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Abstract: Coronavirus disease-19 (COVID-19) is a predominantly respiratory syndrome. Growing
reports about a SARS-CoV-2 neurological involvement, including autonomic dysfunction (AD), have
been reported, mostly in critically-ill patients, or in the long-COVID syndrome. In this observational,
cross-sectional study, we investigated the prevalence of AD in 20 non-critically-ill COVID-19 patients
(COVID+ group) in the acute phase of the disease through a composite instrumental evaluation
consisting of Sudoscan, automated pupillometry, heart rate variability (HRV), and pulse transit time
(PTT). All the parameters were compared to a control group of 20 healthy volunteers (COVID—
group). COVID+ group presented higher values of pupillary dilatation velocities, and baseline pupil
diameter than COVID— subjects. Moreover, COVID+ patients presented a higher incidence of feet
sudomotor dysfunction than COVID— group. No significant differences emerged in HRV and PTT
parameters between groups. In this study we observed the occurrence of autonomic dysfunction in
the early stage of the disease.

Keywords: SARS-CoV-2; COVID-19; autonomic dysfunction; dysautonomia; Sudoscan; automated
pupillometry; heart rate variability; pulse transit time

1. Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), a novel coronavirus
isolated in China in December 2019 [1], is the pathogenic agent of coronavirus infectious
disease (COVID-19), that rapidly spread, in only a few months, across the world. Although
lung and respiratory tract symptoms are prevalent and often severe [2], growing evidence
is emerging about the neurological involvement of SARS-CoV-2, which could occur in one
third of patients with acute COVID-19 [3]. SARS-CoV-2-related neuronal damage could be
induced both by a direct cellular invasion [4,5], mediated by the linkage between the virus
spike protein and the endothelial acetylcholine receptor [6], or by a cytokine mediated
dis-immune mechanism [7-10].

Among neurological manifestations, recent evidence of autonomic dysfunction (AD)
has been reported in the context of the long-COVID syndrome [11,12], but extensive data
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are lacking about the early onset of dysautonomia in acute COVID-19, especially in non-
critically-ill patients. In a study conducted on a bigger cohort of patients which included
the cohort of this study, (Scala and Bellavia et al., submitted) we found a high prevalence of
orthostatic hypotension and symptoms of dysautonomia, as assessed by COMPASS31 [13].

To date, several tools, such as automated pupillometry (AP), Sudoscan, heart rate
variability (HRV), and pulse transit time (PTT), have been employed in order to obtain an
indirect evaluation of the autonomic nervous system (ANS). AP is an economical, safe, and
clinically validated method to investigate the pupillary light reflex (PLR) [14], defined as
the constriction of the pupil consequent to an increase in the illumination of the retina [15].
In fact, ANS, based mainly on ambient light level, continuously adapts the pupil diameter
size in order to obtain the best retinal image quality by activating or inhibiting the sphincter
and dilator muscles. The AP-based evaluation of PLR to assess the presence of AD has
been employed in several medical conditions [16-18].

Sudoscan (Impeto Medical, Paris, France) is a simple, standardized, non-invasive tool,
able to assess the sudomotor function through measurement of sweat chloride concentra-
tions using reverse iontophoresis and chronoamperometry [19,20]. Sudomotor function is
an indirect index of sympathetic cholinergic non-myelinated C-fibers activity, since sweat
glands lack parasympathetic innervation. Several authors have reported the efficacy of Su-
doscan in detecting AD in some neurological diseases, such as diabetes [21], mitochondrial
diseases [22], amyloidosis [23], and narcolepsy [24].

HRV represents the variation over time of the period between consecutive heartbeat,
mostly dependent on the extrinsic regulation of the heart rate (HR) mediated by the ANS
branches. Thanks to its absolute non-invasiveness and ease of use, HRV has rapidly
become a standardized, non-invasive, and widely used tool for assessing the status of
the cardiovascular sympatho-vagal balance [25,26]. Through the quantification of the
high-frequency (HF) and low-frequency (LF) oscillatory components of the heart rate, HRV
is able to discriminate the respective role of the ortho-sympathetic and the parasympathetic
components of the ANS [25].

PTT is the time employed by the pulse pression waveform to travel along two different
arterial sites [27]. This parameter is an indirect measure of peripheral vasoconstriction and,
consequently, it can reflect the sympathetic/parasympathetic balance [28].

In our previous study (Scala and Bellavia et al., in press), we observed orthostatic
hypotension in a high percentage of COVID-19 patients. To better characterize the AD
features in the same cohort of patients, we performed a composite, instrumental analysis
of AP, Sudoscan, HRV and PTT.

2. Materials and Methods
2.1. Study Design and Population

The study cohort was a subgroup of the one described in our previous paper (Scala
and Bellavia, et al., submitted). The study design was single-center, prospective, and cross-
sectional. Consecutive patients affected by COVID-19 (COVID+ group) admitted to the
COVID-19 sub-intensive care unit or to the COVID-19 regular ward of IRCCS Fondazione
Policlinico Agostino Gemelli in Rome were enrolled. Enrolment period was from 1 May
2021 to 31 July 2021.

Inclusion criteria included: (1) active SARS-CoV-2 infection at the time of recruitment
confirmed by a reverse transcriptase-polymerase chain reaction (RT-PCR) test for SARS-
CoV-2, (2) adult age (>18 years), and (3) ability to sign informed consent. Exclusion criteria
were: (1) inability to maintain orthostatism for the time needed to perform Sudoscan,
(2) diabetes, (3) atrial fibrillation, ventricular bigeminy, or trigeminy during the observation
period, (4) non-invasive respiratory support, (5) major vision loss, (6) cognitive impairment,
(7) language barrier, (8) abnormal neurological examination, and (9) disturbances of state
of consciousness.

The study conformed the principles of the 1964 Declaration of Helsinki and its later
amendments. The research protocol was approved by the etic committee of our institution
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(Comitato Etico of Fondazione Policlinico Universitario “A Gemelli” IRCCS—Rome, prot.
number 0014686/21). Written informed consent was obtained from the patients at the time
of hospital admission.

