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Models for Nociception Stimulation and Memory
Effects in Awake and Aware Healthy Individuals

Dana Copot

Abstract—Objective: This paper introduces a primer in
the health care practice, namely a mathematical model
and methodology for detecting and analysing nociceptor
stimulation followed by related tissue memory effects.
Methods: Noninvasive nociceptor stimulus protocol and
prototype device for measuring bioimpedance is provided.
Various time instants, sensor location, and stimulus train
have been analysed. Results: The method and model
indicate that nociceptor stimulation perceived as pain in
awake healthy volunteers is noninvasively detected. The
existence of a memory effect is proven from data. Sensor
location had minimal effect on detection level, while day-
to-day variability was observed without being significant.
Conclusion: Following the experimental study, the model
enables a comprehensive management of chronic pain
patients, and possibly other analgesia, or pain related
regulatory loops. Significance: A device and methodology
for noninvasive for detecting nociception stimulation have
been developed. The proposed method and models have
been validated on healthy volunteers.

Index Terms—Nociceptor pathway, chronic pain, anal-
gesia, bioimpedance, fractional order impedance models,
non-invasive measurement, mathematical model.

|. INTRODUCTION

AIN is a very subjective and personal sensation, especially
P in awake and aware individuals [1], [2]. The self-evaluation
metrics often become biased by the tissue memory, i.e., percep-
tion of pain in its absence, or artificially elevated levels of pain
due to anxiety, dis-comfort and fear [3].

According to the National Institute for Health (NIH), patient
self- reporting is the most reliable indicator of the existence and
intensity of pain [4]. Subjective pain measures that may need to
be quantified include intensity, time course, quality, impact, and
personal experience. To that end, unidimensional pain scales
have been developed. Because of their ease of use, these scales
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have become popular tools used to quantify pain relief and pain
intensity. The most frequently used tools to assess acute pain
are the numeric rating scale (NRS) and the visual analogue
scale (VAS), ranging from 0 (no pain) to 10 (excessive pain).
However, many critically ill patients are unable to communicate
effectively because of cognitive impairment, sedation, paralysis,
or mechanical ventilation. Another group unable to communi-
cate pain are neonates and infants [5]. As such, no single tool
is universally accepted for use in the non-communicative (anes-
thetized) patient [6], [7]. When a patient cannot express himself,
observable indicators - both physiologic and behavioral - have
been treated as pain-related indicators to evaluate pain level
[8]. Thus the numbers are simply estimates of the perception
of the pain, based on past personal experience. Quantification
of the experience requires the individual to abstract and quan-
tify the sensation. The use of unidimensional pain scales is more
appropriate in the setting of acute pain (caused by surgery, bro-
ken bone, burns, etc.) than chronic pain (e.g., headache, cancer
pain, low back pain, etc.). Chronic pain is usually associated
with other events such as degree of support and depression.
The assessment of chronic pain often requires more complex
evaluation tools.

For patients in general anesthesia or intensive care unit (ICU),
there is no objective or analytical tool to evaluate the level of
pain they are experiencing [9]. It has been reported that 35%
to 55% of nurses underrate patients pain [10], [11]. Moreover,
in [12] has been reported that 64% of the patients did not re-
ceive any medications before or during painful procedures. In
the SUPPORT (Study to Understand Prognoses and Preferences
for Outcomes and Risks of Treatment) report [13], nearly 50%
of patients reported pain, 15% reported moderately or extremely
severe pain that occurred at least half of the time of the proce-
dure, and nearly 15% were dissatisfied with their pain control.
Inaccurate pain assessment and the resulting inadequate treat-
ment of pain in critically ill adults can have significant physio-
logic consequences [14].

