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Clara M . lonescu, Dana Copot, and Cristina M uresan

A multi-scale model of nociception pathways 

and pain mechanisms

Abstract: To develop suitable pain m anagem ent polic ies and drug delivery assist de­

vices for analgesia  (i, e., pain  a lleviation), it is  necessary to  have a m athem atical m odel 

which captures the essential dynam ics of th is com plex process, Recent work  points to 

the fact that pain can be characterized by several dynam ic stages, including anom a­

lous d iffusion and spatio-tem poral dependency on tissue characteristics. This chap­

ter presents a physio logically based m athem atical fram ework to capture nociceptor 

pathways and pain reception, transm ission and perception, in the hum an body. The 

m ain d ifference w ith  previous studies is the explic it incorporation of fractional calcu­

lus tools as a  natural way to characterize  b iological phenom ena. Next, we observe the 

effects in  skin im pedance in the presence of nociceptor stim ulation. For th is purpose, 

a prototype device has been carefu lly designed to a llow  for the application  of a non- 

invasive m easurem ent protocol. B io-e lectrica l skin im pedance captures the changes 

in tissue content at various tim e instants, sensor locations, and stim ulus tra ins. The 

existence of a m em ory effect - or residual pain - is observed from  the data.

Keywords: Nociceptor pathway, chronic pain, analgesia, b io-im pedance, fractional- 

order im pedance m odels, non-invasive m easurem ent, m athem atical m odel, residual 

pain, m em ory

MSC 2010: 65D30,92C30, 92C50,93A30, 93B30,93C10, 93C80, 93C95, 97M 10

1 Introduction

Pain is rather a subjective and personal sensation, especially  in awake and aware in­

d ividuals [26,40]. The self-evaluation  m etrics often becom e b iased by the tissue m em ­

ory, i. e., perception of pain in its absence, or artific ia lly  e levated levels of pain due to
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anxiety, d iscom fort, and fear [7]. The m ost frequently  used tools to assess acute pain 

are the num eric rating scale (NRS) and the visual analog scale (VAS), ranging from  0 

(no pain) to 10 (excessive pain), e. g., by m eans of the W ong-Baker faces scale.

However, m any critica lly ill patients are unable to com m unicate effective ly be­

cause of cognitive im pairm ent, sedation, paralysis, or unconsciousness (e. g., due 

to general anesthesia). Another group unable to com m unicate pain are neonates 

and infants [12]. As such, no single tool is universally accepted for use in the non- 

com m unicative (anesthetized) patient [20, 16]. W hen a patient cannot express h im ­

self, observable indicators - both physio logic and behaviora l - have been treated as 

pain-re lated indicators to evaluate the pain level [14]. Thus the num bers are sim ply 

estim ates of the perception of the pain, based on past personal experience of the 

caregiver.

The state of absence of pain due to m edication is referred to as DCBAa n a l g e s i a . It is 

im portant to adm it that patient analgesic needs can d iffer depending on clin ical cir­

cum stances, and that for any given patient therapeutic targets are like ly to change 

over tim e, m ainly due to drug trapping [4]. Thus, achieving patient com fort and en­

suring patient safety, including avoidance of over- and under-dosage, re lies on accu­

rate ly m easuring pain, agitation, sedation, and other re lated variables. This should 

be evaluated w ith validated tools that are easy to use, precise, accurate, and suffi­

c iently  robust to include a w ide range of behaviors. From  the point v iew  of analgesia  

and chronic pain m anagem ent, the com m unity is still m issing an adequate pain m ea­

surem ent tool based on objective processing of in form ation. A  com prehensive review  

of available tools to extrapolate on pain levels is g iven in [2].

A linear input-output-based m odel was identified by perform ing therm al cold 

stim uli in to dental nerves and m easuring the resulting e lectrica l activ ity  correlated to 

pain [9]. The m odel was a sim ple second-order transfer function w ith dam ping fac­

tor and im pulse response corresponding to m easured e lectrica l activ ity  in  in terdental 

nerves. This crude m odel was further im proved to better approxim ate the in tra-patient 

variability and plastic ity of pain sensation after repeated stim uli [8]. Further in vivo 

tests indicated that m odulation is present in the electrica l activ ity when pain is per­

ceived by the subject, suggesting thus that a frequency dependence is necessary. 

