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PREFACE 

This PhD thesis provides a summary and discussion of the main findings of research 
conducted between 2018 and 2022 at the Center of Neuroplasticity and Pain, Aalborg 
University, Denmark. The three bellow studies disseminate the experimental work 
that was carried out during this project: 

Study I [1]: M. C. Henrich, K. S. Frahm, and O. K. Andersen, “Spinal spatial 
integration of nociception and its functional role assessed via the nociceptive 
withdrawal reflex and psychophysical measures in healthy humans,” Physiol. Rep., 
vol. 8, no. 22, pp. 11–20, Nov. 2020. 

Study 2 [2]: M. C. Henrich, K. S. Frahm, and O. K. Andersen, “Tempo-spatial 
integration of nociceptive stimuli assessed via the nociceptive withdrawal reflex in 
healthy humans,” J. Neurophysiol., vol. 20, no. 7, pp. 373–382, 2021. 

Study 3 [3]: M. C. Henrich, K. S. Frahm, R. C. Coghill, and O. K. Andersen, “Spinal 
nociception is facilitated during cognitive distraction” - Interim Decision, BEING 
REVISED for publication in Neuroscience 

The present document is organized into 4 chapters. Chapter 1 introduces the main 
concepts that will be discussed further on. It also states the general aim of the project 
and the research questions behind it. Chapter 2 discusses the evidence of spatial and 
temporal integration of nociception on animal and human studies. It focuses on spinal 
processing and discusses the main findings of Study I and II, in relation to relevant 
literature. That chapter deals with the research questions included in items 1, 2, and 3 
(see section 1.5.1). Chapter 3 discusses on descending modulation of spinal 
nociception and how it can affect the spatial integration in the NWR pathway.  It states 
and discusses the results obtained in Study III and aims at answering the last set of 
questions, item # 4. Chapter 4 discusses the main limitations of the methodologies 
used in the project. Lastly, Chapter 5 synthesizes the major findings of the project. 

The articles and four conference abstracts disseminated the experimental work behind 
this project. The PhD project was supported by the Danish National Research 
Foundation (DNRF121), and by the European Union’s Horizon 2020 research and 
innovation programme under the Marie Skłodowska-Curie grant agreement No 
754465.
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ENGLISH SUMMARY 

The somatosensory system plays a predominant role in building an internal 
representation of the outer world together with the current state of the body. To this 
purpose, sensing organs continuously translate the physical properties of the 
environment into electrical signals that are conveyed to the brain to produce a 
cognitive perception of the surroundings. In addition to the cognitive response, 
humans have defensive mechanisms implemented within the central nervous system. 
These mechanisms allow rapid defense from potentially harmful stimuli to preserve 
homeostasis and avoid tissue damage. One example of such a defensive mechanism 
is the Nociceptive Withdrawal Reflex (NWR). The NWR is a polysynaptic spinal 
reflex that integrates information from sensory afferent fibers, proprioceptive fibers, 
together with descending modulatory activity, into an efficient withdrawal response 
of the exposed tissue. The optimal withdrawal response coordinates both lower limbs, 
the trunk, and potentially the entire body, to defend the exposed tissue while 
preserving balance, according to the current motor needs. To do this, temporal and 
spatial information from external stimuli needs to be integrated, encoded, and 
interpreted. Observations of spatial and temporal integration of nociception have been 
reported in the literature based on pain intensity ratings and other psychometrical 
variables (i.e.: location, radiation, quality). Whether and how the NWR pathway 
exploits tempo spatial information of the stimulus, and how that information becomes 
available to cognitive processes, remains to be clarified.  

This thesis synthesizes the results of a PhD project that aimed at studying spinal spatial 
and temporal integration of nociception via the NWR. The project was motivated by 
recent evidence suggesting that lateral inhibitory mechanisms play a significant role 
in the spatial integration of multiple nociceptive stimuli applied in a small area of skin 
of healthy subjects. As early animal studies have shown spinal neurons encoding 
spatial characteristics of the stimulus, a spinal-specific approach was expected to 
provide relevant and novel evidence about the involved integrative mechanisms in 
humans. The primary outcome of all studies in this thesis was the magnitude of the 
NWR, which was complemented by other psychophysical outcomes. Additionally, 
the modulation of this spinal integration through descending control initiated by 
cognitive activity was investigated. 

In particular, the first study on which this thesis is based was designed as a descriptive 
study that aimed at investigating spatial aspects of the integration of simultaneous 
nociceptive stimuli. Simultaneous stimulation included stimuli with varying inter-
electrode distances (IEDs) applied through five electrodes on the sole of the foot. That 
study showed evidence of how spatial information of the stimuli is integrated into the 
NWR pathway. This integration seemed to have a functional, behavioral role 
according to the modular organization of the NWR. Evidence of spatial summation 
on both perceived intensity and NWR outcomes was presented and discussed. The 
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second study focused on how temporal information is integrated into an efficient 
withdrawal response. In this study, a temporal delay of different durations was used, 
together with single and simultaneous stimuli. The results provided evidence on how 
temporal and spatial aspects of the stimulus are integrated to produce a reflex and a 
perceptual response that is functional to the defensive role of the NWR. Differences 
between muscles involved in the NWR were studied and discussed. Lastly, the third 
study assessed whether a purely cognitive task modulates the integration of 
simultaneous stimulation at the spinal level. Two cognitive manipulations were used, 
aiming at shifting the attention of the subject away or into the stimulated site. Results 
showed that the NWR is significantly facilitated when subjects are distracted from the 
stimulation. The integration of simultaneous stimulation, however, seems not to be 
affected significantly. 

In conclusion, the assessment of the NWR and its modulation by cognitive tasks 
provided novel evidence of the integration of nociception at the spinal level in healthy 
humans. The NWR pathway simultaneously integrates temporal and spatial 
information of the noxious stimuli, to elaborate an optimal defensive response. This 
net reflex response can be explained by a modular organization of the NWR with a 
functional role that likely involves the coordination of several muscles, according to 
the defensive needs. Results of the perceptual response (pain intensity) and the 
behavioral response (NWR) showed differential processing of information between 
the pain and the NWR pathways. This suggests that the NWR magnitude cannot be 
directly used as a proxy of pain intensity (particularly with complex stimuli) or spinal 
nociception. 
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DANSK RESUME 

Det somatosensoriske nervesystem spiller en fremherskende rolle i opbygningen af 
en indre fortolkning af den ydre verden sammen med kroppens aktuelle tilstand. Til 
dette formål omsætter sanseorganer løbende omgivelsernes fysiske egenskaber til 
elektriske signaler, der overføres til hjernen for at producere en kognitiv opfattelse af 
omverdenen. Udover den kognitive respons har mennesker defensive mekanismer 
implementeret i centralnervesystemet. Disse mekanismer tillader hurtigt forsvar mod 
potentielt skadelige stimuli for at bevare homeostase og undgå vævsskade. Et 
eksempel på en sådan defensiv mekanisme er den nociceptive afværgerefleks (Eng: 
Nociceptive Withdrawal Reflex, NWR). NWR er en polysynaptisk rygmarvsrefleks, 
der inkorporerer information fra sensoriske afferente og proprioceptive nerver, samt 
descenderende modulatorisk aktivitet, for at opnå en effektiv tilbagetrækningsrespons 
af det eksponerede væv. Den optimale tilbagetrækningsrespons koordinerer både 
underekstremiteterne, torso og potentielt hele kroppen, for at forsvare det blottede væv 
og samtidig bevare balancen i overensstemmelse med de aktuelle motoriske behov. 
For at gøre dette skal temporal og spatiel information fra de ydre stimuli integreres, 
afkodes og fortolkes. Observationer af spatial og temporal integration af nociception 
er i litteraturen blevet rapporteret baseret på smerteintensitetsbedømmelser og andre 
psykometriske variabler (blandt andet placering, stråling, kvalitet). Hvorvidt og 
hvordan nervebanerne involveret i NWR bruger stimulussens temporal-spatielle 
information, og hvordan denne information bliver tilgængelig for kognitive processer, 
skal endnu afklares. 

Denne afhandling syntetiserer resultaterne af et ph.d.-projekt, hvis formål var at 
studere spinal spatiel og temporal integration af nociception vha. NWR. Projektet var 
motiveret af nyere fund, der tyder på, at lateralt hæmmende mekanismer spiller en 
væsentlig rolle i den spatielle integration af flere nociceptive stimuli påført et lille 
hudområde hos raske forsøgspersoner. Da tidligere dyreforsøg har vist spinale 
neuroner, der afkoder for stimulussens spatielle karakteristika, forventedes en 
spinalspecifik tilgang at give relevant og ny evidens om de involverede integrerende 
mekanismer hos mennesker. Det primære resultat af alle undersøgelser i denne 
afhandling var størrelsen af NWR, som blev suppleret med andre psykofysiske 
resultater. Derudover blev moduleringen af denne spinale integration gennem 
aftagende kontrol initieret af kognitiv aktivitet undersøgt. 

