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Abstract

The skin conductance (SC) signal is one of the most important non-invasive indirect measures of
autonomic outflow. Several mathematical models have been proposed in the literature to
characterize specific SC features. In this work, we present a method for the estimation of central
control of sudomotor nerve impulse (SMI) function using SC. The method is based on a
differential formulation decomposed into two first order differential equations. We validate our
estimation framework by applying it on an experimental protocol where eleven motion sickness-
prone subjects were exposed to a nauseogenic visual stimulus while SC and fMRI signals were
recorded. Our results show an expected significant increase in the mean amplitude of SMI peaks
during the highest reported nausea, as well as a decreasing trend during recovery, which was not
evident for skin conductance level. Importantly, SMI/fMRI analysis found a negative association
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between SMI and fMRI signal in orbitofrontal, dorsolateral prefrontal, and posterior insula
cortices, consistent with previous studies correlating brain fMRI and microneurographic signals.

. Introduction

Non-invasive neuroimaging techniques, and functional magnetic resonance imaging (fMRI)
in particular, represent a powerful tool to reveal important information on the connection
between high-level brain functions and physiology [1]. Specifically, the ability of recording
peripheral autonomic signals concurrently with fMRI provides the possibility to evaluate the
neural correlates of the autonomic nervous system (ANS), especially when investigating
tasks or stimuli known to elicit robust autonomic response. Among the peripheral signals
recorded to this purpose, skin conductance (SC) is one of the most widely used indirect
measure of sympathetic activity [2]. Alterations in SC are determined by the eccrine sweat
glands, which is innervated by the sympathetic branch of the ANS. SC can be recorded from
different parts of the body, although the most responsive sweat glands are located on the
palm of the hands. As a general feature, SC is constituted by two different components: a
tonic component, called the skin conductance level (SCL) and suggested to be related to the
overall level of arousal, and a phasic component, the skin conductance response (SCR),
reflecting an evoked response to stimuli. For this latter component, a number of measures
has been defined: SCR amplitude, latency, rise time, half recovery time and habituation
parameters are often evaluated in order to characterize the sympathetic response [3]. The
main limitation to this approach is represented by the overlap of consecutive SCRs when the
inter-stimulus interval is shorter than the SCR recovery time (typically 10-20s). Thus,
several studies have proposed solutions to provide a mathematical model of the phasic SC in
order to separate individual SCRs [4]-[7]. The proposed models can be used in order to
estimate the driver function generating the measured SC, and more closely reflecting the
activity of the sudomotor nerve [5]. Such an approach offers the advantages of a non-
invasive acquisition setup with respect to e.g. microneurography, as well as an easier
acquisition setup. An additional advantage of being able to provide a better estimate of the
dynamic characterization of the sympathetic nerve activity is that, when used in conjunction
with fMRI, it can offer a more accurate mapping of the central autonomic network (CAN)
during experimental protocols modulating autonomic outflow.

In this work, we present a method for the estimation of the sudomotor nerve impulse (SMI)
function from skin conductance. The algorithm is then applied to real SC/fMRI data
acquired from a study evaluating nausea in response to visual stimulation in susceptible
individuals, to investigate the central sympathetic response to this aversive sensation.

[I. Materials and Methods

A. Subjects

Seventeen right-handed healthy female subjects (28.4+8.5 years) were included in the study
after increased motion sickness susceptibility was assessed by a score of >60 on the Motion
Sickness Susceptibility Questionnaire (MSSQ, [8]) and confirmed during a mock MRI
behavioral session in which they reached a moderate level of nausea (>2 on a scale from 0 to
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4, see below) when exposed to the nauseogenic stimulus. Informed consent was obtained
from all participants, and the protocol was approved by the Human Research Committee of
Massachusetts General Hospital.

B. Experimental Protocol

A nauseogenic visual stimulus was delivered to the subjects lying in a 1.5T Siemens Avanto
MRI scanner by projecting it onto a concave screen covering both central and peripheral
fields of view. The nausea sensation was induced by an alternation of black (1.2cm, 6.9°
viewing angle) and white (1.85cm, 10.6° viewing angle) stripes linearly moving from left to
right at 62.5°/sec. The subjects were asked to rate their nausea level through a button box on
a scale ranging from “0” (no nausea) to “4” (severe nausea approaching vomiting). The
stimulation, preceded and followed by a 5-minute fixation period, was stopped after 20
minutes or when subjects reached a nausea intensity level of 4.

C. Data Acquisition

Whole-brain blood oxygen level-dependent (BOLD) fMRI data were collected using a
gradient echo 7,*weighted pulse sequence (TR/TE=3s/30ms, slice thickness=3.0mm,
gap=0.6mm, matrix=64x64, FOV=200mm, FA=90°), continuously during the baseline,
stimulus and recovery periods. Prior to the MRI session, MRI-compatible bipolar Ag/AgCl
finger electrodes were placed on the palmar aspect of the second and fourth fingers of the
left hand, allowing skin conductance monitoring during fMRI scanning (sampling
frequency=400Hz) using Chart Data Acquisition Software on a laptop equipped with the
Powerlab System (ADInstruments). Six out of the initial seventeen subjects showed a low-
quality SC signal and were excluded from further analyses, which was therefore carried out
on eleven subjects.