On the other hand, effective management of analgesia in the
ICU units requires an assessment of the needs of the patient,
subjective and/or objective measurement of the key variables
(such as pain, agitation, and level of consciousness), and titra-
tion of therapy to achieve specific targets [6], [15], [16]. It is
important to admit that patient needs can differ depending on
clinical circumstances, and that for any given patient therapeutic
targets are likely to change over time, mainly due to drug trap-
ping [17]. Thus, achieving patient comfort and ensuring patient
safety, including avoidance of over- and under-dosage, relies on
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TABLE |

BIOMETRIC DATA OF VOLUNTEERS
Index | Age | BMI | Gender

1 38 32 F

2 35 29 M

3 33 22 F

4 31 30 M

5 30 26 M

6 28 21 F

7 27 27 M

BMI given as rounded value.

accurately measuring pain, agitation, sedation, and other related
variables. This should be evaluated with validated tools that are
easy to use, precise, accurate, and sufficiently robust to include a
wide range of behaviors. From the point view of analgesia man-
agement, there is still missing an objective pain measurement
tool. A comprehensive review of available tools to extrapolate
on pain levels is given in [18].

Studies reporting effective pain assessment using time-
frequency wavelet representation use EEG signal to extract in-
formation [19], [20]. This is indeed suitable for chronic pain
subjects, but may not be applicable for general anesthesia. Hyp-
nosis, an element of general anesthesia, is measured using EEG
on the forefront of the patient, e.g., give by Bispectral Index. In
this context, the pain measurement also based on EEG signal
may be biased by the effects on the EEG of hypnotic agents
such as Propofol.

Accordingly, the present study aims to 1) provide a method
and protocol for detecting nociceptor stimulation and 2) anal-
yse the variability in perception of pain in awake and aware
individuals. This work is based on a validated lumped parame-
ter model (LPM), often referred as fractional order impedance
model for biological tissues [37]. The methods detail the model
components and the necessary changes for this study compared
to previous work. The results are compared to the clinical liter-
ature, taking into account the scarcity of similar data.

Il. MATERIALS AND METHODS
A. Volunteers

The above described case studies have been investigated on a
group of 10 volunteers. The biometric parameters are given in
Table I.

All subjects provided written informed consent before partic-
ipating in the study.

B. Measurement Protocol

Three study cases have been analysed:

e case 1 - perform two consecutive measurement protocols
to investigate the repeatability and existence of pain mem-
ory. Sensors are placed on the right hand and the nocicep-
tor stimulation is applied at the same location (i.e., same
hand);

e case 2 - perform only one measurement as in case 1, but
on a consecutive day (same hour during the day) - to test
day-to-day variability in the data;

TABLE Il
THE TIME INTERVALS AND ACTIONS WITHIN THE
10 MINUTE MEASUREMENT PROTOCOL

Time Interval (min) | Nociceptor stimulation
0-2 Absent (NP)
2-3 Present (P)
3-6 Absent (NP)
6-7 Present (P)
7-10 Absent (NP)

The P/NP denote the acronym used in figures to indicate the
case.

® case 3 - perform one measurement to investigate whether
the sensor placement influences the measured result, i.e.,
the electrodes are placed on the right hand palm, while the
nociceptor stimulation is applied on the left hand.
In each case, the protocol summarized in Table II has been
applied.

C. Methodology

There is an established relation between nociceptor pathway
and dynamics of potassium channels, i.e., the sodium-potassium
pump, for signalling among intra- and extra-cellular fluid in the
biological tissue [22]. Potassium is one of the most common
cation in the body and the principal intracellular cation. Ap-
proximately 3500 mmol of potassium are present in the body.
The distribution of Na™ and K can be thought of as opposite:
one is in high concentration and the other is at low concentra-
tion. Sodium is the most prevalent cation in the extracellular
fluid (ECF), with a normal level of around 140 mmol/L, but has
a typical intracellular concentration of around 10 mmol/L. In
contrast, potassium is the most prevalent cation in the intracel-
lular uid, with a concentration around 150 mmol/L and about 5
mmol/L in the ECF [23]. Because the intracellular space is the
largest fluid compartment in the body, this makes it the most
abundant cation overall. Hence, Na™ and K can only cross
where specific carrier proteins allow them to do so. Excitable
cells can change their permeability to allow the in flux and
efflux of ions that constitute an action potential. At rest, the
large concentration gradients for Na™ and K are maintained
by the action of Na* /K" pump [23]. This also maintains the
net negative resting membrane potential, since it involves a net
transfer of one positive charge out of the cell on each cycle
[24], [25]. The observed increase in potassium concentration
in the ECF varies between 0.1 and 10.0 mmol/L and depends
on stimulation frequency, intensity, and duration [26]. In vitro
validation studies have been performed to verify the use of the
proposed models for detecting changes in the concentration of
these cations in controlled environment solutions [27].

