- and post-stimulation in the 15 patients with detectable NSCF. Data
are presented as median (IQRs).

Pre-Stimulation Values Post-Stimulation Values

Area huge peak, 0 (0–0) 0.30 (0–1.12) *
Peak/sec (NSCF) 0 (0–0) 0.13 (0.07–0.27) *
Average rise, µSs 0 (0–0) 0.01 (0–0.01) *

Average peak, µSs 0 (0–0) 0.02 (0.01–0.06) *
NSCF = number of skin conductance fluctuations per second. * p < 0.05 “neuro” vs. “non-neuro” patients.

We found no correlation between PPI score, pupillary dilation to pain and pupil size
before stimulation with NSCF (Figure 2), or any of the SCA-derived variables.
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Table 4. Proportion of patients with adequate or inadequate pain control according to changes in
the pupillary pain index (PPI) or to the number of skin conductance fluctuations per second (NSCF).
Total of patients = 51.

PPI ≤ 4
(Adequate Control)

PPI > 4
(Inadequate Control)

NSCF < 0.07
(No Pain Detection) 17 19

NSCF ≥ 0.07
(Pain Detection) 6 9

3.3. Subgroup Analysis of Patients with and without Brain Injury

On the day of nociceptive stimulation assessment, patients with brain injury had
significantly higher blood pressure and arterial saturation, despite a similar pupil size
and a lower constriction rate and constriction velocity at light stimulation compared to
others (Table 2). They also received sedative agents less frequently than patients without
brain injury. However, no differences at pupillometry or SCA findings were observed after
nociceptive stimulation (Figure 3).
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4. Discussion

In this study including a heterogenous population of critically ill patients on me-
chanical ventilation, 55% of them had inadequate control of the nociceptive stimulation
according to the PPI assessment, and 29% of them had a detectable skin conductance.
The two techniques showed poor agreement in the assessment of the response to noxious
stimulation.

Critically ill patients are very likely to experience nociception from many causes; how-
ever, as many ICU patients are unable to communicate their nociception because of altered
consciousness, sedation, or mechanical ventilation, unrelieved pain is a major challenge for
clinicians and requires adequate detection. The gold standard in pain evaluation is patient
self-reporting, which is not always possible. Current research has shown that the two
tools best validated for patients unable to self-report their pain are the BPS and the critical
care pain observation tool [25]. However, these scales might present some limitations in
those patients with a reduced level of consciousness, in particular when this is secondary
to a primary brain injury. Moreover, altered consciousness might per se alter patients’
ability to cooperate during different procedures, which can also exacerbate anxiety and
pain. Moreover, the use of sedatives, the presence of severe brain injury, and concomitant
NMBAs administration can significantly alter the usefulness of these behavioral scales in
ICU patients. As such, reliability and validity of the scales could be challenged in this
specific subgroup of patients. In our study, one third of patients received NMBAs, so
behavioral pain scales could not be used. Interestingly, changes in systemic physiological
variables are associated with pain but the increase rate could be not always easily detectable
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or not clinically relevant. These observations suggest that it would be almost impossible to
assess pain in these complex ICU patients without additional tools that could quantify the
response to noxious stimulations.

The use of pupillary reflex dilation has shown some promising findings. During
general anesthesia, pupil reflex dilatation has shown greater sensitivity, when compared
with other variables such as heart rate and blood pressure, to assess response to noxious
stimulation [26,27], and was nicely correlated with self-reported patient’s pain in the
post-operative period [28]. In sedated non-brain injured patients, pupillary light reflex
distinguished unambiguously between noxious and non-noxious procedures [11] and it
was used to predict autonomic response after endotracheal suctioning [13]. In one study,
PLR was studied before the start of a noxious stimulation and compared to BPS obtained
during stimulation, showing a significant correlation between the two parameters [11].
In a recent study, Vinclair et al. [13] compared the pupillary response obtained during a
tetanic stimulation (PPI score) and the BPS response to endotracheal suctioning in sedated
non-brain-injured and brain-injured patients; the authors concluded that the nociceptive
response to endotracheal suctioning was accurately predicted using the PPI score in these
patients, regardless of the presence of brain injury. However, the authors excluded brain-
injured patients without preservation of midbrain function as attested by pupillary light
reflex measurements (in line with data from post cardiac arrest patients) [29]. In our study,
we included different forms of brain-injury, including those suffering from post-anoxic
damage and also cortical function at baseline. We found that brain-injured patients, despite
a lower constriction rate and constriction velocity at light stimulation than others, showed
similar pupillary dilatation to pain when compared to non-brain injury patients, suggesting
that PPI assessment could also be effective in this setting. This finding could be explained
by the fact that PDR is not mediated directly within the midbrain function (i.e., as the
pupillary constriction via the Edinger–Westphal nucleus) but via the cervical sympathetic
system, which may remain unaffected by acute brain injury involving the brainstem.