Non-linear term s in sine and cosine functions have been introduced in [10] to predict 

th is non-linear effect.

Som ewhat later, a review of m ulti-scale processes involved in nociception and 

pain sensation has been m ade, sum m arizing a ll steps from therm al stim uli [45], A l­

though the review provides an excellent overview , it concludes that the m echanistic 

processes are far from  being well understood and that engineering tools need to be 

further em ployed for delivering usefu l m odels for assessing pain in hum ans. A  m odel 

for e lectrica l activ ity aroused from  therm al nociceptor detection and transm ission at 

the neuronal level is then given. Later studies on therm al pain indicated the presence 

of adaptability and variability in pain sensation as a result of the noxious stimu­

lus intensity degree and the pattern of stim ulation [27]. In engineering term s, th is
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5 due to variability  of d isturbance profiles (i. e., stim uli) and thus the excitatory in- 

iu t to the m easured response variation provides a spatio-tem poral change in the 

lathway. S im ple linear m odels of classical system engineering theory can no longer 

apture such changes w ithout increasing the com plexity of the problem  form ula- 

ion.

2 Physiological background

The detection of stim uli that are capable of producing tissue in jury is term ed noci- 

:eption. These prim ary sensory neurons have cell bodies in the dorsal root ganglia 

rr in the trigem inal ganglia and possess naked peripheral endings that term inate in 

:he sldn, m ostly in the epiderm is (upper layer of the skin) [33]. Nociceptors, the re­

ceptors of pain, are the first unit in the series of neurons re lated to nociceptive pain. 

They transduce m echanical, chem ical, and therm al energy in to ionic current (noxious 

stim uli result in depolarizations that generate action potentia ls), conduct the action 

potentia ls from  the peripheral sensory neurons to the central nervous system (CNS), 

and convert the action potentials in to neurotransm itter re lease at the presynaptic ter­

m inal [33].

In peripheral nerves, nociceptors have unm yelinated (C -fibres) or th in ly m yeli­

nated (d5-fibres) axons [25]. Nociceptors have a lower conduction  velocity com pared 

to other peripheral sensory nerve fibres. G enerally, the Ad-fibres have a m edium  

diam eter of 2-6  pm  w ith a conduction velocity of 12-30 m /s. In com parison, the C- 

fibres have a sm all d iam eter of 0.4-1.2  pm w ith a conduction velocity of 0.5-2  m /s. 

These types of fibres account for the fast and slow  pain responses, respectively. O f 

another type of fibres, the large-diam eter A jS-fibres, the conduction velocity is about 

30-100 m /s.

According to the response to  d ifferent stim uli, nociceptors can be further c lassified 

as h igh-threshold m echanoreceptors, chem oreceptors, tem perature-sensitive recep­

tors (heat/cold), polym odal nociceptors, and m echano-insensitive (silent) nocicep­

tors, About 70 %  of the Ad-fibre nociceptors are m echanical, 20 %  are m echano-heat, 

and 10 %  are m echanic-cold nociceptors [25].

Ion channels in  the p lasm a m em brane of nociceptors have a key ro le  in the trans­

duction of stim uli; these are prote ins located in the cell m em brane that selectively m e­

diate the transm em brane transportation of specific ions or m olecules. The ion chan­

nels include heat activated channels, capsaicin receptor-dependent channels, adeno­

sine triphosphate (ATP)-gated channels, proton-gated channels, nociceptor-specific 

voltage-gated DCBAN A +  channels, and m echano-sensitive channels,

A ll these types of channels are essentia lly converted from closed to open states 

by m ainly three types of stim ulus: therm al (threshold 43 °C ), m echanical (threshold 

0.2M Pa), and chem ical. The voltage-gated channels are the m ost im portant. These
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respond to m em brane depolarization or hyperpolarization and are substantial to the 

generation and transm ission of e lectrica l signals a long axons. W hen a noxious stim ­

ulus reaches a nociceptor, the corresponding ion channels w ill be opened, which w ill 

induce a transm em brane current and increase the m em brane voltage. W hen th is vo lt­

age increases to the threshold, specified sodium  channels w ill open in  a positive feed­

back m ode that results in  the depolarization of the m em brane, eventually  generating 

an action potentia l.