Især det første studie, som denne afhandling er baseret på, var designet som et 
deskriptivt studie, der havde til formål at undersøge spatielle aspekter af integrationen 
af simultane nociceptive stimuli. Simultan stimulering inkluderede stimuli med 
varierende interelektrodeafstande mellem fem elektroder placeret på fodsålen. Dette 
studie viste, hvordan stimulis spatielle information integreres i nervebanerne i NWR. 
Denne integration syntes at have en funktionel adfærdsmæssig rolle i henhold til 
NWR's modulære organisation. Beviser for spatiel summering af både opfattet 
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intensitet og NWR-resultater blev præsenteret og diskuteret. Det andet studie 
fokuserede på, hvordan temporal information integreres i en effektiv 
tilbagetrækningsrespons. I dette studie blev der brugt en temporal forsinkelse af 
forskellig varighed sammen med enkelte og simultane stimuli. Resultaterne gav belæg 
for, hvordan temporale og spatielle aspekter af stimuli er integreret for at frembringe 
en refleks og en perceptuel respons, der er funktionel i forhold til NWR's defensive 
rolle. Forskelle imellem muskler involveret i NWR blev undersøgt og diskuteret. 
Endelig vurderede det tredje studie, om en ren kognitiv opgave modulerer integration 
af simultan stimulering på rygmarvsniveau. To kognitive manipulationer blev brugt, 
med de formål enten at flytte forsøgspersonens opmærksomhed væk, - eller mod det 
stimulerede sted. Resultaterne viste, at NWR faciliteres, når individet bliver 
distraheret fra det stimulerede sted. Integrationen af simultan stimulering synes dog 
ikke at blive påvirket væsentligt. 

Som konklusion gav vurderingen af NWR og dens modulering ved kognitive opgaver 
nye beviser for integrationen af nociception på spinalniveau hos raske mennesker. 
Nervebanerne i NWR integrerer samtidig temporal og spatiel information vedrørende 
smerte stimuli for at udarbejde en optimal defensiv reaktion. Denne samlede 
refleksrespons kan forklares ved en modulær organisation af NWR med en funktionel 
rolle, der sandsynligvis involverer koordinering af flere muskler relateret til de 
defensive behov. Resultaterne af den perceptuelle respons (smerteintensitet) og 
adfærdsresponsen (NWR) viste differentiel behandling af information mellem smerte- 
og NWR nervebaner. Dette tyder på, at magnituden af NWR ikke kan bruges direkte 
som en stedfortræder for smerteintensitet (især for komplekse stimuli) eller spinal 
nociception. 

Tre artikler og fire konferenceabstrakter formidlede det eksperimentelle arbejde, der 
blev udført under dette projekt. Alle forsøgene blev udført på Center of 
Neuroplasticity and Pain, Aalborg Universitet, Danmark. Arbejdet blev støttet af 
Danmarks Grundforskningsfond (DNRF121) og af EU’s Horizon 2020 research and 
innovation programme under Marie Skłodowska-Curie-bevillingsaftale nr. 754465. 
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CHAPTER 1.  INTRODUCTION 

1.1. PAIN 

According to the International Association for the study of Pain (IASP), pain is 
defined as 

“An unpleasant sensory and emotional experience associated with, or 
resembling that associated with actual or potential tissue damage.” [4] 

The experience of acute pain can be understood as a defensive mechanism that signals 
(potential) tissue damage. Many pain-related pathologies, such as chronic pain, are 
characterized by pain that outlasts the normal healing time of acute tissue damage. 
Therefore, instead of being in phase with the aversive stimulation -if any-, the pain 
experience becomes chronic. Chronic pain has a significant negative impact on the 
quality of life of patients [5], [6]. It is estimated to affect between 12-30% of the 
general adult population [7]. Chronic lower back and neck pain was reported as the 
most frequent cause of disability, globally [5]. Additionally, it represents a major 
economic burden for the healthcare systems, being its estimated cost in Europe larger 
than €200 billion yearly [8], [9], with similar figures reported in the USA [10], [11].  
How an acute process with a defined protective role evolves to a chronic pathological 
condition with apparently no useful purpose, remains unknown and highlights the 
need for further basic research in pain and nociception. 

Although pain is normally described in terms of the mechanisms that signal 
nociception, it is important to differentiate these two concepts. The term nociception 
refers to the process of encoding the noxious characteristic of a stimulus and 
transmitting it through the nociceptive system [4], [12]. Peripheral nociceptive 
neurons transduce a noxious stimulus into a propagating signal that reaches the central 
nervous system. Via central neurons, this propagating signal potentially elicits 
behavioral reactions, such as defensive reflexes and autonomous responses. 
Eventually, this nociceptive signal can reach superior structures and produce the 
experience of pain. Nevertheless, it is important to highlight that the experience of 
pain is not necessarily correlated to the noxious stimulus, not in time, nor in intensity, 
spatial characteristics, or quality. Therefore, pain is a subjective percept that became 
available to the conscious experience under certain circumstances [4]. The pain 
system must encode, integrate, and interpret temporal and spatial aspects of the 
nociceptive stimulus if it is to elaborate a congruent pain experience and an associated 
relevant defensive response.  
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1.2. FROM A NOCICEPTIVE STIMULUS TO PAIN 

Cutaneous nociceptors are activated by a noxious stimulus applied to the skin. They 
can be classified based on the nature of the stimulus optimally transduced in three 
major types: mechanical, thermal, and polymodal (this last group activated by intense 
mechanical, thermal, and chemical stimulation) [12]. Different types of fibers with 
anatomical and functional characteristics are generally associated with each type of 
nociceptor. Most mechanical and thermal nociceptors have small-diameter thinly-
myelinated fibers with conduction velocities between 5-30 m/s (Aδ fibers) [13]. On 
the other hand, polymodal nociceptors have a small diameter, non-myelinated fibers 
with conduction velocities lower than 3 m/s (C fibers) [13].  A stimulus applied to the 
skin with sufficient intensity can trigger an action potential that conducts through a 
nociceptive fiber(s) to the dorsal horn (DH) of the spinal cord (SC). The DH 
constitutes the first synaptic stage of nociceptive neurons, from where they can project 
to superior structures [14]. Early electrophysiological studies in animals divided the 
gray matter of a SC section in ten different areas called laminas [15]. The DH 
compromises the first six layers of that division (i.e.: LI-LVI). Most nociceptive fibers 
directly synapse in the superficial layer (LI and LII) of the DH, however, all layers 
within the DH, directly or indirectly via interneurons, process nociceptive information 
[14]. Nociceptive information projecting from the DH to supraspinal centers does it 
so via five ascending pathways, each primarily targeting the thalamus 
(cervicothalamic and spinothalamic tracts), the reticular formation (spinoreticular 
tract), mesencephalic structures (spinomesencephalic tract), and the hypothalamus 
(spinohypothalamic tract). The main ascending nociceptive pathway is the 
spinothalamic tract (STT). Some STT neural bodies ascend from LI, although the 
majority of them are located in deeper laminae [16], [17]. A substantial proportion of 
STT neurons respond to a wide range of stimulus intensity, both noxious and 
innocuous (so-called wide dynamic range neurons, WDR), while a smaller proportion 
are nociceptive specific (NS). The majority of the second-order neurons in the 
superficial laminae are NS, while WDR are predominant in the deep dorsal horn 
(DDH) [14]. 

NS and WDR neurons integrate input from multiple neurons are likely to play a 
significant role in encoding sensory-discriminant and affective characteristics of the 
noxious stimulus such as its intensity, localization, and quality [18]–[22]. The specific 
role of each type of neuron is still under debate. However, some major differences 
between the activation profiles of NS and WDR neurons provide evidence on how 
they differentially encode the multidimensional aspects of pain and nociception. One 
of those differences is that WDR have large receptive fields (RFs) graded in 
sensitivity, and steeper stimulus-response curves [18], [20], [23]. The central zone 
normally responds to noxious and innocuous stimulus, and the sensitivity decrease 
towards the borders, where only noxious stimulation provokes a response. 
Additionally, the stimulus-response curve of rats DH-WDR neurons following 
repetitive noxious heat stimulation shows a similar trend as that of perceived pain 
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intensity in humans exposed to the same stimuli [18]. On the other hand, NS neurons 
have smaller RFs, an aspect that in early electrophysiological studies assigned NS 
neurons a primary role in localization of noxious stimulus [19]–[21]. Later evidence 
from animal studies in combination with imaging techniques in humans were in 
disagreement and suggested that WDR are primary encoders of pain intensity and 
other sensory aspects of the pain experience [18], [24], [25].  

 

1.3. SPATIAL AND TEMPORAL INTEGRATION OF 
NOCICEPTION AND PAIN  

Clinical observations emphasize the need for better understanding the mechanisms 
supporting nociception. In particular, patients suffering from pain disorders, such as 
chronic pain, phantom limb pain, fibromyalgia, complex regional pain syndrome, 
generally present with pain symptoms in widespread areas of the body that cannot be 
easily localized [26]–[29]. Abnormal spatial integrative mechanisms of nociceptive 
information are hypothetically playing an important role in the development of those 
symptoms [30]–[32]. Studies in humans with phantom limb pain [33], and complex 
regional pain syndrome [34] showed that sensory discrimination training can reduce 
pain intensity, and the decrease of pain is associated with improvements in task 
performance. These observations, although unable to prove a causal relationship, 
serve as an indication that a link between spatial integration of nociception and the 
development of pain symptoms likely exists and calls for further investigation.  