From this initial step, we extrapolated that one may measure
non-invasively the changes in the signalling pathways by means
of bio-electrical-impedance, via the skin [28]. The proposed
method for measurement is based on sending an excitatory elec-
trical signal to the skin, while measuring its response as voltage
and current changes. By changing the signalling conditions (i.e.,
with mechanical nociceptor stimulation) the impedance so mea-
sured changes its values as well, hence by the movement of the
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PAIN

MODULATION

Fig. 1. The ANSPEC-PRO prototype for non-invasive measurement of
bio-electrical skin impedance.

Fig. 2. Placement of the electrodes during proof-of-concept measure-
ments; two current-carrying (CC) electrodes (white, red) and one pick-up
(PU) electrode (black).

cations as a result of changes in the intra- and extra-cellular fluid
composition.

For this purpose, a prototype device has been developed,
ANSPEC-PRO, depicted in Figure 1.

The measurement flowchart can be summarized as follows:

® make a multisine signal with 29 components in the fre-
quency interval 100-1500 Hz, with step interval of 50 Hz

¢ gsend this signal and acquire the measured signals at sam-
pling frequency of 15 KHz

¢ the multisine signal is send with an amplitude of 0.2 mA,
still a factor 5 below the maximum allowed by clinical
standards [29].

® use a 3M 3-point electrode sensor in the hand-palm CE-
marked (according to MDD93/42/EEC)

® measure current and voltage via a National Instru-
ments (Texas, USA) device (cCRIO9074 with NI19201- and
NI9263-slots)

e store the signals online in computer for further processing.

The computer is a laptop with the operating system Win-
dows 7 Enterprise 64-bit and a INTEL(R) Core(TM) i7-6600U
CPU@2.80 GHz processor. A graphical user interface allows
monitoring of signal quality.

The measurement requires three-point electrodes: two
current-carrying electrodes and one pick-up electrode. The latter
is measuring the voltage without carrying any currents, hence,
no polarization occurs. All electrodes were placed on the palmar
side of the hand (see Figure 2). A calibration of the measure-

ments was performed for each volunteer by measuring for 10
minutes without nociceptor stimulus applied and without re-
moving the electrodes.

D. Mathematical Models

1) Signal Processing: The measured signals are filtered for
noise prior to apply non-parametric identification methods [30].
Given the input is of sinusoidal type (A sin(wt)), the impedance
is a frequency dependent complex variable evaluated as:

Zju) = FXU2)

Sxy (jw)
where Sx x (jw) denotes the auto-correlation spectrum of the
signal, Sxy (jw) denotes the cross-correlation spectra between
the input-output signals, w = 27 f is the angular frequency in
rad/s, with f the frequency in Hz, and j = \/—1. Classical pe-
riodogram filtering technique has been applied with no overlap-
ping interval, with windowing function Blackman implemented
in Matlab environment [30]. The impedance is then evaluated
every minute from online data streaming and plotted against
frequency. This is then a frequency response either in com-
plex form (Real and Imaginary Parts), either in Bode plot form
(Magnitude and Phase).

2) Parametric Model in Zero-Pole Form: From the fre-
quency response determined apriori, one is able to identify a
parametric model in the form of a rational function in the com-
plex variable s = o + jw, that is:

gy = I s
ApS" 4+ ap 18" + -+ a1s + ag
with m and n the coefficient number and b and a polynomials.
Often, these polynomials are factorized in zero-pole form:

ey

(s—z1)(s—22)...(s—2zZm-1)(s — 2m)
(s=p1)(s=p2)... (s —Pu-1)(s = Pn)
As written in (3) the z;’s are the roots of the numerator and
are defined to be the system zeros. The p;’s are the roots of
the denominator and are defined to be the system poles. These
models may have real, complex conjugate or combinations of
such zero-pole pairs.