P rim ary afferent nociceptors m ostly  term inate in  the spinal cord, which has an im ­

portant ro le  in the integration and m odulation of pain-re lated signals. Second-order 

neurons receiving input from nociceptors and projecting to the brain are located in 

both superfic ia l and deep lam inae of the dorsal horn [25]. These cells often have con­

vergent inputs from  different sensory fibre types and different tissues. Both pre- and 

post-synaptic e lem ents are strongly gated by descending excitatory and inhib itory in­

fluences from  the bra in. The inhib itory in fluences use neurotransm itters  that are m im ­

icked by som e analgesic drugs.

During consciousness, using M RI, it is possible to identify those brain areas d i­

rectly re lated to pain [25, 24]. Such a stim ulus re liably leads to activation of m ultiple 

bra in areas, jo intly term ed the pain m atrix. D ifferent areas represent d ifferent aspects 

of pain. The prim ary and secondary som atosensory cortices are activated to d iscrim ­

inate the location and intensity of a painfu l stim ulus. The anterior cingulate cortex, 

fronta l cortex, and anterior insula regions m ay be re lated to the cognitive and em o­

tional com ponents. The problem  is that these areas show significant m odulation de­

pending on the context o f the stim ulus, e. g., degree of a ttention, anxiety, expectation, 

depression, and analgesic drug treatm ent.

There is an established re lation between the nociceptor pathway and dynam ics of 

potassium channels, i. e., the sodium -potassium  pum p, for signaling between intra­

cellu lar flu id and extra-cellu lar flu id (ECF) in the b io logical tissue [33]. The observed 

increase in potassium  concentration in the ECF varies between 0.1 and 10.0 m m ol/L 

and depends on stim ulation frequency, intensity, and duration [25]. In vitro valida­

tion studies have been perform ed to verify the use of the proposed m odels for de­

tecting changes in the concentration of these cations in contro lled environm ent so­

lutions [3].

From th is in itia l step, we extrapolated that one m ay m easure non-invasively the 

changes in the signaling pathways, by m eans of b io-e lectrica l im pedance, via the 

skin [43]. The proposed m ethod for m easurem ent is based on sending an excitatory 

e lectrica l signal to the skin, while m easuring its response as voltage and current 

changes. By changing the signaling conditions (i. e., w ith m echanical nociceptor 

stim ulation) the im pedance so m easured changes its values as well, as a result of 

changes in the com position of the intra-cellu lar flu id and the ECF by the m ovem ent 

of the cations.
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Figure  1: Schem atic overview of m ain sequences in nociceptor pathways and m odel rationale equiva­

lent.

3 Multi-scale model development

O riginating from  our prior work on m odelling b iological tissue w ith fractional-order 

im pedance m odels (FO IM s), the fo llow ing extension is proposed. An overview  of the 

processes and equivalence to m odel developm ent is depicted in F igure 1, including 

changes at the m olecular level.

The physio logical pathway of pain can be described as four m ain processes [33]:

- transduction - when a stim ulus is applied to the skin, the nociceptors located 

there trigger action potentia ls by converting the physical energy from a noxious 

therm al, m echanical, or chem ical stim ulus into e lectrochem ical energy; 

transm ission - the signals are subsequently transm itted in the form  of action po­

tentia ls (sim ilar to pulse tra ins) v ia nerve  fibers from  the site of transduction (pe­

riphery) to the dorsal root ganglion or the trigem inal ganglion, which then acti­

vates the interneuron;

~ perception - the appreciation of s ignals arriv ing  in  specified areas in  the cerebral 

cortex as pain; and

- m odulation - descending inhib itory and excitatory input from  the bra instem  that 

in fluences (m odulates) nociceptive transm ission from  the spinal cord.

The stim ulatory effects of nociception are essentia lly considered an ultra-capacitor, 

which is represented by a non-rational form of a transfer function m odel in DCBA( j c o ) n ,  

with n  being any real num ber [31, 11]. Specifica lly, the skin-e lectrode interface, the
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stratum  corneum , and ionic pathways can be m odeled as elem ents in an electrical 

network. Various m odels describe th is interface  using  constant or current-dependent 

resistive-capacitive equivalent c ircuits [39,32,15,13]. Using fraction expansion theory, 

a lum ped F01M  can be obtained as a fractional-order in tegral [19]. S im ilarly, DCBAt r a n s m i s ­

s i o n  in  signaling pathways occurs v ia neuronal activity, a lready m odeled w ith FO IM s 

from  resistance-inductance equivalent e lectrica l network e lem ents [17], expressed by 

a fractional-order derivative.