Experimental evidence reflecting local spatial and temporal integrative mechanisms 
in humans has received considerable attention from the research community in the 
last decades [30], [35]–[38]. Particularly, observations that are commonly reported in 
the literature regarding nociceptive integration are spatial summation of pain (SSP), 
and temporal summation of pain (TSP). Spatial summation of pain (SSP) can be 
understood as the increase in perceived pain intensity (or decrease in pain threshold) 
when increasing the stimulated area. Early studies reported small or no effect of SSP 
when using heat stimulus on different skin areas [39], [40]. At odds with early reports 
are several more recent studies that repeatedly reported SSP in humans for thermal 
[31], [36], [37], [41]–[51], mechanical [32], [52]–[57], and electrical [58] stimulation. 
Although the exact mechanisms behind SSP are not completely understood, a 
combination of peripheral and central mechanisms likely explain how SSP is encoded 
by spinal circuits. A frequency coding on primary afferents might convey valuable 
information regarding the size of the stimulus (related to the size of the neuron’s RF) 
at a peripheral level [20], [25], [59]. Centrally, local integration of many afferents on 
the same convergent neuron and the number of convergent cells recruited by the 
stimulus [25], [50], are likely playing a role.  
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Observations of SSP are generally sub-additive meaning that the increase in the 
perceived intensity is not proportional to the increase in the stimulated area. This 
observation raises the discussion of a potential inhibitory mechanism coexisting and 
interacting with spatial summation (SS). One of such local inhibiting mechanisms is 
Lateral Inhibition (LI). LI in neurobiological terms is defined as a phenomenon in 
which an excited neuron inhibits its surrounding neurons, via lateral inhibiting 
interconnections. The importance of the LI phenomenon in the somatosensory system 
was first established for the visual sense and then described for other senses [60]–
[62]. By inhibiting activity in surrounding neurons, contrast is enhanced aiding 
discrimination and localization of somatosensory stimuli. On the nociceptive system, 
evidence of LI processes is scarce. However, a study by Quevedo and colleagues [35] 
has shown strong psychophysical indications supporting inhibitory effects between 
stimuli that are delivered in a small spatial distribution. Using laser stimulation in the 
form of a line, and a stimulus delivered as two discrete points separated a distance 
equal to the length of the line, pain intensity ratings were obtained and compared. Line 
stimulation provoked significantly lower pain intensity ratings than two-point 
stimulation, albeit stimulating a larger area and delivering more energy. A study by 
Marchand and collaborators [49] further showed that inhibitory mechanisms indeed 
exist and affect spatial integration of pain in healthy humans. In that study, progressive 
immersion of the entire arm in noxious hot water could not confirm SSP. Conversely, 
when the limb was initially fully submerged and then gradually withdrawn, SSP was 
confirmed. The authors then speculated that the gradual immersion of the limb in 
noxious hot water likely recruited both inhibitory and excitatory mechanisms 
simultaneously interacting to prevent significant SSP [49].  

Temporal Summation of Pain (TSP) refers to the observation of increased pain ratings 
with repetitive noxious stimulation at a certain frequency [63], [64]. TSP is considered 
as the human counterpart of a very widely studied phenomenon of animal nociceptive 
processing, called wind-up [65]. The Wind-up phenomenon was originally defined as 
the progressive increase in the firing activity of central neurons due to repetitive 
activation of nociceptive primary afferents [65]–[68]. TSP/Wind-up in both humans 
and animals has been related to activation of the NMDA receptor at the spinal level 
[65], [69]–[71]. Its activation likely regulates sustained effects of a lasting neuroactive 
substance, released by primary nociceptive afferents [20], [72], [73] in the outer layers 
of the dorsal horn spinal cord [74]. TSP was reported for different types of stimuli 
applied in the body of healthy humans and patients [54], [75]–[82]. It is important to 
consider that the repetitive activation of nociceptive afferents and its transmission 
through the spinal cord is also subject to other inhibitory influences. These can have 
peripheral, spinal, and descending origins, and might be facilitated by the nociceptive 
input itself [83]. With the sequential stimulation of nociceptors, peripheral 
sensitization might also contribute to the increased perceived pain intensity observed 
in TSP experiments [31], [54].  
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From a nociceptive stimulus to the experience of pain, several stages of integration 
are present. As defined by the IASP, pain is highly subjective and depends on multiple 
factors that are not strictly related to the stimulus. Then, assessing spatial/temporal 
integration of nociception from a pain intensity outcome might not be representative 
of the integrative process. How temporal and spatial information is encoded and 
integrated through the human nociceptive system remains to be clarified. Evidence 
from animal studies suggests that temporal and spatial characteristics of a stimulus 
are mostly processed within the dorsal horn (DH) of the spinal cord, being the first 
convergent hub for afferent nociceptive information [20], [23], [84], [85]. Studies that 
directly assess neuronal activity in the spinal cord of animals, are, for obvious reasons, 
not possible to be performed in humans. Alternative indirect methodologies are of 
substantial importance to get valuable insight into human spinal nociception. One of 
those indirect methodologies is the quantification of a reflex response that is preserved 
in animals and humans: the so-called Nociceptive Withdrawal Reflex (NWR). Being 
a polysynaptic spinal reflex, the NWR has been considered as a potential proxy for 
spinal nociception and pain. This project was motivated by the general hypothesis that 
the indirect assessment of spinal nociception via the NWR will provide novel 
evidence about the processing of spatial and temporal information in the spinal cord 
of healthy humans. on human spinal nociception. Assessing these integrative 
mechanisms with a more objective tool focused on spinal processing might provide 
novel and valuable evidence, as elegantly stated by Bishop as early as in 1948: 

“Sensation is the apical fluorescence on the afferent tree of which the 
lower branches, at reflex levels, bear most of the fruit.” [40] 

 

1.4. THE NOCICEPTIVE WITHDRAWAL REFLEX TO ASSESS 
SPINAL NOCICEPTION. 

The nociceptive withdrawal reflex (NWR) is a motor reaction elicited by a noxious 
stimulus applied to the body [86], [87]. It has a defensive role that consists of the 
removal of the exposed tissue from the potentially damaging stimulus. The neural 
pathway of the NWR includes primary afferent fibers, intraneuronal circuits within 
the DH of the spinal cord, the motor system, and descending modulatory commands 
from supraspinal structures [86], [87].  

The first extensive description of a “flexor reflex” can be traced back to the first 
decade of the last century, when C. Sherrington described a characteristic reaction 
elicited by the noxious stimulation of the limb in cats and dogs [88]. As the major sign 
of this elicited reaction was a stereotyped flexion of the three major joints in the 
affected limbs, the author named the reflex the “nociceptive flexion reflex”. 
Sherrington highlighted the defensive role of the reflex, based on the observation that 
the flexion of the affected limb was easily triggered with intense stimulation and 
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coordinated with a stepping response on the other limbs, named a “flight” response. 
The response that Sherrington observed was complemented by the extension of 
contralateral limbs in an attempt to preserve balance. That early study showed that the 
withdrawal reflex can be triggered by the noxious stimulation on different sites of the 
limb, although with a particular facility if stimulating the foot [88]. Although 
Sherrington noted that the NWR could be elicited from almost the entire limb, he 
recognized slight differences according to the stimulated site [88], [89]. By doing so, 
he proposed the term receptive field as an appropriate definition for the collection of 
sites from where a flexion reflex can be elicited when duly stimulated (later termed 
reflex receptive field, RRF) [88]. The fact that the referred neurophysiological studies 
were performed in decerebrated and spinalized animals suggests that the spinal 
pathway of the NWR is anatomically sufficient to maintain its basic defensive role. 
However, later animal studies showed that descending control tunes the NWR 
pathway to maintain its normal excitability levels and to preserve the defensive 
function of the reflex [90].  

The concepts profiled by Sherrington’s work in animal studies were later translated 
into a new model: “Flexion Reflex Afferents (FRA)” [91]. The FRA model is a 
multisensorial reflex system that included afferent fibers from multiple receptors 
converging into the reflex pathway as a sensory feedback signal [92]. The 
convergence of this afferent information into a common set of interneurons within the 
spinal cord was understood as playing a modulatory role over motor behavior [92]. 
The nociceptive afferent information seems to be included independently of the rest 
of the pathway and treated by non-FRA pathways [92]. Although the FRA model 
served to explain the integration of afferent information with descending supraspinal 
control into a motor program, it fails to include nociceptive withdrawal patterns that 
are not solely characterized by flexion of major joints.  