2.2. Control Group

Control group (COVID—) was composed of 20 subjects enrolled among healthy vol-
unteers (refer to Scala and Bellavia, et al., in press).

Inclusion criteria for COVID— were (1) nasal swab PCR test negative for SARS-
CoV-2 infection performed within 48 h, (2) adult age, and (3) ability to sign informed
consent. Exclusion criteria were: (1) previous COVID-19, (2) language barrier, (3) abnormal
neurological examination, (4) fever, (5) ongoing infections, (6) cognitive impairment or
disturbances of state of consciousness, and (7) major vision loss.

The control group was matched with the COVID+ group for sex, age, and Body Mass
Index (BMI, kg/m?). One control subject was enrolled for each case.

The enrollment process is depicted in Figure 1.

Assessed for Eligibility
COVID+ group (n=143) Critically-ill disease
(COVID+ group, n=72)
- e invasive respiratory support (n=52)
g ¢ inability to maintain orthostatism for three
minutes (n=11)
v e disturbances of state of consciousness

Non-critically-ill patients
COVID+ group (n=71)

(n=9)

Comorbidities
(COVID+ group, n=47)

v

e diabetes (n=41)
e cognitive impairment (n=6)

No exclusion criteria
COVID+ group (n=24)

Consent withdrawal
(COVID+ group, n=4)

v

Completed the study
COVID+ group (n=20)

Figure 1. Flow diagram of the study (COVID+ group). Abbreviations: COVID, Coronavirus infectious disease.

2.3. Automated Pupillometry

Quantitative automated PLR was measured in both eyes for each member of the study
by means of NPi-200 (NeurOptics, Irvine, CA, USA), a handheld portable device com-
posed of an infrared camera that integrates a calibrated light stimulation of fixed intensity
(1000 lux) and duration (0.8 s) to provide rapid measurements of PLR parameters regardless
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of ambient lighting condition. NPi-200 stores repeated video images at >30 frames per
second for 3.2 s to calculate PLR parameters. Variables recorded consist of baseline pupil
diameter (BPD), minimum pupil diameter at peak of constriction, reflex latency (RL, i.e.,
the time delay between the light stimulus and the onset of PLR), average constriction
velocity (CV), maximum constriction velocity (MCV), average dilatation velocity (DV),
constriction index (CI, i.e., BPD minus minimum size divided by BPD), neuro-pupillary
index (NPij, i.e., a composite parameter, indicative of pupil reactivity, derived from the
combination of all of the previous parameters), and date and time of measurement. Results
for each examination are then rapidly displayed on a liquid crystal display [29,30].

Data were then reported on an Excel file and mean values of the two eyes’ parameters
were calculated and considered for further analysis. Absolute constriction amplitude
(ACA) was obtained by subtracting minimum pupil diameter from BPD.

For each subject, AP was performed first in the right eye, while the patients were lying
in bed.

As extensively reported in the literature, an NPi > 3 was considered normal [30]
(Figure 2A).

Figure 2. Overview of the techniques used in the study. Panel (A) Automated pupillometry (AP) measures the pupil’s

light response (PLR) parameters, allowing an indirect evaluation of sympathetic/parasympathetic system modulation.

Panel (B) Pulse transit time (PTT) was measured by means of a pulse oximeter placed on the index. PTT corresponded

to the time lapse between the detection of the R peak on EKG and the peaks in the pulse oximetric signals. Panel (C)

Heart rate variability (HRV) measurements are based on the variability in the interval between consecutive R peaks as well

as the oscillation between consecutive instantaneous heart rates. Panel (D) Sudoscan stimulates sweat glands with low

voltage direct current and induces an electrochemical reaction between sweat chloride and the stainless-steel electrodes.

The parameter obtained is the electrochemical skin conductance (ESC), indirectly evaluating small fibers’ function.
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2.4. Sudoscan

Sudoscan is composed of a computer connected to two sets of stainless steel electrodes,
on which the subject’s hand and feet are placed [19]. By stimulating sweat glands with
low voltage direct current (<4 mV), the machine induces an electrochemical reaction
between sweat chloride and the stainless-steel electrodes. The parameter obtained is the
electrochemical skin conductance (ESC), derived by the ratio between the measured current
and the voltage utilized, expressed in microSiemens (uS) [31].

For this study, all COVID+ and COVID— subjects put their hands and feet on the
electrodes for 3 min, while maintaining orthostatic position. Mean scores of both hand and
feet, and the individual values of each limb, calculated automatically by the machine, were
used for further analysis.

An ESC > 70 uS for feet and > 60 uS for hands was considered normal. ESCs of between
50-70 uS (feet) and 40-60 uS (hands) were considered an index of moderate sudori-motor
dysfunction, while an ESC < 50 uS (feet) and < 40 puS (hands) were defined as a marker of
sever sudomotor dysfunction, as proposed by previous authors [32,33] (Figure 2D).

2.5. Heart Rate Variability

All the members of the COVID+ and COVID— groups underwent a bipolar 10 min
electrocardiogram (EKG) in supine position, and then 3 min EKG during active standing.
Sampling rate was 256 Hz. The two electrodes were placed according to the Lead Il mod-
ified derivation (the negative electrode was positioned upon the right clavicula and the
positive one on the left lower torso). Artifact rejection was performed visually; periods of
EKG recordings characterized by ventricular extrasystoles, movements, muscular artifacts,
or other artifacts were excluded from the analysis. Dedicated software (SleepView, Medcare
Automation B.V., Amsterdam, The Netherlands) recognized the individual electrocardio-
graphic R wave peaks and calculated the R-R intervals (tachogram). Successively, the
tachogram was converted into an ASCII file and analyzed by means of a dedicated freeware
(HRV Analysis Software, Biomedical Signal analysis Group, Dept. of Applied Physics,
University of Kuopio, Kuopio, Finland) [34].