The perception m odel based on com bined exponentia l and power law functions 

seem s to be a good candidate for capturing essential e lectrica l activ ity m odulated in 

the bra in [1]. P lastic ity  in  synaptic  variance is in troduced in  a layer-based sensory area 

in  the cortex by reverse node engineering  m odeling [37]. In  the case of pain perception, 

the com bined effect can be obtained  by using the M ittag-Leffler function, which is well 

known to capture hybrid exponentia l and power law behavior in b io logical tissues 

[24, 41].

D iffusion of perception sensory activ ity in  the bra in using the M ittag-Leffler func­

tion in  the tim e dom ain corresponds to a  non-integer-order derivative easily  expressed 

in the frequency dom ain [44]. Layered activ ity can be represented by ladder networks 

w ith serial connection of RC cells. To account for p lastic ity, the RC cells are not iden­

tical; instead they behave as a m em ristor w ith unbalanced dynam ics. For instance, it 

is expected that the first pain perception is m ore intense than the second, given the 

latency of the delayed pain stim ulus (i. e., sharp first increase fo llowed by slow ly de­

caying ta il).

Assum ing the bra in cortex area to be a porous tissue whose porosity  varies (i. e., 

in tra- and extra-cellular space tissue w ith different densities), one can m odel the 

changes in viscosity as a function of th is porous density. It has been shown that 

fractional-order derivatives are natural solutions to anom alous diffusion equations 

[19, 24, 44, 28]. The use and physical interpretation of th is very useful fractional 

calculus tool has been discussed in several works, e. g., [24, 30, 21, 22, 18], The net 

advantage of using the M ittag-Leffler function is that it a llows for the in troduction of 

m em ory form alism  [38], therefore ta ldng into account the tissue rheology. The m ixed 

area in  bra in tissue w ill in troduce a dynam ic viscosity and thus a dynam ic perception 

of nociceptor-induced pain [42, 23], F inally, the perception and m odulation activ ity 

can be characterized yet again by an FO IM as d iffer-integral (depending on the sign 

of the non-rational order) [44, 36].

In conclusion, a lum ped FO IM  com prising  the m ain processes described above is 

g iven by

Z m M ( s ) = R  +  ^  +  ^ + P s a \  (1)

where a u  a 2 ,  a 3  s (-1,0)u(0,1) and TD  denotes transduction, TS denotes transm ission, 

and P  denotes perception. A calibration factor has been added, a gain R . It m ay be 

that not a ll term s in th is m odel are necessary at a ll tim es, as som e of the physiological
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rocesses m ay be im paired in som e applications (e. g., analgesia w ill fix the effect of 

re perception term  in  DCBAP  a t zero) [5]. The units are arb itrary, as the m odel is defined as 

d ifference to the in itia l state of the patient - due to the use of fractional derivatives - 

nd not as absolute values. This enables patient specific ity since no generic m odel is 

ssum ed to be valid and thus broadcasts a new light upon the interpretation of such 

rodels.

Preliminaries

'tgure 2 depicts the flowchart of the m easurem ent protocol. For th is purpose, a proto- 

ype device has been developed, ANSPEC-PRO , depicted  in  F igure 3, and the e lectrode 

s p laced in the hand palm .

Figure 3: Left: The ANSPEC-PRO prototype for non-invasive m easurem ent of b io-e lectrica l skin 

im pedance. R ight: P lacem ent of the electrodes during proof-of-concept m easurem ents; two current 

carrying e lectrodes (white, red) and one pick-up electrode (b lack).
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The m easurem ent flowchart can be sum m arized as fo llows:

- design a m ulti-s ine signal w ith 29 com ponents in the frequency interval loo- 

1500 Hz, w ith step in terval o f 50 Hz; the m ulti-s ine signal is sent w ith  an am plitude 

of 0.2 m A, a factor 5 below  the m axim um  allowed by clinical standards [6];

- send th is signal and acquire the m easured signals at sam pling frequency of 

15 KHz;

- use a 3M  three-point e lectrode sensor in the hand palm  (CE-m arked) (according 

to M DD93/42/EEC);

- m easure current and voltage via a National Instrum ents (Texas, USA) device 

(cRI09074 w ith N I9201- and N I9263-slots);

- store the signals online or on the com puter for further processing.