A new model was proposed in 1990 by J. Schouenborg and J. Kalliomäki that 
presented the NWR as organized in mostly independent pathways to different muscles 
[90]. They showed, via electrophysiological studies in rats, that a noxious stimulus 
applied in the skin triggers the contraction of only those muscles that produce the 
optimal withdrawal of the stimulated area. Then, the authors showed that the pattern 
of withdrawal (eversion/inversion, flexion/extension) largely depends on the site 
being stimulated [93], [94]. This spatial organization was further supported by a study 
in rats that showed a high correlation coefficient between withdrawal fields and 
receptive fields in several muscles of the hind limb [93]. The RRF of different muscles 
present some overlap between them, therefore a stimulus typically evokes the 
contraction of a group of synergistic muscles. Evidence of the link between the RRF 
and the withdrawal function was later reported in human studies [95], [96]. 

Evidence from studies in rats suggested that the encoding of the spatial characteristics 
of the RRF is implemented via intraneuronal circuits in the spinal cord [97]. The 
interneurons that encode the receptive field of specific muscles have a somatotopic 
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organized distribution in the DH, further supporting the modular organization of the 
NWR [97]. Worth noting is that such neurons cannot be antidromically driven from 
the cervical cord or the thalamus [97]. This suggests that the neural circuits putatively 
encoding the spatial organization of the RRF and the withdrawal pattern, are intrinsic 
spinal circuits.  

Descending control over the NWR pathway is likely responsible for preserving its 
behavioral function. Studies in animals provided evidence of the latter by assessing 
changes in reflex excitability and RRF morphology after spinalization [94], [98]. The 
authors showed that after the lesion, reflex thresholds decreased and RRFs expanded. 
After the spinal shock, innocuous mechanical stimuli were sufficient to evoke reflex 
responses [94]. Additionally, the RRF of specific muscles expanded to skin areas that 
were not withdrawn with its contraction [94]. Similar evidence of abnormal reflex 
responses in humans with spinal disorders further supports that descending 
modulation is a key element to maintain proper defensive NWRs  [99]–[101]. It is 
important to mention that the organization of the NWR pathway is not genetically 
inherited but established during development. This is supported by animal studies 
showing that neonatal spinalization results in an abnormal spatial input-output 
relationship between sensory input and withdrawal rection [102]. In addition, the 
development of that spinal organization seems to be driven by experience with the 
environment [103], since the adaptation of the reflex patterns is observed after 
neonatal transfer of tendons [104], and after changes of peripheral innervation [105]. 

The assessment of spinal nociception via the NWR both in man and animals [106] has 
been widely performed in clinical and research settings [86], [87] encouraged by early 
reports showing a high correlation between perceived pain and NWR outcomes [107], 
[108]. The NWR has the additional advantage that is an objective outcome to 
investigate spinal nociceptive mechanisms since it does not depend on cognitive self-
reported ratings. More recent studies also confirmed the reliability of the NWR and 
RRF methodologies in healthy humans [109], [110] and in chronic pain patients [111]. 
Finally, as the NWR pathways are mostly contained within the spinal cord, 
speculations on the spinal role in nociceptive processing are possible and of interest. 

 

1.5. AIM OF THE PROJECT 

Pain is a multidimensional conscious experience. Its quantification via quality 
descriptors, intensity scales, localization tasks is a valuable approach aiming at 
disentangling aspects of that multidimensional experience. The main observations 
reported in the literature regarding spatial and temporal integration of pain are based 
on outcomes that are more related to the pain experience than to the nociceptive 
stimulus itself. Although this approach has definite value, it is argued that using a 
more spinal-specific methodology, novel evidence regarding spinal nociceptive 
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processing can be obtained.  A large amount of evidence has suggested that spinal 
cord circuitry plays a significant role in the spatial and temporal integration of 
nociception. Therefore, it is proposed that the objective assessment of the NWR in 
healthy humans will provide novel evidence for the understanding of mechanisms 
behind the spatial and temporal integration of spinal nociception. Results are expected 
to provide new insight into the current understanding of mechanisms underlying pain, 
pain chronification, and pain modulation. 

1.5.1. RESEARCH QUESTIONS ADDRESSED IN THE THESIS 

As stated previously, spatial, and temporal integration of nociception are most likely 
playing a fundamental role in encoding multiple aspects of the pain experience. 
Evidence is somehow contradictory on how spatial and temporal integrative 
mechanisms affect pain perception and nociception. Animal studies have shown that 
DH neurons play an important role in processing spatial and temporal information of 
the noxious stimulus. However, direct assessment of central neurons is not possible 
in humans. By using the NWR as a proxy of spinal nociception, this project aimed at 
answering the following main questions: 

1. Are simultaneous nociceptive stimuli integrated into the NWR pathway?  
2. Is the NWR affected by spatial summation and/or lateral inhibition? Are 

perceived intensity ratings and the magnitude of the NWR similarly 
affected by spatial integrative processes? 

3. How a temporal delay between simultaneous stimuli affects the spatial 
integration of the NWR? Is that integration differentially modulating 
proximal vs distal muscles? 

4. Is it possible to engage descending control via a purely cognitive task to 
modulate how spinal circuits integrate simultaneous nociceptive stimuli? Is 
the NWR pathway modulated in the same direction as it is reported in the 
literature for pain intensity ratings? 

Three studies were conducted trying to address the research questions, as follow: 

Study I: “Spinal spatial integration of nociception and its functional role 
assessed via the nociceptive withdrawal reflex and psychophysical measures in 

healthy humans” [1] 

There is an apparent agreement in the literature that SSP is a key phenomenon behind 
encoding pain intensity. The NWR, at the same time, has a strong defensive behavioral 
value that would most likely benefit from an analogous spatial summation (SS) 
mechanism. Study I used single and double simultaneous electrical stimulation 
applied on the sole of the foot of healthy humans to elicit the NWR. The study aimed 
at investigating whether the magnitude of the NWR is indeed affected by SS (and/or 
LI), and whether the distance between stimulated sites modulates the sensory 
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integration in the reflex pathway. Besides NWR recordings, psychophysical outcomes 
were obtained to complement the assessment (see the full article for a detailed 
description of the methodology and results). 

Study II: “Tempo-spatial integration of nociceptive stimuli assessed via the 
nociceptive withdrawal reflex in healthy humans” [2] 

As introduced above and further discussed in the following chapters, SS seems to be 
a key mechanism in the encoding of pain intensity and the optimal NWR. This 
integration is most likely implemented within the spinal cord reflex pathway. Tempo-
spatial integration of nociception is poorly understood. In Study II, we aimed at 
assessing whether introducing a temporal delay between simultaneous stimuli 
modulates the magnitude of the NWR. Different interstimulus intervals were used, 
and stimulation was delivered in the same or different sites of the sole of the foot. 
NWR was recorded and quantified in two different muscles. Psychophysical outcomes 
were also obtained to complement the assessment (see the full article). 

Study III: “Spinal nociception is facilitated during cognitive distraction”[3]  

Study III aimed at investigating whether descending control of the NWR pathway 
affects the integration of simultaneous stimuli applied on the sole of the foot. A purely 
cognitive paradigm based on attention/distraction tasks was used to engage 
descending control. The direction of the modulation was investigated in one proximal 
and one distal muscle. SS was expected to be modulated by the expansion/reduction 
of the RRF by the cognitive tasks (see the full article). 

1.5.2. GRAPHICAL SUMMARY 

A simplified diagram is provided in Figure 1 showing an overview of the relationship 
between the studies and the anatomical structures of interest.  
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Figure 1: Schematic design illustrating different structures that are of interest to the project. 
Points of focus addressed in Study I, II, and III are identified in the diagram. Spatial and 
temporal integration of nociception at the spinal level was investigated in Study I and II. Study 
3 focused on the descending modulation of such integration. All studies used the NWR as the 
primary outcome, quantified for Tibialis Anterior (TA) and/or Biceps Femoris (BF) muscles. 
The NWR was elicited by electrical stimulation of the skin applied on the sole of the foot of 
healthy subjects. In blue: primary afferent fibers and ascending tract. In orange: Efferent 
signals to Tibialis Anterior (TA) and Biceps Femoris (BF) muscles. In green: descending 
control from supraspinal structures.
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CHAPTER 2. TEMPORAL AND SPATIAL 
INTEGRATION OF NOCICEPTION 
ASSESSED VIA THE NWR 

2.1. OBJECTIVE ASSESSMENT OF SPINAL NOCICEPTION 

As stated in the previous chapter, the NWR is a defensive reaction to protect the body 
from a potentially damaging stimulus. It is a behavioral response that is preserved in 
most animal species, such as the human, rat, mouse, cat, dog, rabbit, horse, pig, frog, 
among others [106], [112]. Since access to animal perception is not possible, 
nociception studies using animal subjects rely on the assessment of reflex responses 
as an objective way to interrogate the spinal processing of nociceptive information. 
Generally, the behavioral response is related to spinal cord neuronal activity by direct 
electrophysiological assessment of central neurons. Invasive recording is not possible 
in humans, therefore the quantification of the NWR via surface electromyography 
(sEMG) is a commonly used methodology that indirectly assesses spinal nociception 
in these subjects [86], [87], [113].  