3) Fractional Order Model Impedance: Originating our
prior work on modelling biological tissue with fractional or-
der impedance models (FOIMs), the following extension is pro-
posed.

The physiological pathway of pain can be described to four
main processes [22]:

e transduction - when a stimulus is applied to the skin,
the nociceptors located there trigger action potentials by
converting the physical energy from a noxious thermal,
mechanical or chemical stimulus into electrochemical
energy,

® transmission - the signals are subsequently transmitted in
the form of action potentials (similar to pulse trains) via
nerve fibers from the site of transduction (periphery) to the
dorsal root ganglion, which then activates the interneuron,

® perception - the appreciation of signals arriving in speci-
fied areas in the cerebral cortex as pain, and

H(s)=K

3
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® modulation - descending inhibitor and facilitator input
from the brainstem that influences (modulates) nocicep-
tive transmission from the spinal cord.

The stimulus effect to nociception reception is essentially
considered an ultra-capacitor, which is represented by a non-
rational form of transfer function model in (jw)", with n any
real number [31], [32]. Specifically, skin -electrode interface,
stratum corneum and ionic pathways can be modelled as ele-
ments in an electrical network. Various models describe this in-
terface using constant or current-depending resistive-capacitive
equivalent circuits [33]-[36]. Using fraction expansion theory,
a lumped FOIM can be obtained as a fractional order integral
[21]. Similarly, transmission in signalling pathways occurs via
neuronal activity, already modelled with FOIMs from resis-
tance - inductance equivalent electrical network elements [38],
expressed by a fractional order derivative.

The perception model based on exponential and power law
combined functions seems to be a good candidate for capturing
essential electrical activity modulated in brain [39]. Plasticity
in synaptic variance is introduced in a layer-based sensory area
in cortex by reverse node engineering modelling [40]. In the
case of pain perception, the combined effect can be obtained by
using the Mittag-Leffler function, which is well-known to cap-
ture hybrid exponential and power-law behaviour in biological
tissues [41], [42].

Diffusion of perception sensory activity in brain using Mit-
tag Leffler function in time domain corresponds to a non-integer
order derivative easily expressed in frequency domain [43]. Lay-
ered activity can be represented by ladder networks with serial
connection of RC-cells. To account for plasticity, the RC cells
are not identical, instead they behave as a memristor with unbal-
anced dynamics. For instance, it is expected that the first pain
perception is more intense than the second, given the latency of
the delayed pain stimulus (i.e., sharp first increase followed by
slowly decaying tail).

Assuming the brain-cortex area as a porous tissue whose
porosity varies (i.e., intra- and extra- cellular space tissue with
different densities), one can model the changes in viscosity
as a function of this porous density. It has been shown that
fractional order derivatives are natural solutions to anomalous
diffusion equations [37], [41], [43], [44]. The use and physi-
cal interpretation of this very useful fractional calculus tool has
been discussed in several works, e.g., [41], [45]-[48]. The net
advantage of using the Mittag-Lefler function is that it allows
introducing memory formalism [49], therefore taking into ac-
count the tissue rheology. The mixed area in brain tissue will
introduce a dynamic viscosity and thus a dynamic perception of
nociceptor induced pain [50], [51]. Finally, the perception and
modulation activity can be characterized yet again by a FOIM as
differ-integral (depending on the sign of the non-rational order)
[43], [52].

The complete lumped FOIM model is then given by the
following terms:

TD TS !
ot — +Psy 4)
51 59

Zrorm(s) =R+

where oy, as, a3 € (—1,0) U (0, 1) and T'D-denotes transduc-
tion, 7'S denotes transmission and P denotes perception. A
calibration factor has been added, a gain R. It may be that not
all terms in this model are necessary at all times, as some of the
physiological processes may be impaired in some applications
(e.g., analgesia will put zero the effect of the perception term
in P) [53]. The units are arbitrary, as the model is defined as a
difference to the initial state of the patient - due to the use of
fractional derivatives - and not as absolute values. This enables
patient specificity since no generic model is assumed to be valid
and thus broadcasts a new light upon the interpretation of such
models.