D. Data Analysis

BOLD data preprocessing steps were performed using FSL and included field map
correction, brain extraction, motion correction, high-pass filtering (f>0.007Hz), spatial
smoothing (FWHM=5mm) and normalization to MNI space.

In order to recover the sudomotor impulse function from the observed skin conductance, a
deconvolution approach proposed by Alexander et al. (2005) was adopted. According to this
model, the SMI function g(?), which represents the individual activation bursts of the
sudomotor nerve, is related to the measured skin conductance y(z) through a differential
equation:

2
d d
(TOTI)_d; + (70 + Tl)d—f +y=q(1), o)

where tp and z; are the time-constants governing the decaying tails and the rise time in the
SC signal (tp > 71). After decomposing a discrete-time version of (1) into two first-order
differential equations, we derived g(?) using a cascade of two linear filters implementing a
smoothed differentiation operator (Hann window with duration 6 s and 300 ms). The use of
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a smoothed derivative helps reduce unwanted out-of-band noise. Finally, the signal was
lower-clipped to zero in order to remove non-physiologically plausible negative values.

As in our previous works [9], [10], we adopted two different approaches to define data
windows for the analysis (see Fig. 1). In the first one, hereinafter referred to as protocol-
driven analysis, 4-minute time windows were selected immediately before (BASELINE) and
after (RECOVERY) the presentation of the stimulus, and a third window (NAUSEA)
comprised the last 4 minutes of visual stimulation, when the most severe nausea sensation
was experienced. The second approach, called rating-driven analysis, investigates the
sympathetic response to increasing nausea sensation, selecting 1-minute time windows
centered on individual nausea rating transitions (0tol, 1to2, 2to3) and looking at the
difference between post- and pre-transition 30s periods. For each of the aforementioned time
windows, two features of the sudomotor impulse function were considered, that is, the
amplitude and the number of peaks. Since the hypothesis of Gaussianity of both features was
rejected (Kolmogorov-Smirnov test, p<0.05), statistical analysis was performed through
non-parametric tests. The two inter-subject analyses were carried out in order to investigate
the features variations. In the protocol-driven analysis, statistical significance was assessed
by a Friedman test followed by post-hoc pairwise comparisons (Bonferroni correction
adopted, significance set at p=0.05); in the rating-driven analysis, differences across the
rating changes were assessed by means of Wilcoxon signed rank tests. Finally, the neural
correlates of the sudomotor impulse function during nausea were investigated through an
SMI/fMRI analysis. For this purpose, the individual sudomotor impulse functions were low-
pass filtered at 0.33Hz, resampled at the fMRI sampling frequency, windowed within the
NAUSEA period, and convolved with a gamma hemodynamic response function, in order to
be used in the fMRI General Linear Model (GLM) analysis. The BOLD data were similarly
windowed and single-subject and group analyses were carried out using FSL. All statistical
brain maps were corrected for multiple comparisons (Z>2.3, p<0.05).

[1l. Results

Nine out of the eleven subject included in the analysis reached a level of “4” during the
stimulation, while the other two subjects reported a maximum level of “3”, thus indicating
strong nausea sensation.

A. Sudomotor impulse function analysis

Results from the two protocol-based analysis of sudomotor impulse function are reported in
Fig. 2. An overall significant effect of time window (BASELINE, NAUSEA and
RECOVERY) was found only for the mean amplitude of SMI peaks. Post-hoc pairwise
comparisons confirmed significant increase from BASELINE (amplitude of peaks:
0.07+0.01pS, mean £ SEM) in both NAUSEA (0.12+0.02uS, p<0.01) and RECOVERY
(0.11+0.02pS, p<0.05) time windows. As for the number of peaks, a decrease from
BASELINE (number of peaks: 182.82+13.41) was found in both NAUSEA (154.18+9.13)
and RECOVERY (163.64+9.02) periods, but no significant effect was confirmed by
Friedman test. The results of the rating-driven analysis did not show any significant
difference during transition towards higher nausea levels for both the considered features.
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The mean post-pre variation in number of peaks did not reveal a particular pattern across
transitions (“Otol”: —0.18+1.02; “1t02”: 0.36+1.56; “2t03": —0.44+2.16), while a decreasing
trend was noticed when considering the amplitude of SMI peaks (“0to1”: 0.007+0.010uS;
“1t02”: 0.003+0.015uS; “2t03”: —0.005+0.30uS), suggesting an increase in the peaks
amplitude in the 30 seconds preceding the transition as higher nausea sensations were
reached.