2.1.1. ELICITATION OF THE NWR 

To elicit the NWR, a stimulus at suprathreshold intensity has to be applied to the body. 
The nature of the stimulus might vary, yet electrical stimulation is the most commonly 
reported in the literature [86], [87]. Natural stimulation, such as heat or pressure, has 
also been reported [88], [114]. However, they present methodological shortcomings 
that are avoided with electrical stimulation. The largest disadvantage of natural 
stimulation is that the timing between the stimulus onset and the recorded behavioral 
response is particularly difficult to control and measure reliably. Additionally, to 
avoid actual tissue damage, stimulation intensity has to be limited and not repeated 
over the same skin area. Electrical stimulation, on the other hand, is easy to deliver, 
and its intensity and onset/offset timing can be easily controlled and measured [115]. 
In all three studies of this project, electrical stimulation was used to elicit the NWR. 

In the present project, electrical stimulation was delivered on the sole of the foot of 
healthy humans through small stimulating electrodes (see detailed methodology in 
published articles). The size of the stimulating electrodes was reduced to an area of 
28 squared millimeters. Smaller electrode sizes were shown to produce sensations 
described as sharp, most likely indicating a larger proportion of Aδ fiber activation 
[116]–[118]. Electrical stimulation has the characteristics that it bypasses the receptor 
endings and directly depolarizes the innervating sensory fibers. Applied in the sole of 
the foot, as in the studies of the present project, it likely depolarizes thin fibers, 
although concurrent activation of other fibers cannot be completely discarded[118].  
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In Study I, II, and III, the intensity of the electrical stimulus used to elicit the NWR 
was set based on an estimation of NWR-threshold (NWR-th). A standardized criterion 
outlined by a series of studies made by Rhudy and colleagues [119] was used to 
automatically detect the presence of a NWR. That criterion is based on the interval 
peak z-score exceeding a threshold value of 12 [119]–[121]. The criterion was 
implemented in an automated staircase protocol that determined the threshold values 
[120].  

2.1.2. QUANTIFICATION OF THE NWR 

Recording of muscular activity involved in the NWR can be done via intra-muscular 
or by sEMG. Intramuscular recordings have the advantage that they are robust to 
contamination from activity in nearby muscles (crosstalk) [122]. However, it presents 
a serious disadvantage being an invasive recording. In addition to the discomfort 
induced in the participant, the recordings might be biased by the pain/discomfort 
produced by the recording technique itself.  

sEMG to register the NWR is generally performed by using two recording electrodes 
mounted on the skin over the muscle of interest [86], [87], [123]. In the present 
project, studies were performed using double differential sEMG recordings, since it 
was previously demonstrated to maintain sensitivity and improve specificity when 
assessing the activity of muscles in the lower limb [124]–[126]. Several methods for 
the estimation of the magnitude of the reflex response are available and reported in 
the literature, e.g.: root mean square values, areas under rectified curves, peak to peak 
amplitudes, mean amplitudes, among others. In Study I, II and III, the magnitude of 
the NWR was quantified by calculating the root-mean-square value of the recorded 
signal in a predefined reflex window (compatible with Aδ-fiber conduction 
velocities), as it is commonly reported in the literature [86], [87], [95], [127]–[142].  

 

2.2. SPINAL SPATIAL INTEGRATION OF NOCICEPTION 

Electrophysiological studies in humans and animals provide evidence of the neural 
substrate behind the spatial integration of nociception at the spinal level.  Price and 
collaborators [50] showed early evidence on a set of mechanisms that are likely to 
support SSP. Frequency encoding by primary afferent fibers is likely an early 
integrative mechanism playing a role in SSP at the peripheral level [25]. The net 
output (discharge frequency) of a certain afferent neuron depends on the portion of its 
RF that is stimulated (local integration [50]). As discussed by Price and collaborators 
[50], another mechanism that is likely involved in SSP is the gradual recruitment of a 
population of neurons when the stimulated area increases. Neuronal recruitment likely 
plays a role when the simultaneous stimuli are separated by such a distance that 
convergent neurons’ RF do not overlap significantly. Then, the number of second and 
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third-order neurons recruited will increase, potentially enhancing the afferent inflow 
that reaches superior structures [50]. 

The neural mechanisms behind spatial summation in the NWR pathway might likely 
be explained by similar integrative phenomena as in SSP. Direct assessment of 
neuronal activity in central neurons of animals provides valuable insight into how 
spatial information can be encoded in the nociceptive system. Studies in rats by 
Schouenborg and collaborators [93], [97] demonstrated that DDH neurons, most 
likely WDR-type neurons, encode the spatial input-output relationship of the 
nociceptive withdrawal reflex. The authors showed that the aforementioned neurons 
cannot be activated antidromically from the upper cervical cord, suggesting that those 
cells were interneurons in the DDH [97]. The convergence of multiple nociceptive 
afferents into those interneurons is likely an important mechanism playing a role in 
spinal spatial integration. An increase in discharge frequency of spinal WDR neurons 
might be a mechanism by which the afferent inflow caused by multiple nociceptive 
stimuli summate spatially in the spinal cord [143].  

Data from studies using a single stimulus of varying intensity provide indirect 
evidence of SS since increasing stimulus intensity activates a larger number of 
peripheral nociceptive fibers. Of relevance for this project is a study by Coghill and 
collaborators in animals [24]. Using image analysis, the authors showed increased 
metabolic rate (glucose utilization) on spinal neurons with the increase in stimulation 
intensity [24]. Laminae V-VII presented particularly intense activity and rostrocaudal 
population recruitment, suggesting that deep WDR neurons play an important role in 
encoding summation in spinal nociceptive processing [24].  

Human spinal nociception can be investigated indirectly via the quantification of the 
NWR. Generally, human studies involving the NWR use a single stimulus to probe 
spinal nociception [86], [87]. Exceptions are those that use both conditioning and a 
test stimulus to assess remote inhibition or conditioning pain modulation [144]–[146]. 
However, other mechanisms of integration and pain modulation are involved and 
make it difficult to disentangle partial effects. Evidence of spatial summation assessed 
via the NWR in healthy humans is scarce. Study I [1]showed that paired stimulation 
elicits significantly larger NWR than single stimulation. The magnitude of the NWR 
increased 73% when the area of stimulation doubled in size, suggesting SS in the 
NWR pathway. The spatial summation of the NWR seemed to be subadditive, 
similarly as with SSP (see below).  

As discussed before, SS due to neuronal recruitment might be optimally facilitated 
separating the paired stimuli, since the probability of stimulating different RFs 
increases. In Study I [1], different IEDs were used (“IED 1”=1.5cm, “IED 2”=3cm, 
“IED 3”=4.5cm, “IED 4”=6cm) to assess the effect of distance on the spatial 
integration. A significant effect of distance was found, and post hoc comparison 
confirmed that smaller IEDs induce significantly larger NWR. By increasing the IED 
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from 1.5cm to 6cm, the magnitude of the NWR decreased from being 91% to 54% 
larger than that elicited by single stimulation. The subadditive nature of the 
summation might be indicating that, when simultaneously stimulating different RRFs, 
the balance between facilitating and inhibiting processes shifts toward inhibition with 
increasing IED. The inhibition of the TA-NWR observed when simultaneously 
stimulating the medial and lateral side of the sole of the foot might be explained by a 
mechanism of inhibition between adjacent RRFs. As introduced before, the 
stimulation within the RRF of a certain muscle or group of synergistic muscles elicits 
a NWR by contracting those specific muscles. Contrary, the stimulation outside its 
RRF likely fails to produce contraction and it can also inhibit the reflex. Evidence 
from human [140] and animal [97], [147] studies suggest that mechanisms of 
inhibition between RRF indeed exist. In Study I [1], a schematic model of inhibition 
between lateral RRF is presented that might explain the observed results. 

Animal studies confirmed that spinal neuronal networks indeed encode spatial 
characteristics of the stimulus to elaborate a reflex response [148]. Similarly, the 
results of Study I [1] seem to indicate that spinal nociceptive processing integrates 
spatial information of the stimulus to elaborate the optimal reflex response in healthy 
humans. Whether that information is preserved through the whole integrative process, 
and whether it becomes available to the human subjective experience of pain, remains 
elusive to clarify. Particularly since, as introduced before, from a nociceptive stimulus 
to the experience of pain, information is filtered and integrated several times before 
reaching the cortex (for the STT: SC, thalamus, cortex). Results of Study I showed 
that the integration of simultaneous stimuli in the NWR pathway differs from that of 
perceived intensities (see below). 

 

2.3. SPATIAL INTEGRATION ON PERCEIVED INTENSITIES 

SSP was repeatedly observed in human studies for stimuli of different nature and 
applied in diverse sites of the body. SSP is usually reported as either a reduction of 
pain threshold or an increment in perceived pain intensity when the stimulated area 
increases. SSP significantly affects the perception of pain intensity, and it is an 
important phenomenon in the codification of spatial characteristics of the pain 
experience [41], [45], [50].  