The com puter is a laptop w ith the operating system  W indows 7 Enterprise 64-bit and 

an INTEL(R) Core(TM ) i7-6600U CPU@ 2.80G Hz processor. A  graphical user interface 

a llows m onitoring of s ignal quality.

The m easurem ent requires three-point e lectrodes: two current carrying e lectrodes 

and one p ick-up electrode. The latter m easures the voltage w ithout carrying any cur­

rents; hence, no polarization occurs. A ll e lectrodes were p laced on the palm ar side of 

the hand (see F igure 3). A  calibration  of the m easurem ents  was perform ed for each vol­

unteer by m easuring for 10 m inutes w ithout nociceptor stim ulus applied and w ithout 

rem oving the electrodes.

The study was carried out on one healthy volunteer, w ithout pain re lie f m edica­

tion treatm ent at the m easurem ent m oment. In th is individual, two consecutive m ea­

surem ents were executed to investigate the repeatability and existence of pain m em ­

ory. Sensors were placed on the right hand and the nociceptor stim ulation was ap­

p lied at the sam e location (i. e., the sam e hand). The protocol sum m arized in Table 1 

was applied.

Table 1: The tim e intervals and actions w ith in the 10-m inute m easurement protocol. The P /NP de­

note the acronym used in the figures to indicate the case.

Time interval (min) Nociceptor stimulation

0-2 Absent (NP1)

2-3 Present(P I)

3-6 Absent (NP2)

6-7 Present (P2)

7-10 Absent (NP3)

The m easured signals are filtered for noise prior to the application of non-param etric 

identification m ethods [29]. G iven the input is of sinusoidal type (Asin(m t)). the
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ipedance is a frequency-dependent com plex variable evaluated asDCBA

Z ( j c o )  =
S x x ( i w )

S X y ( j w )
(2)

here S ^ i j c o )  denotes the auto-corre lation spectrum of the signal, S X Y { j o J )  denotes 

e cross-corre lation spectra between the input-output signals, w  = 2 n f  is the an- 

ilar frequency in rad/s, w ith  f  being the frequency in Hz, and j  = The C las­

cal periodogram  filtering technique has been applied w ith no overlapping interval, 

ith  w indow ing function B lackm an im plem ented in  the M atlab environm ent [29]. The 

rpedance is then evaluated every m inute from online data stream ing and plotted 

;a inst frequency. This is then a frequency response e ither in com plex form  (real and 

raginary parts), or in  Bode p lot form  (m agnitude and phase).

Results and discussion

he tim e-based current and voltage signals were acquired at a sam pling  frequency of 

i kHz. A  snapshot o f a  sm all in terval is depicted in  F igure 4. In  th is figure one observes 

le input signal (current) rem ains the sam e at a ll tim es, while the recorded output 

gnals (skin response) undergoes changes between the NP and P in tervals (recall the 

rotocol from  Table 1).

0 50 100 150 200 250 300 350

Tim e (sam ples)

gure 4: T im e-based input-output signals for a snapshot of the interval w ith absent (NP)/present (P) 

ociceptor stim ulation.

he frequency response of the com plex im pedance calculated using (2) and illustrated 

y m eans of changes w ith  respect to calibrated im pedance prior to the test is depicted 

i F igure 5 for one individual test. In  th is figure one m ay observe the fo llow ing: 

applying the sam e m echanical nociceptor stim uli, the real part of the im pedance 

decreases from  P I to P2, i. e., the level of perception of the pain is lower;
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Figure 5: Changes in im pedance as a function of frequency by m eans of its real and im aginary parts, 

calculated per in terval of absent (NRepresent (P) nociceptor stim ulation.

- the im pedance values during absence of nociceptor stim ulation decrease from  

one interval NP1 to another, i. e., NP2, NP3, while NP2 overlaps w ith P I, i. e., the 

m em ory of the stim ulation persists in the tissue.