B. SMI/fMRI analysis

The group map showing the neural correlates of SMI during NAUSEA time window is
shown in Fig. 3. A negative relationship between fMRI signal and sudomotor impulse
function was found in a diffuse network of brain regions encompassing putamen,
orbitofrontal cortex (OFC), dorsolateral prefrontal cortex (dIPFC), ventral middle/posterior
insular cortex (vm/plns) and extrastriate cortex consistent with MT+/V5. Other areas,
showing a similar pattern, included bilateral fusiform gyri (FuG), para-hippocampus (PHG),
primary and secondary somatosensory cortices (S1, S2), as well as cerebellum.

V. Discussion

In this work, we proposed an estimation of the sudomator impulse function from skin
conductance measurements acquired during a visual nauseogenic stimulation. The
sudomotor impulse function was recovered using a simple method based on a deconvolution
approach but implemented as computationally inexpensive linear filters.

We analyzed the resulting time series adopting two different approaches for windowing data
(Fig. 1), in order to test the ability of two SMI features (number and amplitude of peaks)
aimed at estimating the sympathetic response to the stimulation. Results from the protocol-
driven analysis (Fig. 2) showed a significant increase in the mean amplitude of SMI peaks
during the last 4 minutes of visual stimulus (NAUSEA time window) and the first 4 minutes
after the termination of the stimulus (RECOVERY time window). Interestingly, while our
previous study analyzing the same dataset also showed an increase in SCL during NAUSEA,
the RECOVERY period was associated with increased SCL, while the SMI shows a
decreasing trend. At the same time, parasympathetic response as measured by the high-
frequency component of heart rate variability (HF-HRV) showed the highest decrease with
respect to BASELINE during the NAUSEA time window, which rebounded toward baseline
levels during RECOVERY [10]. Taken together, these results suggest a faster response for
SMI compared with SCL, which is known to be an indirect and delayed measure of
sympathetic activity [11]. As for the rating-driven analysis, none of the transitions towards
higher nausea levels showed a significant change in SMI number or amplitude of peaks,
though SCL had been found responsive in our previous results. A possible explanation could
be the choice of the time windows for the rating-driven analysis: 30-second segments
centered on the transition time may not be optimal for SMI, as this index may reflect faster
dynamics in autonomic signaling, similar to HF-HRV.

Finally, we used the SMI signal as a regressor of interest in fMRI GLM analysis, in order to
identify the neural correlates of the sympathetic outflow within the NAUSEA time window,
when the highest nausea sensation was experienced by the subjects. The nausea state is ideal
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for ANS/fMRI analysis, since this sensation is known to elicit robust affective response and
ANS outflow [12], [13]. Our previous studies showed the involvement of both sympathetic
and parasympathetic branches of ANS [9], as well as some sympathetic/parasympathetic
specificity in the underlying brain circuitry [10], where SCL was adopted as a measure of
sympathetic activity. The SMI/fMRI group analysis presented here (Fig. 3) shows a negative
relationship between BOLD signal and SMI in a network of cortical and subcortical brain
regions. Interestingly, recent studies combining fMRI with concurrent recording of skin
sympathetic nerve activity (SSNA) during emotional arousal have shown a negative
relationship between SSNA and BOLD in areas such as OFC, dIPFC and posterior insula
[14], [15], consistent with our results for SMI and nausea. Furthermore, right orbitofrontal
cortex has been suggested as a key region for central control of electrodermal responses to
emotional stimuli [16], consistent with our results. Furthermore, several of these areas (i.e.
insula, putamen, OFC, dIPFC) also demonstrated tonic activation in response to increasing
nausea in our previous study [17], and our current results thus suggest the specific regions of
the general brain response to nausea, that are associated with sympathetic response to
motion sickness.

V. Conclusions

In the present work, we suggest that estimation of the underlying sudomotor impulse
function from peripheral skin conductance signal might represent a valid alternative to
invasive sympathetic measurements (e.g. microneurography). Physiological monitoring for
SMI is possible with concurrent magnetic resonance imaging, allowing for applications such
as the investigation of central autonomic control of sympathetic outflow in response to
motion sickness.
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Figurel.
Schematic representation of experimental protocol design and data windowing for analysis.

Nausea ratings, skin conductance and its sudomotor impulse function are shown from a
representative subject.
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BASELINE NAUSEA RECOVERY

SMI number (left panel) and amplitude (right panel) of peaks (mean £ SEM) for the 4-
minute windows (BASELINE, NAUSEA, RECOVERY). (*p<0.05, **p<0.01)
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Figure 3.
Group map (N=11) showing the neural correlates of the Sudomotor impulse response during

NAUSEA time window. Significant negative correlation between BOLD and SMI signals
(2>2.3, p<0.05) is found in brain regions such as orbitofrontal and prefrontal cortices,
putamen and middle/posterior insular cortex.
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