HRV analysis was performed in time-domain for mean HR, mean RR, SDNN, SDANN,
NN50, and RMSSD. In the frequency-domain, HRV was analyzed by means of the paramet-
ric Autoregressive Model which allows an accurate estimation of Power Spectral Density
when analyzing short time intervals during which the signal is supposed to remain station-
ary [25,35]. The frequency bands considered were low frequency (LF, 0.04-0.15 Hz) and
high frequency (HF, 0.15-0.4 Hz) ones. The power of LF and HF bands was expressed in
absolute values (ms?).

A detailed description of HRV analysis, standards of measurement, physiological inter-
pretation, and clinical use is available in the report of the taskforce of the European Society
of Cardiology and the North American Society of pacing and electrophysiology [25,35]
(Figure 2C).

2.6. Pulse Transit Time

Peripheral hemoglobin saturation was measured by means of a pulse oximeter placed
on the index, connected to a computer. A 10 min registration in lying position and a
subsequent 3 min recording in orthostatism were performed contemporarily to EKG
registration. As previously described in the literature, we identified the starting point
with the R peaks of the EKG, which correspond approximately to the opening of the aortic
valve, and the terminal point as the pulse pression arrival points detected by a finger pulse
oximeter [36]. The traces registration, the detection of the R-peaks in the EKG trace, the
peaks in the pulse oximetric signals, and the calculation of the time-interval between the
two markers (i.e., PTT) were performed by dedicated software (Rembrandt SleepView,
Medcare). Sampling rate was 256 Hz. Subsequently, a visual analysis of the pulse oximetric
traces was performed, and PTTs derived by pulse oximetric waves with visible artifacts
were manually excluded from the analysis (Figure 2B).
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2.7. Statistical Analysis

A normality test (i.e., Shapiro-Wilk test) was performed to assess variables distribution.
Therefore, continuous variables were summarized as mean =+ standard deviation (SD) or as
median and interquartile range (IQR) according, respectively, to their normal or not-normal
distribution. Categorical variables were expressed as number (1) and percentage (%).

Comparisons between the COVID+ and COVID— groups in terms of AP and Sudoscan
parameters were performed by means of t-student test for continuous variables following
a normal distribution, and through Mann-Whitney U-test for not-normal distributed
variables. ESC parameters were dichotomized using the cut-off of 70 uS for feet and 60 uS
for hands. For categorical variables we adopted Pearson’s chi-square (x?).

Finally, in order to test the effect of the interaction between COVID-19 and the particu-
lar position assumed (COVID * position) on HRV and PTT parameters, the comparison
was performed by means of two-way analysis of variance (ANOVA). The independent
variables considered were COVID-19 positivity (COVID+ vs. COVID—) and the position
assumed (orthostatism vs. clinostatism). We used the SPSS package (version 20) to perform
statistical comparisons. For all the analyses performed, statistical significance was settled
atp <0.05.

3. Results

A total of 20 subjects were enrolled in the COVID+ group. No significant differences
were observed between COVID+ and COVID— groups in sex (COVID+: 14/20 (70%) vs.
COVID—: 13/20 (65%); x> = 0.114, p = 0.736), age (COVID+: 56.05 + 19.15, U-test = 229.000,
p = 0.433), and BMI (COVID+: 25.75 + 3.86, U-test = 184.000, p = 0.664).

In particular, none of the subjects included in the study presented symptoms or
signs of peripheral neuropathy at neurological clinical evaluation in terms of subjective or
objective sensory alterations, reduction of deep tendon reflexes, or segmental muscular
weakness.

A detailed representation of the demographic and clinical characteristics of the study
cohort is available in Table 1.

Table 1. Clinical and demographic feature of COVID+ and COVID— groups. Categorical variables are
expressed as number (1) and percentage (%). Numerical variables are expressed as mean =+ standard
deviation, since they showed a normal distribution in a normality test (i.e., Shapiro-Wilk test).

Clinical Features COVID+ (n = 20) COVID— (n =20)
Male sex 1 (%) 14 (70%) 13 (65%)
Age—years Mean £ SD 56.05 £ 19.15 52.55 £13.71
BMI Mean + SD 25.75 4+ 3.86 26.40 4+ 3.39
COVID symptoms
Dyspnoea 1 (%) 15 (75%) 0 (0%)
Fever at time of evaluation n (%) 0 (0%) 0 (0%)
Diarrhoea 1 (%) 10 (50%) 3 (15%)
Dizziness 1 (%) 12 (60%) 1 (5%)
Pneumonia n (%) 14 (70%) 0 (0%)
A symptoms .
onset-registration time Median (IQR) 6 (4-8)
Comorbidities
Hypertension 1 (%) 10 (50%) 7 (35%)
Heart disease 1 (%) 4 (20%) 1 (5%)
Dysthyroidism n (%) 1 (5%) 2 (10%)
Renal failure n (%) 1 (5%) 0 (0%)
Ocular disease 1 (%) 0 (0%) 2 (10%)

In a univariate analysis, no significant differences were found regarding the type of
drugs assumed and comorbidities between groups.
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Pharmacological treatments assumed by COVID+ and COVID— members able to alter
the ANS included antidepressants, beta-blockers, ACE inhibitors, sartans, calcium channel
blockers, and alpha-1 blockers. Concomitant pharmacological treatments of both groups
are described in Table 2.

Table 2. Concomitant pharmacological treatments of COVID+ and COVID— groups. Variables are
expressed as number (1) and percentage (%).

Pharmacological Treatments COVID+ (n = 20) COVID— (n =20)
o-blockers, 1 (%) 0 (0%) 1 (5%)
3-blockers, n (%) 5 (25%) 3 (15%)

ACE-inhibitors, 1 (%) 1 (5%) 2 (10%)
Sartans, n (%) 6 (30%) 1 (5%)

Calcium channel blockers, 1 (%) 3 (15%) 1 (5%)
Antiarrhythmics, 1 (%) 0 (0%) 0 (0%)
Antiepileptic drugs, n (%) 0 (0%) 1 (5%)
Antidepressants, 1 (%) 1 (5%) 0 (0%)
Antipsychotics, 1 (%) 1 (5%) 0 (0%)
Hypnotic drugs, n (%) 2 (10%) 3 (15%)

3.1. Pupillometry

COVID+ members showed a higher DV [COVID+: 1.1 (1.0-1.3); COVID—: 0.9
(0.8-1.2); U-test = 276.000, p = 0.040], ACA [COVID+: 1.4 (1.1-1.9); COVID—: 1.0 (0.9-1.5);
U-test = 277.000, p = 0.037], CI [COVID+: 34.4 (30.3-37.3); COVID—: 30.5 (25.0-34.0);
U-test = 276.00, p = 0.040], and BPD [COVID+: 4.2 (3.6-4.7);COVID—: 3.7 (3.1-4.1);
U-test = 276.500, p = 0.039]. No significant differences were observed in other AP pa-
rameters. Extended results of the AP analysis are available in Table 3.