E. Statistical Analysis

One way anova has been used to compare among the
group of values. The function anoval has been used in Mat-
lab which returns box plots of the observations in data y, by
group. Box plots provide a visual comparison of the group lo-
cation parameters. If y is a vector, then the plot shows one
box for each value of group. If y is a matrix then the plot
shows one box for each column of y. On each box, the cen-
tral mark is the median and the edges of the box are the
25th and 75th percentiles (1st and 3rd quantiles). The whiskers
extend to the most extreme data points that are not consid-
ered outliers. The outliers are plotted individually. The inter-
val endpoints are the extremes of the notches. The extremes
correspond to

g2 +1.57(q3 — q1)
NG

where ¢2 is the median (50th percentile), g1 and ¢3 are the
25th and 75th percentiles, respectively, and n is the number of
observations (excludes NaN values).

Confidence intervals have been calculated at 95%, and signif-
icant differences defined for p — values < 0.05. The function
ttest in Matlab has been used.

A multiple comparison test has also been performed, using
multcompare command in Matlab. Each group mean is rep-
resented by a symbol, and the interval is represented by a line
extending out from the symbol. Two group means are signifi-
cantly different if their intervals are disjoint; they are not signifi-
cantly different if their intervals overlap. The input is a structure
stats as aresult of the anoval test. Two medians are signif-
icantly different at the 5% significance level if their intervals do
not overlap.

)

[ll. RESULTS AND DISCUSSION
A. Frequency Response Complex Impedance

The frequency response of the complex impedance calculated
using (1) is depicted in Figure 3 for one individual test. In this
figure one may observe the following:

® applying the same mechanical nociceptor stimuli, the real
part of the impedance decreases from P1 to P2 - i.e., the
level of perception of the pain is lower
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¢ the impedance values during absence of nociceptor stim-
ulation increases from one interval NP1 to another, NP2,
NP3 - i.e., the memory of the stimulation persists in the
tissue.
The self-evaluation based on the Wong-Baker scale was be-
tween 2-3. This self-evaluation was present in all individuals
during the measurements, always ranging between 2—4.

B. Transfer Function Model

For the same individual, for the pain interval, the fitting of the
transfer function model from (3) onto the frequency response
complex impedance data is depicted in Figure 4. The fitting
was obtained using nonlinear least squares identification, with
steepest gradient descent, in an iterative manner. Iteration was
performed as to avoid local minimum and the number of iter-
ations between the identified results varied between #2—#4 in
all data. The iteration was stopped when the model parameters
changed less that 5%.

C. FOIM Model

For the same individual, for the pain P1 interval, the fitting of
the FOIM model from (4) onto the frequency response complex
impedance data is depicted in Figure 5. The fitting was again ob-
tained using nonlinear least squares identification, with steepest
gradient descent, in an iterative manner. [teration was performed
as to avoid local minimum and the number of iterations between
the identified results varied between #2—#4 in all data. The
iteration was stopped when the model parameters changed less
that 5%.

plex impedance in one individual per protocol. Group 1 and Group 2
belong to case study #1, namely the two consecutive measurements.
Group 3 and Group 4 denote the case study #2 and #3, respectively.
Figure on left for P1 stimulation time interval, figure on right for P2 stim-
ulation time interval.

Real Part (-)

Imaginary Part (-)

g

Frequency [Hz)

Fig. 7. Boxplot analysis of frequency response complex impedance
in all individuals in study case 1, first measurement, first nociceptor
stimulation (P1).

D. Variability Within Individual

To analyse the variability within individual among the three
study cases, the frequency response obtained using (1) has been
used. For this analysis, the absolute values of the frequency
response complex impedance per excited frequency point has
been used.