The results of Study I [1] agree with the literature regarding SSP, since paired 
stimulation caused significantly larger perceived intensities than single stimulus. SSP 
was sub-additive in Study I [1], a 100% increase in the area of stimulation produced 
an approximately 30% increase in perceived intensity. Studies reporting SSP when 
increasing the stimulated area, are abundant in the literature [25], [31], [32], [36]–
[38], [41]–[45], [48]–[50], [52], [54], [57], [58], [149]–[155], and all agree in the sub-
additive characteristic of the integration.  
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Human studies assessing distance-based spatial summation of pain showed that by 
increasing the IED, larger pain intensity ratings are produced, most likely due to 
population recruitment [50], [58], [156]. In Study I [1] different inter-electrode 
distances (IEDs) were used to assess spatial integration of nociception based on the 
distance between stimuli. The results showed a significant effect of IED suggesting 
the presence of distance-based SSP, even though corrected multiple comparisons 
failed to identify which pair of IED were indeed statistically different. Other studies 
that assessed distance-based SSP reported similar findings. Of particular relevance are 
those of Reid et al. [58] and Defrin et al. [44], [150], [156]. In the study of Reid and 
collaborators, electrical stimulation (similar to the one used in Study I but applied in 
the forearm) showed SSP that monotonically increased for IED of 0cm, 5cm, 10cm, 
and 20cm. The results of Defrin and collaborators also agreed that SSP seems to be 
relatively stable for distances between 0cm to 25cm [156]/30cm [44], and to decrease 
thereafter. It is important to note that the distances used in Study I ranged between 1.5 
cm and 6 cm. Larger IEDs could not be tested since stimuli were applied in the sole 
of the foot to elicit the NWR. Considering that the IEDs used in Study I [1] (IED=1 
equivalent to 1.5 cm; IED=2 to 3 cm; IED=3 to 4.5 cm and IED=5 being 6 cm) tend 
to induce a monotonic increase in perceived intensities, it seems that results are 
comparable with the available literature and might be explained by the described 
mechanisms behind SSP.  

 

2.4. DIFFERENTIAL INTEGRATION BETWEEN PERCEIVED 
INTENSITIES AND THE NWR 

As discussed above, Study I showed novel evidence of spinal integration of 
nociception, assessed via the NWR in healthy humans. Sub additive spatial 
summation was found on the NWR pathway. When separating the paired stimuli, the 
magnitude of the elicited NWR was reduced, suggesting the presence of facilitated 
inhibition with larger IEDs. The inhibition of the NWR in the Tibialis Anterior (TA) 
when stimulating with IED 3 and 4, might be explained by the modular organization 
model of the NWR. As stated in the previous chapter, this organization is most likely 
implemented in the DDH of the SC [97], [157], and might be similar to the one in 
humans [87], [95], [96], [129]. In Study I, conditions of IED 3 and IED 4 are 
simultaneously stimulating the arch and the lateral side of the sole of the foot [1]. As 
proposed in the model of Schouenborg and Kalliomaki [90], and confirmed by other 
studies in animals [97], [147], [148] and humans [95], [96], [99], [129], [140], [158], 
the recruitment of muscles depends on the site being stimulated. The functional role 
consists in optimally withdrawing the skin area that is exposed to the stimulus. All 
those studies mentioned above were implemented with single stimulation in different 
sites. According to that evidence, the single stimulation in the arch of the foot would 
elicit the inversion and flexion of the foot, optimally produced by the contraction of 
the TA muscle [96], [127], [129], [158]. Contrary, the stimulation of the lateral side 
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of the sole of the foot most likely elicits eversion of the foot, which is optimally served 
by activity in the Peroneus Longus (PL) muscle [96]. The optimal withdrawal strategy 
for the simultaneous stimulation of both the medial and lateral side of the sole of the 
foot (as in conditions IED 1 and 4 of Study I), will no longer be served by the 
contraction of the TA or PL. More complex recruitment of muscles that stabilize the 
talocalcaneal joint might be the optimal response from a defensive and functional 
perspective. The reduction in the magnitude of the TA NWR observed in Study I for 
larger IEDs might be explained by this functional organization.  

Contrary, perceived intensities seem to be facilitated with increasing IEDs. This 
integration is likely responding to the defensive role of the pain system, since 
simultaneous stimulation of distant areas (<30cm) might indicate a threat with a larger 
potential to harm the body. Separating the paired stimuli likely increases the number 
of WDR neurons that are activated in the DDH of the SC. Therefore, the net output 
projecting to superior structures increases producing an enhanced perceived intensity.   

 

2.5. NOCICEPTIVE PROCESSING OF TEMPORAL 
CHARACTERISTICS 

The modular organization of the NWR provides an explanation for the site effect on 
the NWR patterns. Those patterns are implemented by differential recruitment of 
muscles that optimally serve the defensive withdrawal. The RRF of specific muscles 
can be determined as the skin area from where to elicit the contraction of a specific 
muscle (or group of synergetic muscles). The spatial characteristics of the RRF are 
likely determined by DDH neurons, as inferred from studies in animals [97], [157]. 
Those neurons likely integrate and encode spatial characteristics of a noxious 
stimulus. Indeed, the results of Study I [1] showed indirect evidence and discussed the 
potential role of this neuronal circuit on the SS of nociception in the NWR pathway. 
Particularly, Study I [1] suggested that simultaneous stimulation of different sites of 
the sole of the foot is integrated by spinal neurons. Study II [2] investigated whether 
the introduction of a temporal delay (inter-stimulus intervals, ISIs) between stimuli 
delivered in different or the same site(s) affects the integration of nociception at the 
spinal level. That study hypothesized that short ISIs are integrated at spinal levels and 
facilitate NWRs. How the integration affects different muscles is unknown and was 
assessed in Study II by recording the NWR in TA and Biceps Femoris (BF) muscles. 
Perceived pain intensities were obtained as secondary outcomes. Finally, temporal 
discrimination of nociceptive stimuli was assessed when stimulating on the same or 
different sites to investigate whether temporal integration incorporates spatial 
information on the perception. 

Direct recording of extracellular activity in the spinal cord of cats showed that the 
repetitive stimulation of primary C fibers is integrated by dorsal horn spinal cord 
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neurons inducing facilitation of spinal cord neuronal activity [67], [68], [159]. Further 
evidence suggested that the repetitive stimulation of Aδ fibers could also induce 
similar facilitation [159], [160]. This phenomenon is called wind-up and it is believed 
to play a role in initiating central sensitization [159]. Windup is an observation 
reported exclusively in animal studies since the direct recording of central neurons 
cannot be performed in humans. TS-NWR can be considered the human counterpart 
of the windup phenomenon. The NWR pathway integrates temporal information of 
the nociceptive stimulus when these are delivered on the same site. This can be 
observed as a facilitation of the NWR by delivering repetitive stimulation, a 
phenomenon called temporal summation of the NWR (TS-NWR) [75], [161]. Results 
of Study II showed that sequential stimulation (averaged between ISIs) abolished SS 
in TA, while the magnitude of the BF-NWR was still significantly facilitated. A priori, 
these results indicate that proximal and distal muscles might be differentially 
modulated according to temporal characteristics of the nociceptive stimulus. When 
assessing the effect of the different ISIs, opposed tendencies were confirmed between 
TA- and BF-NWR. For TA, short ISIs (30ms and 50ms) provoked smaller NWR than 
longer ISIs (250ms and 500ms). The opposite tendency was observed for BF. 
Interestingly, these tendencies seemed to be independent of the stimulated site(s). 
Stimulation frequency dependence of TS-NWR was previously shown in human 
studies [75], [161]–[164] as an increment on the magnitude of the NWR with 
increasing stimulation frequency. Those studies quantified the NWR by sEMG only 
on proximal muscles. Results of Study II regarding BF-NWR agreed with those and 
might be explained by a process of temporal summation with repeated stimulation at 
smaller ISIs (higher stimulus frequencies) [159]. On the other hand, the results of the 
TA-NWR showed the opposite behavior, a differential effect of ISI (or stimulus 
frequency) on distal (TA) and proximal (BF) muscles, suggesting that the degree of 
temporal summation might differ between muscles.  

Based on the modular organization of the NWR, it is possible to speculate that the 
divergent effect of ISI for TA and BF serves a defensive role. Shorter ISIs are more 
likely to be integrated as a single nociceptive event (see also results on temporal 
discrimination below). Therefore, particularly for ISIs of 30ms and 50ms, if the 
nociceptive system is not capable of discriminating the two stimuli, they might be 
interpreted as a single but longer stimulus with more potential to produce damage. To 
protect the body from harm, the optimal defensive reaction would be to withdraw the 
entire limb from the stimulus. Due to the anatomical location of the BF muscle, its 
contraction serves the flexion of the knee and hip. Therefore, it produces withdrawal 
of the entire lower limb, rather than a tuned site-dependent response [96], [140]. 
Facilitating the recruitment of proximal muscles, such as the BF in Study II, might 
serve to that optimal defensive response, and might explain those observations of 
Study II. 