Table 3. Results of automated pupillometry analysis. Categorical variables are expressed as number (1) and percentage (%),

and numerical variable as median and interquartile range (IQR). For categorical variables, we adopted the Pearson’s x2
test. Numerical variables were analyzed by means of Mann-Whitney U-test. Significance was set at p < 0.05. We can see
highlighted the results that reached statistical significance.

(ir?:;]()))-'- C(SZIZ%; Mann-Whitney Pearson’s x2
PUPILLOMETRY U-Test p Test p
Sympathetic parameters
Dilatation velocity (mm/s) Median (IQR) 1.1 (1.0-1.3) 0.9 (0.8-1.2) 276.000 0.040
Parasympathetic parameters
Reflex latency (ms) Median (IQR) 240 (215-250) 233 (211-250) 220.000 0.581
Constriction velocity (mm/s) Median (IQR) 2.3(1.9-2.7) 2.1(1.7-2.7) 250.00 0.176
Maximum constriction velocity (mm/s) Median (IQR) 3.7 (3.2-4.4) 3.1(2.8-4.4) 241.000 0.267
Minimum pupil diameter (mm) Median (IQR) 2.8(2.5-3.1) 2.6 (22-2.7) 259.500 0.107
Absolute constriction amplitude (mm) Median (IQR) 14 (1.1-1.9) 1.0 (0.9-1.5) 277.000 0.037
Constriction index (%) Median (IQR) 34.0 (30.3-37.3) 30.5 (25.0-34.0) 276.000 0.040
Mixed parameters
Baseline pupil diameter (mm) Median (IQR) 4.2 (3.64.7) 3.7 (3.1-4.1) 276.500 0.039
Neuro-pupillary index Median (IQR) 44 (4.14.6) 4.5 (4.24.6) 172.000 0.445
Neuro-pupillary index < 3 1 (%) 0 (0%) 1 (5%) 1.026 0.500

3.2. Sudoscan

No significant differences were observed in ESC distribution between COVID+ and
COVID— group. Performing a dichotomization of ESC values referring to the selected
cut-offs, we found a higher rate of sudomotor dysfunction (ESC < 70 uS) of the mean feet
values in COVID+ than COVID— group (COVID+: 9 (45%); COVID—: 3 (15%); x? = 4.286,
p = 0.038). No significant differences were observed in the prevalence of hands sudomotor
dysfunction between groups. For details, refer to Table 4.
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Table 4. Results of Sudoscan analysis. Categorical variables are expressed as number (1) and percentage (%), and numerical

variables as mean =+ SD, since they were normally distributed. For categorical variables, we adopted the Pearson’s x test.

Numerical variables were analyzed by means of {-test. Significance was set at p < 0.05. We can see highlighted the results

that reached statistical significance.

COVID+ COVID—-

(1 = 20) (1 = 20) t-Test Pearson’s x2
SUDOSCAN t-Test p Test p
Hands
Mean ESC hands mean + SD 66.5 + 17.3 70.3 + 134 0.767 0.448
Mean ESC right hand mean + SD 66.8 +17.4 69.1 £ 129 0.485 0.631
Mean ESC left hand mean £ SD 66.6 £17.9 68.9 + 14.6 0.437 0.665
Sudomotor impairment
ESC hands < 60 mcs n (%) 6 (30%) 5 (25%) 0.125 0.723
ESC right hand < 60 mcs n (%) 6 (30%) 4 (20%) 0.533 0.465
ESC left hand < 60 mcs n (%) 7 (35%) 6 (30%) 0.114 0.736
Feet
Mean ESC feet mean + SD 67.5 +22.3 76.8 £ 11.8 1.647 0.108
Mean ESC right foot mean + SD 68.8 +21.9 75.0 £19.2 0.945 0.351
Mean ESC left foot mean + SD 69.0 £ 23.9 76.8 +£12.0 1.294 0.204
Sudomotor impairment
ESC feet < 70 mcs n (%) 9 (45%) 3 (15%) 4.286 0.038
ESC right foot < 70 mcs n (%) 8 (40%) 4 (20%) 1.905 0.168
ESC left foot < 70 mcs n (%) 8 (40%) 3 (15%) 3.135 0.077

3.3. Heart Rate Variability

No significant differences were observed between COVID+ and COVID— groups
in all the parameters analyzed for all the conditions considered (i.e., clinostatism and
orthostatism).

3.4. Pulse Transit Time

No significant differences were observed between COVID+ and COVID— groups in
PTTs distribution for all the conditions considered (i.e., clinostatism and orthostatism).

4. Discussion

In this study we observed significant differences in Sudoscan and AP parameters
between COVID+ and COVID— subjects, while no differences were found in HRV data
and PTT between groups.

In particular, COVID+ patients presented, in AP measurements, higher values of
BPD, DV, ACA, and CI. In the Sudoscan evaluation, COVID+ patients presented a higher
prevalence of feet sudomotor dysfunction compared to controls. These findings suggest
the presence of a complex alteration involving both the sympathetic and parasympathetic
branches of ANS. In fact while Sudoscan is an indirect index of sympathetic functioning,
AP suggests both sympathetic (DV, BPD) and parasympathetic (ACA, CI, BPD) involvment.
To date, there are no data on the possible dysautonomic involvement in not crtitically-ill
COVID-19 patients evaluated through the study of PLR dynamics or sudomotor function.
The scarce evidence available on AP concern critically-ill patients, in which parameters
could be altered by the severity of the illness [37], or patients recovering from COVID-19.
Moreover, Sudoscan has been employed in only one study on patients recovered from
SARS-CoV-2 infection.