For the sam e individual, for the pain P I in terval, the fitting of the FO IM  from  (1) onto 

the frequency response com plex im pedance data is depicted in F igure 6. The fitting 

was again obta ined using non-linear least squares identification, w ith  steepest gradi­

ent descent, in  an iterative m anner. Iteration was perform ed to avoid  local m in im a and

-------- — --------------------------------- 1-------------------------------------------------1

-----  Experim ental

---- NV-, - M odel F itting

______ _____

I_____________________________ I______________________________ !-------------------------------------------------

0 500 1000 1500

Figure 6: Identified FO IM for the raw im pedance data P I.
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le  num ber of iterations between the identified results varied  between #2 and #4 in  a ll 

ata. The iteration was stopped when the m odel param eters changed less than 5 % .

It is im portant to understand that the m ethod and m odels developed here are 

n iquely  defined for each individual. In  other words, the reporting  of the m odel va lues 

, not re levant here because the data are expressed w ith  respect to the in itia l m om ent 

f m easurem ent, whereas the state of the patient is taken as a reference. Hence, a ll 

a lues reported are in fact calibrated for that reference value of im pedance and each 

id ividual has h is/her own in itia l state values.

The use of FO IMs is now justified by the data in som e sense that, indeed, tissue 

lem ory exists and it is a feature naturally  expla ined w ith properties of m athem atical 

rodels from  fractional calculus. The deta iled description of properties of FO IM s has 

een g iven in num erous other reports, hence it is om itted here [24,30].

The data are nevertheless re levant, for they support a  m ethod, a device, and m ath- 

m atical m odels to provide an indication of change in  b io-e lectrica l im pedance m ea- 

ured  v ia  skin e lectrodes correlated w ith  absence/presence of nociceptor stim ulation, 

'h is is a first step towards developing a fu ll m easurem ent set-up and an a lgorithm  for 

[uantify ing re lated  pain levels.

O ur proposed tools are in the sam e line of thought as those presented in [34, 35]. 

in  in telligent analysis system  based on fuzzy logic m odels was successfully tested in 

)ost-operative patients, whereas patient-contro lled analgesia (m orphine-based) was 

itrated from  the determ ined index. W ith  respect to their work, our work d iffers in  that 

t delivers  a m athem atical fram ework re lated to the actual tissue dynam ics (i. e., m em - 

>ry, d ie lectric) properties and thus justifies the use of FO IM s.

The changes in the skin im pedance affect both tim e and frequency dom ains, as 

suggested by our results reported in  th is chapter. These changes are evaluated w ith  re­

spect to an in itia l state o f the individual, e. g., when it experiences no pain  or when the 

evel o f pain is a lready characterized via other assessm ent tools (verbal or non-verbal, 

iepending on the state of the patient). It should be noted that in  certain situations, 

:are m ust be taken when referencing to other states of the patient. For instance, if the 

pain less state is recorded before a surgical in tervention involving general anesthesia 

3f the patient, the com position of the in terstitia l tissue w ill be greatly  affected by the 

cockta il o f m edication g iven during th is in tervention. Follow ing ICU evaluation, pain 

levels w ill then have to be referenced to a m ore recent state of the patient. However, 

if the pain assessm ent is to be perform ed during the surgical nociceptor stim ulation, 

then the referencing w ith the pre-operatory state of the patient m aybe re levant.

The present study is lim ited in the num ber of individuals m easured. No actual 

chronic pain patients or ICU post-operatory pain patients have been included. A  cor­

re lation to clin ical practice indices, such as the W ong-Baker faces scale, should be 

investigated using a larger population in order to extract a m athem atical re lationship 

between m odel param eters and clinical levels of pain. A lthough the m ethod is per­

sonalized, i. e., the values are calibrated to the in itia l state of the individual/patient, 

an analysis of the influence of BM I on the accuracy of the estim ators should also be
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perform ed. W e do not claim  the values given here are reference values. Rather, they 

are specific for the individual included in th is study.

6 Conclusions

This chapter in troduced a physiological and m athem atical fram ework to a llow  under­

standing the pain m echanism  and detect the nociception stim ulation effects in skin 

im pedance in a healthy volunteer as a proof of concept. The notoriously successfu l 

FO IM form ulation has proven once m ore usefu l to characterize tim e and frequency 

evolution of a pre-defined protocol of nociceptor stim ulation applied non-invasively 

in one subject.

The next steps are an in-depth analysis in  post-operatory  patients under pain a l­

leviation treatm ent and corre lations to standard clin ical practice of pain level assess­

m ents.
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