There was no difference within individual per protocol in
either nociceptor stimulation case P1 (p < 0.311) or P2 (p <
0.28). See Figure 6.

E. Variability Among Individuals

The variability among individuals has been analysed in the
frequency response of the complex impedance for the study case
1, for the first measurement, in terms of the first P1 and second
P2 nociceptor stimulation. The results by means of boxplot are
depicted in Figure 7 and 8, respectively. There was no significant
difference among the two nociceptor stimulation time stamps,
except in one individual. This however, is an individual with
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Fig. 8. Boxplot analysis of frequency response complex impedance
in all individuals in study case 1, first measurement, second nociceptor
stimulation (P2).
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Fig. 9. Boxplot analysis of the absolute values of the frequency re-
sponse complex impedance in all individuals in study case 1, first mea-
surement, first nociceptor stimulation (P1).

- i —-— -
= 06[ T ﬁ —t C 2 -
5 — CJ -
Tl 0 = = o = =
I L L
02 =
0 1 2 3 4 5 6 7
02 Sl K
. Q
I . - i — —
£-04 ZZ == = == g
Bosl - - - - ]
- —+ s s —+
1 - 7

L
3 4 5 6
# Volunteers

Fig. 10. Boxplot analysis of the absolute values of the frequency re-
sponse complex impedance in all individuals in study case 1, first mea-
surement, second nociceptor stimulation (P2).

a large BMI and thus the dispersion of liquid in the body may
influence his values with respect to the others. Still, a variation is
observed, in what the second nociceptor stimulation has slightly
lower values of impedance. This could be attributed to the so
called memory effect of the biological tissue.

Also an analysis on the sum of absolute values of the fre-
quency response complex impedance in terms of boxplot rep-
resentation has been performed. Figure 9 depicts the result for
the time interval of first nociceptor stimulation, study case 1.
Figure 10 depicts the result for the time interval of second no-
ciceptor stimulation, study case 2.

F. Discussion

It is important to understand that the method and models
developed here are uniquely defined for each individual. In other
words, the reporting of the model values is not relevant here

because the data is expressed with respect to the initial moment
of measurement, whereas the state of the patient is taken as a
reference. Hence, all values reported are in fact calibrated for
that reference value of impedance and thus each individual has
its own initial state values.

The use of FOIMs is now justified by the data in some sense
that indeed, tissue memory exists and it is a feature naturally ex-
plained with properties of mathematical models from fractional
calculus. The detailed description of properties of FOIMS has
been given in numerous other reports, hence it is omitted here
[41], [45].

The relevance of the data is nevertheless important, for it
brings a method, device and mathematical models to provide
an indication of change in bioelectrical impedance measured
via skin electrodes correlated with absence/presence of noci-
ceptor stimulation. This is then a first step towards developing a
full objective measurement setup and algorithm for quantifying
related pain levels.

Our proposed tools are in the same line of thought as those
presented in [54], [55]. An intelligent analysis system based on
fuzzy logic models was successfully tested in post-operative pa-
tients, whereas patient-controlled analgesia (Morphine based)
was titrated from the determined index. With respect to their
work, our work differs in that it delivers a mathematical frame-
work related to the actual tissue dynamics (i.e., memory, dielec-
tric) properties and thus justifies the use of FOIMs.

G. Limitations

The present study is limited in the number of individuals
measured. Also, no chronic pain patients or ICU post-operatory
pain patients have been included. The missing correlation to
clinical practice indexes such as Wong-Baker faces scale or other
numerical scores, should be performed on a larger population
in order to extract a mathematical relationship between model
parameters and clinical levels of pain.

Although the method is personalised, i.e., the values are cali-
brated to the initial state of the individual/patient, an analysis of
the influence of BMI on the accuracy of the estimators should
be performed.

The authors do not claim the values given here are reference
values. They are specific for the individuals included in this
study and calibrated for each individual in part.

The further development of these models can be the corre-
lation to numerical scores for pain levels and self-feedback for
determining a pain level index.