Concerning critically-ill COVID-19 patients, a study conducted by Vrettou et al. [38]
on 18 members with respiratory failure requiring mechanical ventilation for >48 h did
not find, after a statistical correction for possible confounders (i.e., sedation), significant
differences in PLR dynamics between SARS-CoV-2 infected patients and people suffering
respiratory failure from other causes. In another study, Battaglini et al. [39] found an
altered pupillary reactivity in about 31% of patients admitted to the intensive care unit
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(ICU) for severe COVID-19, correlating this finding to the increase of intracranial pressure.
Regarding the post-COVID evidence, Karahan et al. [40] observed, one month after healing
from the disease, a higher BPD and CV, and lower values of dilatation latency and duration
of pupil constriction than healthy controls.

To date, sudomotor function has been investigated in only one study conducted in
patients presenting at least one neurological symptom within 3 months from acute infection.
Occurrence of feet sudomotor dysfunction, defined as an ESC < 70 puS, was found in 26% of
the study population, mostly in older patients subjected to previous antiviral treatment.
Similarly to our study, no significant differences were reported regarding the upper limb
ESC [41].

In this study we did not find any correlation between COVID-19 and changes in HRV
or PTT parameters.

In the framework of COVID-19 related dysautonomia, a possible interaction between
SARS-CoV-2 infection and HRV has already been investigated by several authors.

Aragon-Benedi et al. [42] found a predominance of the parasympathetic tone, and, at
the same time, a withdrawal of the sympathetic activity with an overall reduction of HRV
in 14 ICU-admitted COVID-19 patients, more prominent in people who presented a worse
outcome. This finding was interpreted by the author as a consequence of the pathological,
cholinergic, anti-inflammatory response which follows the initial sympathetic overactivity,
inducing immune anergy and worse outcome. A predominance of sympathetic activity
during the first phase of the infection has been reported by Pan et al. [43], who found
in critically-ill patients an overall reduction of HRYV, in terms of SDNN, SDANN, and an
increase in the LF/HF, correlated with humoral biomarker increases such as NT-proBNP
and D-dimer. In keeping with this, Hasty et al. [44] found, in 16 mild COVID-19 patients,
an overall decrease in HRV parameters which anticipated by almost 72 h a spike in the
level of C-reactive protein (CRP). These contrasting results could be explained by the
sympathetic activation which occurs during the development and exacerbation of the
systemic inflammatory response syndrome (SIRS) in severe forms of the disease. Yet once
SIRS is established, the sympathetic-vagal balance could shift towards a parasympathetic
system predominance, trying to taper down the systemic inflammation [45]. Regarding
the effects of SARS-CoV-2 on peripheral vessels, only few studies have been conducted, all
demonstrating an increased arterial stiffness in acute COVID-19 patients [46,47]. Moreover,
the arterial stiffness increase seems to correlate with outcome measures, such as mortality
and length of hospitalization [47]. In our study, we did not observe significant differences
in either HRV and PTT parameters between case and controls. The lack of significant
difference regarding HRV and PTT in our study could be related to the low sensitivity of
the methods in not critically-ill COVID-19 patients.

Furthermore, the lack of statistical significance with these methods could also be
linked to the small sample size or to the disease phase at the moment of registration.

In any case, our results confirm the presence of autonomic disfunction encompassing
both sympathetic and parasympathetic system.

This is the first study to investigate the presence of sudomotor dysfunction in the
acute phase of the disease, and the first to analyze PLR through AP in not critically-ill
patients with an active form of COVID-19. All these results suggest that dysautonomia
could significantly contribute to the spectrum of COVID-19-related neurological disorders
in the acute phase of the disease. The quick recognition of these clinical features could
ameliorate the in-hospital management of these patients.

Even if we cannot determine the origin of SARS-CoV-2-related AD, the absence of
symptoms and signs of peripheral neuropathy in our study sample suggest an involvement
of the central component of the ANS.

The main limitation of the study is the small sample size, which makes it difficult to
extend the results to the general SARS-CoV-2 affected population. Another limitation is the
concomitant use, in some patients, of pharmacological treatments which could alter ANS
functioning, such as Sartans [48]. Moreover, we selected a control group of healthy subjects
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with no ongoing infections; therefore, we cannot exclude the role of the inflammatory
state in inducing AD. Finally, we cannot exclude measurement errors due to the single
measurements performed for each patients in order to reduce the exposure time of the
operators to SARS-CoV-2. Further studies, with larger sample size, are needed.

5. Conclusions

In this study we found an alteration in Sudoscan and pupillometry parameters, in
acute COVID-19, suggesting already the presence of AD in the acute phase of the disease.
On the other hand, no significant findings were observed in PTT and HRV analysis. Further
studies investigating the origin of the SARS-CoV-2-related AD trough an instrumental
evaluation, such as cardiac Iodine-123 metaiodobenzyl-guanidine scintigraphy are needed.

Author Contributions: Conceptualization, G.F,, M.L. and G.D.M.; methodology, G.F.,, M.L. and
G.D.M,; software, 1.S.; validation, G.F.,, M.L. and G.D.M.; formal analysis, G.F.,, M.L., LS., S.B., V.B.
and G.D.M,; investigation, I.S. and S.B.; resources, M.G., P.C., S.S. and L.Z.D.V,; data curation, S.B.
and LS.; writing—original draft preparation, S.B., I.S. and G.E; writing—review and editing, G.F,,
V.B., S.B., LS. and G.D.M,; visualization, G.F,, V.B.,, S.B,, LS. and G.D.M.; supervision, G.F, M.L., P.C.
and G.D.M.; project administration, G.F. and M.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of Fondazione Policlinico
Universitario “A Gemelli” IRCCS—Rome prot. 0014686/21—15 April 2021.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank all the enrolled patients and their families, physicians, nurses, paramedics,
and all staff.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dong, E.; Du, H.; Gardner, L. An interactive web-based dashboard to track COVID-19 in real time. Lancet Infect. Dis. 2020, 20,
533-534. [CrossRef]