Analogous to TS-NWR, TSP is reported as increasing pain intensity ratings with 
repetitive nociceptive stimulation [20], [155]. Interestingly, Study II failed to 
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demonstrate an effect of ISI on perceived intensity ratings. Other studies have shown 
significant increases in pain ratings starting at the third repetition or later [77], [161]. 
In the light of that evidence, it seems that the NWR pathway is more sensitive to 
repetitive stimulation since a larger number of stimuli are likely needed to induce TSP 
than TS-NWR. Mean values of temporal discrimination thresholds (TDT) were 
84.1ms for stimulation on the medial side of the sole of the foot, 95.5ms on the lateral 
side, and 71.0ms when combining both sites (medial-lateral). Smaller TDT for the 
latter stimulus seem to suggest that temporal discrimination exploits spatial 
information of the stimulus, and that the discrimination is enhanced when stimuli are 
delivered in different sites.  

Finally, simultaneous stimulation of both sites elicited significantly larger NWRs and 
perceived intensities than single stimulation, confirming SS on the NWR for both TA 
and BF muscles, and SSP. SS was subadditive for both outcomes, confirming similar 
results as in Study I [1].
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CHAPTER 3. DESCENDING CONTROL 
OF SPINAL NOCICEPTION 

As acknowledged by the IASP (see Introduction), pain is a highly subjective and 
multidimensional experience [4]. Somatosensory processing of innocuous stimuli 
permits the sensing of the environment and of the current state of the body. The 
arousing experience allows perception of the external world. Contrary, the object of 
the pain system is the body itself integrated with the external world [165]. This can 
be exemplified by the simple experiment of touching a warm vs a hot stove. The warm 
sensation perceived in the first case would be attributed to the stove, one normally 
says “the stove is warm”. However, if one touches a stove hot enough to produce pain, 
the pain perception is attributed to the part of the body that touched the hot stove -and 
one might normally express “my finger hurts”. Although this difference might seem 
trivial, it represents that the perception of pain is not linearly related to the external 
stimulus. Moreover, it seems to be more related to interoceptive processing and less 
to the external object that provokes the sensation.  

Assuming that pain is highly subjective, and heavily related to internal processing, 
one might ask the question of whether the experience of pain can be endogenously 
modulated. An early study made by Beecher H. [166], involving humans suffering 
from war wounds seems to provide evidence of this endogenous modulation of pain. 
In that study, the author compared the significance of wounds with the pain 
experienced in two different groups of people: civilians and war soldiers after being 
taken from the battlefield to the field hospital. The study showed no clear relationship 
between the extent of the wound and the perception of pain. It concluded that the 
experience of pain was dependent on what the wound signifies to the person, 
suggesting that individual levels of anxiety were likely playing a significant role. 
Additional examples of endogenous modulation of pain are nowadays present in the 
literature. In addition to anxiety [167]–[170], emotions [168], [171]–[178], and other 
cognitive factors [133], [179]–[182] were shown to modulate nociception and pain.  

The anatomical and physiological basis behind the modulation of spinal nociception 
via descending control is fairly well documented. Studies in animals showed already 
in the late 60s that electrical stimulation of certain brain structures produces pain 
behavior analgesia [183]. The brain structures that most effectively induced analgesia 
were in the periaqueductal gray matter (PAG) [183]–[185]. Those studies in rats and 
cats were complemented by reports of electrically induced analgesia in human 
subjects [186]–[188]. Those early findings suggesting the presence of an effective 
endogenous analgesia system motivated the study of the most thoroughly described 
descending analgesic pathway in humans, the periaqueductal gray matter-
rostroventral medulla (PAG-RVM) system.  
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Neurons in the PAG project to the RVM from where the modulation is exerted into 
the SC. Although initially considered as a purely antinociceptive system, more recent 
studies demonstrated the biphasic nature of the modulation that the PAG-RVM system 
can produce [189]–[192]. Fields and colleagues in 1983 reported the presence of two 
populations of neurons (off- and on-cells) within the RVM, that had an opposite firing 
pattern associated with a nociceptive reflex in rats [192]. Later, many studies 
confirmed that those off- and on- cells originally proposed by Fields and colleagues 
were the inhibitory and facilitatory output from the PAG-RVM system, respectively 
[193]. The DH of the SC is the first synaptic target of primary nociceptive fibers, and 
also an ideal target for the PAG-RVM system to modulate nociception. Due to those 
inhibitory and facilitatory neural populations in the RVM, biphasic modulation of 
spinal nociception descending from that structure is possible [193]. 

3.1. COGNITIVE TASKS TO INDUCE TOP-DOWN MODULATION 

In Study III, it was investigated whether it is possible to engage descending control of 
nociception by a cognitive manipulation to affect spinal integration of simultaneous 
stimulation. Selecting a cognitive manipulation to induce modulation towards two 
directions (pro/anti-nociception) is not trivial. Some studies have already shown that 
emotions with negative/positive valence might be an efficient means to engage 
descending control inducing anti/pro-nociceptive states [174], [194]. One cognitive 
manipulation that has been demonstrated to affect pain perception is attentional shifts 
[195], [196]. In this regard, it is relevant to highlight the results obtained by Quevedo 
and collaborators [153]. The authors of the latter study instructed healthy humans to 
assess pain intensity due to paired noxious stimulation under three different attentional 
tasks: giving an overall rating for the paired stimuli, individual ratings for each 
stimulus, or only for one of them. While rating both stimuli together induced 
significant SSP, dividing the attention of the subjects suppressed SSP. They 
demonstrated that attention shifts dynamically modulate the integration of multiple 
stimuli in the perception of pain intensity.   

Various supraspinal structures are likely involved in attentional processes modulating 
pain perception, such as the Cingulate Cortex, Prefrontal Cortex, Superior Parietal 
Cortex, Thalamus, Insula, Amygdala, and the PAG [195], [196]. A diffusor tensor 
imaging study in human subjects [197] provided anatomical evidence for the link 
between the PAG and some of those rostral structures likely involved in cognitive 
modulation of descending control (Prefrontal Cortex, Amygdala, Thalamus). In Study 
III, a modified version of the Stroop test [198] was used to shift the attention of the 
participants away from the stimulus (see the full article for detailed methodology). 
Distracting tasks as the one used in Study 3 have been shown to decrease pain intensity 
perception associated with increased activation of Prefrontal Cortex [199], Cingulate 
Cortex [199], [200], Thalamus [200], and PAG [200], [201] (see Figure 2).  
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Figure 2: Illustrating scheme showing main supraspinal structures likely involved in pain and 
its descending control by cognitive/emotional tasks [195]. The ascending spinothalamic tract 
(STT) is the main afferent pain pathway entering the brain from the SC (in blue). The figure 
also depicts the main thalamic projections: Anterior Cingulate Cortex (ACC), Insula, Primary 
(S1), and Secondary (S2) Somatosensory Cortex. Supraspinal structures likely involved in the 
descending modulation of nociception by cognitive tasks are depicted in green. The net 
descending control by the PAG ultimately relayed by the RVM might be excitatory or inhibitory. 
PFC: Prefrontal cortex; ACC: Anterior cingulate cortex; AMY: Amygdala; SPC: Superior 
Parietal Cortex. See the text for discussion and references. 

 

Study III focused on cognitive tasks with the potential to engage top-down modulation 
in both directions over the NWR pathway. Of particular relevance for this project are 
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the results of Bjerre and colleagues [182] in healthy humans since they focused on 
reflex responses instead of pain perception outcomes. In that study, it was shown that 
manipulating the attention of the participant away (distraction) or towards (attention) 
the stimulated area, effectively shaped the RRF of the TA muscle. In particular, 
distracting the subject from the stimulus induced a pronociceptive-like state, in which 
the TA-RRF was significantly expanded (from covering the arch of the foot to almost 
the entire sole of the foot). Contrary, attending to the stimulation significantly reduced 
the TA-RRF. The expansion and reduction of the TA-RRF by a cognitive task were 
understood by the authors as a dynamic descending control affecting spinal spatial 
integration of nociceptive stimuli [182].  

The hypothesis of Study III assumes that attentional drives can shape the RRF of 
WDR neurons in the dorsal horn of the spinal cord and propose that this modulation 
can affect the integration of paired stimuli. Specifically, in Study III it was 
hypothesized that the distraction task will enlarge the RRF of TA to include the lateral 
side of the sole of the foot. Then, the simultaneous stimulation of both the arch and 
the lateral side of the sole of the foot will be integrated producing a larger NWR than 
in baseline conditions. A condition of attention was included to assess whether a 
contraction of the RRF can be induced to prevent paired stimuli to be integrated. 

Early animal studies provide critical evidence supporting the hypothesis of Study III, 
regarding the link between the shape of the RRF and the spatial integration of 
nociceptive stimuli applied within it. Particularly relevant is a study in rats showing 
that receptive fields of WDR neurons located in the DDH of the SC are highly 
correlated with RRF of specific muscles [97]. These groups of neurons are organized 
in pools according to the related muscle within the DDH. These WDR neurons, 
considered as putative reflex encoders are likely responsible for the spatial integration 
of nociceptive afferent information, as discussed in Chapter 2.   