The skin conductance algesimeter is a device that has some potential in ICU pa-
tients as its accuracy is minimally biased by confounders, such as shock, medications, or
hypothermia, which are frequently observed during critically illness [18]. In one study,
Ledowsky et al. found a positive correlation between NSCF during surgery and the nu-
meric rate scale in the post-operative setting [15]. However, the same group of authors
found, in another study, that NSCF only partially reflected the changes in plasma nora-
drenaline levels during surgery and that this parameter was only partially influenced by
boluses of fentanyl [16]. In the ICU setting, there are scarce data, in particular on uncon-
scious patients. In one study, SCA indices significantly increased during tracheal suction
and patient positioning; also in addition, NSCF negatively correlated with the Ramsay
scale [22]. In another study, SCA was more sensitive than cardiovascular, respiratory, or
even BIS-derived variables to detect pain [30]. However, deep sedation could affect the
intensity of SCA changes during patient’s stimulation. Moreover, in non-sedated patients,
NSCF could be influenced by concomitant emotional distress and anxiety rather than by
pain alone [23]. Interestingly, all the studies conducted in the ICU excluded patients with
neuro-myopathy, patients treated with NMBAs and those with brain injury. As such, we
reported for the first time the use of SCA during noxious stimulation in such patients, with
a high degree of severity.

It remains difficult to explain the discrepancy in the number of patients with inade-
quate analgesia between automated pupillometry and SCA. We can speculate that the two
devices have a different sensitivity for pain detection when sedatives and analgesics are
used; as this situation is also present in the operative setting, it is possible that the presence
of a critical illness, of an inflammatory status, or of brain damage would negatively affect
the capacity of skin conductance to adequately assess pain in this setting. Moreover, as
critical illness is often associated with microvascular dysfunction, this phenomenon may po-
tentially influence more peripheral release of catecholamines and autonomous nerves than
ocular pathways. Moreover, the anatomic pain pathways, which are “tested” by the two
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monitoring tools, are different and this could also influence our findings. During emotion
or pain, skin sympathetic nerves, although under the control of the cerebral cortex, activate
palmar and plantar sweat glands that eventually increase skin conductance (i.e., “peak”);
this phenomenon is mediated by the acetylcholine via the muscarine receptors [14]. The
constrictor pupillae and the dilator pupillae receive opposing parasympathetic and sympa-
thetic innervations; the sympathetic neurons are located in the intermedio-lateral column
of the cervico-thoracic spinal cord and project to the noradrenergic postganglionic neurons
in the superior cervical ganglion, which innervate the dilator pupillae muscle; the locus
coeruleus is also involved in the pupillary control and response to noxious stimulation [31].
These pathways are not involved in the pupil light reflex, which explains why we could not
find any association between pupil light reflex at baseline and PPI during pain stimulation.
Finally, the SCA showed NSCF data over an average of 15-s time window while tetanic
stimulation with pupillometry rarely exceeded 10 s, which could explain the sensitivity in
pain detection over a short-time noxious stimulus.

This study had several limitations. First, the number of included patients was rela-
tively small to make appropriate comparison of patients with and without brain injury.
Moreover, the presence of patients with post-anoxic brain injury might provide an ad-
ditional bias on the alterations of pain pathways and additional data on this specific
population are required. Second, treatments for sedation and analgesia were not standard-
ized, which might have introduced bias in the interpretation of data. The small number of
patients prevented us from making appropriate adjustments. Third, the electrical stimula-
tion was variable in time and/or intensity, i.e., adjusted according to PDR, and patients
received therefore different degree of nociception; whether a tetanic stimulation of fixed
and constant intensity would have been more appropriate to test nociception between the
two monitoring tools remains unknown. Fourth, the effect of opioids on pupillary light
reflex might provide an additional bias on the alterations of pain pathways and further
studies are necessary to better define this issue. Finally, age is another important factor
that can interfere with pupillary constriction or dilation, because the resting size of the
pupil progressively decreases after the fourth decade of life; however, we did not adjust
our observations on this variable.

5. Conclusions

In this study, 55% of patients showed inadequate control of noxious stimulation
according to the automated pupillometry assessment while changes in skin conductance
were more limited. The two techniques showed a poor agreement in assessing pain in
critically ill unconscious patients.
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