2. Wiersinga, W.J.,; Rhodes, A.; Cheng, A.C.; Peacock, S.J.; Prescott, H.C. Pathophysiology, Transmission, Diagnosis, and Treatment
of Coronavirus Disease 2019 (COVID-19): A Review. JAMA 2020, 324, 782-793. [CrossRef]

3. Mao, L,; Jin, H,; Wang, M.; Hu, Y.; Chen, S.; He, Q.; Chang, J.; Hong, C.; Zhou, Y.; Wang, D.; et al. Neurologic Manifestations of
Hospitalized Patients With Coronavirus Disease 2019 in Wuhan, China. JAMA Neurol. 2020, 77, 683-690. [CrossRef]

4.  Cantuti-Castelvetri, L.; Ojha, R.; Pedro, L.D.; Djannatian, M.; Franz, J.; Kuivanen, S.; Van Der Meer, F,; Kallio, K.; Kaya, T.;
Anastasina, M.; et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry and infectivity. Science 2020, 370, 856-860. [CrossRef]
[PubMed]

5. Puelles, V.G,; Liitgehetmann, M.; Lindenmeyer, M.T.; Sperhake, J.P.; Wong, M.N.; Allweiss, L.; Chilla, S.; Heinemann, A.; Wanner,
N.; Liu, S.; et al. Multiorgan and Renal Tropism of SARS-CoV-2. N. Engl. |. Med. 2020, 383, 590-592. [CrossRef] [PubMed]

6. SSong, E.; Zhang, C.; Israelow, B.; Lu-Culligan, A.; Prado, A.V,; Skriabine, S.; Lu, P; Weizman, O.-E.; Liu, F; Dai, Y.; et al.
Neuroinvasion of SARS-CoV-2 in human and mouse brain. | Exp Med. 2021, 218, €20202135. [CrossRef]

7.  Frisullo, G.; Scala, I.; Bellavia, S.; Broccolini, A.; Brunetti, V.; Morosetti, R.; Della Marca, G.; Calabresi, P. COVID-19 and stroke:
From the cases to the causes. Rev. Neurosci. 2021, 32, 659-669. [CrossRef]

8.  Munz, M.; Wessendorf, S.; Koretsis, G.; Tewald, F; Baegi, R.; Kramer, S.; Geissler, M.; Reinhard, M. Acute transverse myelitis after
COVID-19 pneumonia. J. Neurol. 2020, 267, 2196-2197. [CrossRef]

9.  Zhao, H;; Shen, D.; Zhou, H.; Liu, J.; Chen, S. Guillain-Barré syndrome associated with SARS-CoV-2 infection: Causality or
coincidence? Lancet Neurol. 2020, 19, 383-384. [CrossRef]

10. Huang, C.; Wang, Y.; Li, X;; Ren, L.; Zhao, J.; Hu, Y;; Zhang, L.; Fan, G.; Xu, J.; Gu, X,; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. [CrossRef]

11. Stella, A.B; Furlanis, G.; Frezza, N.A.; Valentinotti, R.; Ajcevic, M.; Manganotti, P. Autonomic dysfunction in post-COVID patients
with and witfhout neurological symptoms: A prospective multidomain observational study. J. Neurol. 2021, 1-10. [CrossRef]


http://doi.org/10.1016/S1473-3099(20)30120-1
http://doi.org/10.1001/jama.2020.12839
http://doi.org/10.1001/jamaneurol.2020.1127
http://doi.org/10.1126/science.abd2985
http://www.ncbi.nlm.nih.gov/pubmed/33082293
http://doi.org/10.1056/NEJMc2011400
http://www.ncbi.nlm.nih.gov/pubmed/32402155
http://doi.org/10.1084/jem.20202135
http://doi.org/10.1515/revneuro-2020-0136
http://doi.org/10.1007/s00415-020-09934-w
http://doi.org/10.1016/S1474-4422(20)30109-5
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1007/s00415-021-10735-y

J. Clin. Med. 2021, 10, 5861 11 of 12

12.
13.
14.
15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

DDani, M.; Dirksen, A.; Taraborrelli, P.; Torocastro, M.; Panagopoulos, D.; Sutton, R.; Lim, P.B. Autonomic dysfunction in ‘long
COVID': Rationale, physiology and management strategies. Clin. Med. 2021, 21, e63—-e67. [CrossRef]

Sletten, D.M.; Suarez, G.A.; Low, P.A.; Mandrekar, J.; Singer, W. COMPASS 31: A Refined and Abbreviated Composite Autonomic
Symptom Score. Mayo Clin. Proc. 2012, 87, 1196-1201. [CrossRef]

Larson, M.D.; Behrends, M. Portable Infrared Pupillometry. Anesthesia Analg. 2015, 120, 1242-1253. [CrossRef]

McDougal, D.H.; Gamlin, P.D. Autonomic Control of the Eye. Compr. Physiol. 2014, 5, 439-473. [CrossRef]

Giza, E.; Fotiou, D.; Bostantjopoulou, S.; Katsarou, Z.; Karlovasitou, A. Pupil Light Reflex in Parkinson’s Disease: Evaluation
With Pupillometry. Int. J. Neurosci. 2011, 121, 37—-43. [CrossRef] [PubMed]

Lerner, A.G.; Bernabé-Ortiz, A.; Ticse, R.; Hernandez, A.; Huaylinos, Y.; Pinto, M.E.; Malaga, G.; Checkley, W.; Gilman, R.H.;
Miranda, J.J.; et al. Type 2 diabetes and cardiac autonomic neuropathy screening using dynamic pupillometry. Diabet. Med. 2015,
32, 1470-1478. [CrossRef]

Monaco, A.; Cattaneo, R.; Mesin, L.; Fiorucci, E.; Pietropaoli, D. Evaluation of autonomic nervous system in sleep apnea patients
using pupillometry under occlusal stress: A pilot study. CRANIO® 2014, 32, 139-147. [CrossRef]