V. CONCLUSION

In this work we provide a methodology and mathemati-
cal framework to model the nociceptor stimulation effect in
healthy aware and awake individuals. The method used is bio-
electrical impedance by means of non-invasive skin electrode
measurement. The models proposed are physiologically based
without direct correlation to the physiologicval quantities, i.e.,
they are calibrated for initial state of the individual. This im-
plies a personalised assessment of nociceptor stimulation ef-
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fect perceived as pain, hence unique parameterization of model
values.

APPENDIX A
ON FRACTIONAL ORDER MODELS

The fractional calculus is a generalization of integration and
derivation to non-integer (fractional) order operators. At first,
we generalize the differential and integral operators into one
fundamental operator D} (n the order of the operation) which
is known as fractional calculus.

Several definitions of this operator have been proposed (see,
e.g., [45]). All of them generalize the standard differential—
integral operator in two main groups: (a) they become the stan-
dard differential-integral operator of any order when n is an
integer; (b) the Laplace transform of the operator D} is s™ (pro-
vided zero initial conditions), and hence the frequency charac-
teristic of this operator is (jw)".

A fundamental D} operator, a generalization of integral and
differential operators (differ-integration operator), is introduced
as follows:

d’n
ﬁ, n>0

D=4 1, n=0 ©)
fot’ (dr)y™, n<0

where n is the fractional order and dr is a derivative function.
Since the entire thesis will focus on the frequency-domain ap-
proach for fractional order derivatives and integrals, we shall not
introduce the complex mathematics for time domain analysis.
The Laplace transform for integral and derivative order n are,
respectively:

L{D;"f(t)} =s"F(s) 7
L{D{ f(t)} = s"F(s) ®)

where F'(s) = L{f(t)} and s is the Laplace complex variable.
The Fourier transform can be obtained by replacing s by jw
in the Laplace transform and the equivalent frequency-domain
expressions are:

1 1( 7r+,_ﬂ'>*n 1( nm _,mr)
=— (cos —+7jsin — = — (cos — —jsin —
Go)r — wn g TIEG W 9 ST
)

(jw)'=w" (cosg+j sin g) =w" (cos% + jsin %)
(10)

Thus, the modulus and the argument of the FO terms are given
by:

Modulus(dB) = 201log | (jw)™ | = F20nlog |w|  (11)

Phase(rad) = arg ((jw)™) = :an (12)

resulting in:
® a Nyquist contour of a line with a slope Fn 7, anticlock-
wise rotation of the modulus in the complex plain around
the origin according to variation of the FO value n;

|G(jw)| IG(w)|
dB dB
%

20n 36, 20n .|
10g | Wl \ log | w,

Wy Wee ‘“a; log w Wy Weg Wg log w
arg[G(jw)] arg[G(jw)
rad rad

w0 Weo w log w n /2

log w
N2 Wa Wee Wg

Fig. 11. Sketch representation of the FO integral and derivator op-

erators in frequency domain, by means of the Bode plots (Magnitude,
Phase).
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Fig. 12.  Identification results for the transfer function model in remain-

ing individuals: ‘0’ denotes model fitting and ‘X’ denotes experimental
data.

® Magnitude (dB vs log-frequency): straight line with a
slope of F20n passing through 0dB for w = 1;
® Phase (rad vs log-frequency): horizontal line, thus inde-
pendent with frequency, with value Fn7.
The respective sketches can be seen in Figure 11.

APPENDIX B
IDENTIFICATION RESULTS FOR THE OTHER INDIVIDUALS

The results in the remaining 6 individuals for the trans-
fer function model parameter identification are given here in
Figure 12. The results are from the first pain stimuli, study case
1. Similar results are obtained for the other measurements as
well.
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Fig. 13.  Identification results for the FOIM model in remaining individ-
uals: ‘0’ denotes model fitting and ‘X’ denotes experimental data.

The results in the remaining 6 individuals for the FOIM pa-
rameter identification are given here in Figure 13. The results
are from the first pain stimuli, study case 1. Similar results are
obtained for the other measurements as well.
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