Brunswick, P.; Mayaudon, H.; Albin, V,; Lair, V.; Ringuede, A.; Cassir, M. Use of Ni electrodes chronoamperometry for improved
diagnostics of diabetes and cardiac diseases. In Proceedings of the 2007 29th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, Lyon, France, 22-26 August 2007; Volume 2007, pp. 4544-4547. [CrossRef]
Chizmadzhev, Y.A.; Indenbom, A.V.; Kuzmin, PI; Galichenko, S.; Weaver, J.C.; Potts, R.O. Electrical Properties of Skin at
Moderate Voltages: Contribution of Appendageal Macropores. Biophys. J. 1998, 74, 843-856. [CrossRef] [PubMed]

Casellini, C.M.; Parson, H.K,; Richardson, M.S.; Nevoret, M.L.; Vinik, A.I. Sudoscan, a Noninvasive Tool for Detecting Diabetic
Small Fiber Neuropathy and Autonomic Dysfunction. Diabetes Technol. Ther. 2013, 15, 948-953. [CrossRef]

Luigetti, M.; Primiano, G.; Cuccagna, C.; Bernardo, D.; Sauchelli, D.; Vollono, C.; Servidei, S. Small fibre neuropathy in
mitochondrial diseases explored with sudoscan. Clin. Neurophysiol. 2018, 129, 1618-1623. [CrossRef]

Luigetti, M.; Bisogni, G.; Romano, A.; Di Paolantonio, A.; Barbato, F.; Primicerio, G.; Rossini, PM.; Servidei, S.; Sabatelli, M.
Sudoscan in the evaluation and follow-up of patients and carriers with TTR mutations: Experience from an Italian Centre.
Amyloid 2018, 25, 242-246. [CrossRef] [PubMed]

Rocchi, C.; Placidi, F.; Del Bianco, C.; Liguori, C.; Pisani, A.; Mercuri, N.B.; Izzi, F. Autonomic symptoms, cardiovascular and
sudomotor evaluation in de novo type 1 narcolepsy. Clin. Auton. Res. 2020, 30, 557-562. [CrossRef] [PubMed]
Electrophysiology TFotESoCtNASoP. Heart rate variability: Standards of measurement, physiological interpretation and clinical
use. Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology.
Circulation 1996, 93, 1043-1065. [CrossRef]

Acharya, U.R;; Joseph, K.P,; Kannathal, N.; Lim, C.M.; Suri, ].S. Heart rate variability: A review. Med. Biol. Eng. Comput. 2006, 44,
1031-1051. [CrossRef]

Smith, R.P; Argod, J.; Pépin, J.L.; Lévy, P. Pulse transit time: An appraisal of potential clinical applications. Thorax 1999, 54,
452-457. [CrossRef]

Grote, L.; Sommermeyer, D.; Zou, D.; Eder, D.N.; Hedner, ]. Oximeter-Based Autonomic State Indicator Algorithm for Cardiovas-
cular Risk Assessment. Chest 2011, 139, 253-259. [CrossRef] [PubMed]

Olson, D.M,; Fishel, M. The Use of Automated Pupillometry in Critical Care. Crit. Care Nurs. Clin. N. Am. 2016, 28, 101-107.
[CrossRef]

Chen, J.; Gombart, Z.; Rogers, S.; Gardiner, S.; Cecil, S.; Bullock, R. Pupillary reactivity as an early indicator of increased
intracranial pressure: The introduction of the neurological pupil index. Surg. Neurol. Int. 2011, 2, 82. [CrossRef]

Mayaudon, H.; Miloche, P.-O.; Bauduceau, B. A new simple method for assessing sudomotor function: Relevance in type 2
diabetes. Diabetes Metab. 2010, 36, 450-454. [CrossRef] [PubMed]

Krieger, S.-M.; Reimann, M.; Haase, R.; Henkel, E.; Hanefeld, M.; Ziemssen, T. Sudomotor Testing of Diabetes Polyneuropathy.
Front. Neurol. 2018, 9, 803. [CrossRef] [PubMed]

Vinik, A.L; Nevoret, M.-L.; Casellini, C.M. The New Age of Sudomotor Function Testing: A Sensitive and Specific Biomarker for
Diagnosis, Estimation of Severity, Monitoring Progression, and Regression in Response to Intervention. Front. Endocrinol. 2015, 6,
94. [CrossRef]

NNiskanen, ].-P; Tarvainen, M.P.,; Ranta-Aho, P.O.; Karjalainen, P.A. Software for advanced HRV analysis. Comput. Methods
Programs Biomed. 2004, 76, 73-81. [CrossRef] [PubMed]

Electrophysiology TFotESOCtNASoP. Heart rate variability. Standards of measurement, physiological interpretation, and clinical
use. Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. Eur.
Heart . 1996, 17, 354-381. [CrossRef]

Ding, X.; Zhang, Y. Pulse transit time technique for cuffless unobtrusive blood pressure measurement: From theory to algorithm.
Biomed. Eng. Lett. 2019, 9, 37-52. [CrossRef]

Opic, P; Riiegg, S.; Marsch, S.; Gut, S.S.; Sutter, R. Automated Quantitative Pupillometry in the Critically Ill. Neurol. 2021, 97,
€629—-e642. [CrossRef]

Vrettou, C.S.; Korompoki, E.; Sarri, K.; Papachatzakis, I.; Theodorakopoulou, M.; Chrysanthopoulou, E.; Andrianakis, I.A.; Routsi,
C.; Zakynthinos, S.; Kotanidou, A. Pupillometry in critically ill patients with COVID-19: A prospective study. Clin. Auton. Res.
2020, 30, 563-565. [CrossRef] [PubMed]


http://doi.org/10.7861/clinmed.2020-0896
http://doi.org/10.1016/j.mayocp.2012.10.013
http://doi.org/10.1213/ANE.0000000000000314
http://doi.org/10.1002/cphy.c140014
http://doi.org/10.3109/00207454.2010.526730
http://www.ncbi.nlm.nih.gov/pubmed/21034369
http://doi.org/10.1111/dme.12752
http://doi.org/10.1179/0886963413Z.00000000022
http://doi.org/10.1109/IEMBS.2007.4353350
http://doi.org/10.1016/S0006-3495(98)74008-1
http://www.ncbi.nlm.nih.gov/pubmed/9533696
http://doi.org/10.1089/dia.2013.0129
http://doi.org/10.1016/j.clinph.2018.04.755
http://doi.org/10.1080/13506129.2018.1545640
http://www.ncbi.nlm.nih.gov/pubmed/30638075
http://doi.org/10.1007/s10286-020-00718-w
http://www.ncbi.nlm.nih.gov/pubmed/32852663
http://doi.org/10.1161/01.CIR.93.5.1043
http://doi.org/10.1007/s11517-006-0119-0
http://doi.org/10.1136/thx.54.5.452
http://doi.org/10.1378/chest.09-3029
http://www.ncbi.nlm.nih.gov/pubmed/20671056
http://doi.org/10.1016/j.cnc.2015.09.003
http://doi.org/10.4103/2152-7806.82248
http://doi.org/10.1016/j.diabet.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20739207
http://doi.org/10.3389/fneur.2018.00803
http://www.ncbi.nlm.nih.gov/pubmed/30319533
http://doi.org/10.3389/fendo.2015.00094
http://doi.org/10.1016/j.cmpb.2004.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15313543
http://doi.org/10.1093/oxfordjournals.eurheartj.a014868
http://doi.org/10.1007/s13534-019-00096-x
http://doi.org/10.1212/WNL.0000000000012295
http://doi.org/10.1007/s10286-020-00737-7
http://www.ncbi.nlm.nih.gov/pubmed/33029750

J. Clin. Med. 2021, 10, 5861 12 of 12

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Battaglini, D.; Santori, G.; Chandraptham, K.; lannuzzi, F; Bastianello, M.; Tarantino, F; Ball, L.; Giacobbe, D.R.; Vena, A.; Bassetti,
M.; et al. Neurological Complications and Noninvasive Multimodal Neuromonitoring in Critically Ill Mechanically Ventilated
COVID-19 Patients. Front. Neurol. 2020, 11, 602114. [CrossRef] [PubMed]

Karahan, M.; Demirtas, A.A.; Hazar, L.; Erdem, S.; Ava, S.; Dursun, M.E.; Keklik¢i, U. Autonomic dysfunction detection by an
automatic pupillometer as a non-invasive test in patients recovered from COVID-19. Graefe’s Arch. Clin. Exp. Ophthalmol. 2021,
259, 2821-2826. [CrossRef]

Hinduja, A.; Moutairou, A.; Calvet, J.-H. Sudomotor dysfunction in patients recovered from COVID-19. Neurophysiol. Clin.
Neurophysiol. 2021, 51, 193-196. [CrossRef]

Aragén-Benedi, C.; Oliver-Forniés, P.; Galluccio, F.; Altinpulluk, E.Y.; Ergonenc, T.; Allam, A.E.S.; Salazar, C.; Fajardo-Pérez, M. Is
the heart rate variability monitoring using the analgesia nociception index a predictor of illness severity and mortality in critically
ill patients with COVID-19? A pilot study. PLoS ONE 2021, 16, e0249128. [CrossRef]

Pan, Y;; Yu, Z,; Yuan, Y;; Han, J.; Wang, Z.; Chen, H.; Wang, S.; Wang, Z.; Hu, H.; Zhou, L,; et al. Alteration of Autonomic Nervous
System Is Associated With Severity and Outcomes in Patients With COVID-19. Front. Physiol. 2021, 12, 630038. [CrossRef]
Hasty, F; Garcia, G.; Davila, C.H.; Wittels, S.H.; Hendricks, S.; Chong, S. Heart Rate Variability as a Possible Predictive Marker for
Acute Inflammatory Response in COVID-19 Patients. Mil. Med. 2021, 186, e34—e38. [CrossRef]

Pavlov, V.; Tracey, K.J. Neural regulation of immunity: Molecular mechanisms and clinical translation. Nat. Neurosci. 2017, 20,
156-166. [CrossRef]

Szeghy, R.E.; Province, V.M.; Stute, N.L.; Augenreich, M.A.; Koontz, L.K,; Stickford, J.L.; Stickford, A.S.L.; Ratchford, S.M. Carotid
stiffness, intima-media thickness and aortic augmentation index among adults with SARS-CoV-2. Exp. Physiol. 2021. [CrossRef]
Schnaubelt, S.; Oppenauer, J.; Tihanyi, D.; Mueller, M.; Maldonado-Gonzalez, E.; Zejnilovic, S.; Haslacher, H.; Perkmann, T.;
Strassl, R.; Anders, S.; et al. Arterial stiffness in acute COVID-19 and potential associations with clinical outcome. J. Intern. Med.
2021, 290, 437-443. [CrossRef]

Sabharwal, R.; Zhang, Z.; Lu, Y.; Abboud, F,; Russo, A.; Chapleau, M.W. Receptor Activity-Modifying Protein 1 Increases
Baroreflex Sensitivity and Attenuates Angiotensin-Induced Hypertension. Hypertens 2010, 55, 627—-635. [CrossRef]


http://doi.org/10.3389/fneur.2020.602114
http://www.ncbi.nlm.nih.gov/pubmed/33329361
http://doi.org/10.1007/s00417-021-05209-w
http://doi.org/10.1016/j.neucli.2021.01.003
http://doi.org/10.1371/journal.pone.0249128
http://doi.org/10.3389/fphys.2021.630038
http://doi.org/10.1093/milmed/usaa405
http://doi.org/10.1038/nn.4477
http://doi.org/10.1113/EP089481
http://doi.org/10.1111/joim.13275
http://doi.org/10.1161/HYPERTENSIONAHA.109.148171

	Introduction 
	Materials and Methods 
	Study Design and Population 
	Control Group 
	Automated Pupillometry 
	Sudoscan 
	Heart Rate Variability 
	Pulse Transit Time 
	Statistical Analysis 

	Results 
	Pupillometry 
	Sudoscan 
	Heart Rate Variability 
	Pulse Transit Time 

	Discussion 
	Conclusions 
	References