Results of Study III [3] showed that the distraction task induced net facilitation of the 
NWR in both TA and BF. The NWR during distraction was significantly larger than 
during baseline for all stimulated sites, with no significant difference between 
stimulation sites. The summation observed for paired stimulation was not statistically 
different between baseline and distraction conditions. Therefore, although a net 
facilitation of the NWR seemed to be induced by the distraction task, the expansion 
of the TA/BF-RRF, if present, did not seem to affect the spatial integration of paired 
stimuli. This might be suggesting that spatial integration is robust to descending 
control, at least in the experimental conditions of Study III. The observation of the 
expansion of the RRF made by Bjerre and colleagues [182] might be the result of a 
net increase in the gain of the spinal nociceptive system induced by the distraction 
task, as seem to be the case in Study III. The distraction task might likely have engaged 
top-down modulation facilitating reflex responses as discussed above. Increased 
excitability of the entire spinal system might explain that the distraction task 
facilitated the NWR with no distinction between stimulation site or between muscles. 
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RVM on/off cells might be playing a key role as the output of the PAG-RVM system, 
shifting the balance to pro-nociceptive spinal states, as previously seen in animal 
studies [189], [191]–[193].  

The facilitation of the NWR might be further explained by a reduction of tonic 
descending control when the attention of the subject is drawn from the stimulus into 
another cognitive demanding task. The distraction condition of Study III might 
resemble that of a subject being unaware of an upcoming noxious stimulation. In this 
regard, Liebermann and Defrin showed that when subjects were engaged in a task and 
did not expect a stimulus, the latency of the NWR was significantly reduced [202]. In 
our baseline condition, subjects were aware that a series of potentially noxious stimuli 
were to be delivered. This might have kept or enhanced a tonic descending inhibition 
over the NWR, explaining the difference between distraction vs baseline and 
distraction vs attention of Study III.  

Attention to the stimulation, on the other hand, did not effectively modulate the 
magnitude of the NWR. There was no significant difference in the magnitude of the 
NWR between the attention and the baseline conditions, regardless of the site 
stimulated and the recorded muscle (TA and BF). The lack of modulation during the 
attention task seems to be related to a limitation of the methodology. The task 
consisted in localizing the stimulated site. As only two stimulating electrodes were 
used in Study III, the task was relatively easy to complete (as seen in the low number 
of errors 7%). With a cognitive task too simple, the cognitive demand was likely not 
enough to induce an effective modulation of spinal nociception. 

 

3.2. DIFFERENTIAL MODULATION OF SPINAL AND 
SUPRASPINAL OUTCOMES 

It is important to note that in Study III and on those reported by Bjerre et al. [182] and 
Arguissain et al. [203], pain intensity ratings were not reported. In our study, this 
outcome was excluded due to methodological limitations. Including a rating task after 
each stimulation would jeopardize the condition of distraction, since rating the pain 
requires the subject to focus on the stimulus and the stimulated area. Albeit this 
limitation, the available literature seems to be consistent regarding the inhibitory 
effect of distraction on pain ratings [199], [200], [204], [205]. During Study III, 
participants were instructed to perform a Stroop test, while the NWR was elicited and 
recorded (see detailed methodology in the full article [3]). Other studies have 
previously used a modified Stroop test, similar to the test used in Study III, as a 
distracting methodology [199], [200], [206]. According to the literature, distracting 
participants from the stimulus seem to induce some form of endogenous analgesia, 
and therefore, significantly reduces pain perception. Based on that evidence, one 
might expect that the NWR being a proxy of spinal nociception, will be modulated in 
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the same direction. On the contrary, the results of Study III showed significant 
facilitation of the NWR when subjects performed the distracting task (compared to 
baseline and the attention task). In the light of the evidence just presented, it seems 
that spinal (NWR) and supraspinal (pain intensity) responses can be differentially 
modulated by cognitive tasks involving attentional shifts. 

The mechanisms behind that differential modulation are still to be further clarified. 
As introduced in Chapter 1, nociceptive information is conveyed to the dorsal horn of 
the spinal cord through A and C nociceptive afferent fibers. These two classes of fibers 
have different conduction velocities and participate in the encoding of different 
dimensions of the pain experience. An illustrating example is the so-called first and 
second pain, each driven by activity in Aδ and C fibers, respectively. Evidence from 
animal studies has shown that the PAG-RVM system can differentially modulate Aδ 
vs C fiber mediated nociception [207], [208]. How this modulation is implemented in 
the SC is still being investigated [193], [209]–[211].  A simplified model that might 
explain how the PAG differentially modulates A and C fiber-driven nociception was 
proposed by Waters and Lumb [211], and further expanded by Heinricher and 
colleagues [193]. The latter authors proposed that the modulation from the PAG 
results in inhibition on a certain DDH neuron that depends on to what degree it 
receives C-fiber input (most of which relayed through the superficial layers) [193], 
[211]. According to that model, DDH neurons receiving multiple inputs from C-
receptive superficial neurons (C (+)) will be strongly inhibited. On the other hand, 
DDH neurons that receive few(non) input from superficial C-receptive neurons (C (-
)), are less(not) inhibited [193]. The NWR recorded in Study III was quantified in a 
reflex window that reflects Aδ driven responses. Therefore, it is possible to speculate 
that a differential modulation of Aδ and C driven nociceptive by the PAG-RVM 
system (see Figure 3), might play a role in the facilitation of the NWR observed in 
Study III, together with the inhibition of perceived pain intensities reported in the 
literature.  

Finally, another contribution that might be behind a differential modulation during 
distraction is from an increased α-motoneuron excitability induced by activation of 
the PAG. Evidence of the latter has been recently reported showing an increased 
muscle tone driven by activation of ventrolateral PAG associated with survival 
behavior [212].
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Figure 3: A schematic model of a spinal cord circuit that might explain the facilitated NWR 
observed during the distraction condition. Nociceptive primary afferents (C/Aδ) enter the DH 
of the SC and synapse with superficial dorsal horn (SDH) neurons (gray circles). The NWR in 
the present project was quantified in a time window congruent with Aδ conduction velocity.  
Blue circles represent DDH neurons that are primarily responsive to peripheral C and Aδ fiber 
activation, C(+) and C(-) respectively [193], [211]. Descending modulation from the PAG 
induces its modulatory effect primarily on the SDH, although some direct projections to the 
DDH exist (not shown). According to the model proposed by Waters and Lumb [211], segmental 
inhibition between DDH neurons likely plays a role in the facilitation of Aδ driven activity. 
Through a circuit of interneurons that coordinate the reflex response (PMS: Premotor system), 
information can reach alpha-motoneurons (M) for the recruitment of specific muscles. 
Although DDH neurons in the reflex arch are not projecting to supraspinal centers [97], 
information that might lead to the perception of pain is transmitted through the DDH and 
ascend in the STT (not shown). See the text for discussion and references. 
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CHAPTER 4. LIMITATIONS 

The experimental studies behind the present project are not free from methodological 
limitations. First, findings from animal studies using direct recordings of central 
neurons are of importance in the understanding of mechanisms behind nociception. 
The translation of those relevant findings to humans is limited by the fact that only 
non-invasive techniques can be used, such as the quantification of the NWR. On the 
other hand, it is also worth mentioning that human studies have the advantage that 
self-reports can be obtained from the participants. Although subjective, perceptual 
reports complement the multidimensional assessment of the pain experience. 

Second, the three studies behind this project used electrical stimulation to elicit the 
NWR. The electrical stimulus is an artificial stimulus that simultaneously depolarizes 
A and C fibers. All the studies behind this project quantified the NWR in a time 
window compatible with Aδ afferents mediating the observed responses. Due to the 
slow C fibers’ conduction velocity, their contribution is likely not affecting the 
observed responses. On the other hand, conduction velocity of Aβ fibers is faster than 
Aδ, and therefore their contribution cannot be completely discarded. It is important to 
note, however, that according to a previous computational model [213] reducing the 
diameter of the stimulating electrode (as done in this project), favors the recruitment 
of Aδ fibers.   

Third, as seen in the first chapter, the NWR involves more than two muscles. Although 
the inclusion of several lower limb muscles was regarded as unnecessary for assessing 
the hypothesis behind Study I, II, and III, the complete biomechanical assessment and 
specific contribution of different muscles might be of value for future research.  

Last, including pain ratings on the third study, could have been useful to directly 
assess if the modulation induced in the NWR and in the perception of pain intensity 
are differentially modulated by the distracting task. As stated previously, it was not 
included to prevent confounding the interpretation of the data. A different design in 
which assessment of pain intensity is made by blocks of stimuli could have been an 
alternative approach. 
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CHAPTER 5. SYNTHESIS 

The results of Study I [1] showed that the NWR spinal pathway integrates spatial 
information of the nociceptive stimulation. Spatial summation was observed on the 
NWR recorded in TA muscle and on perceived intensities. The summation was sub-
additive suggesting that inhibitory mechanisms also play a role. By separating 
simultaneous stimuli, the NWR was inhibited while the perception of pain seemed to 
increase. In particular, when simultaneously stimulating the medial and lateral sides 
of the sole of the foot, a relative inhibition of the NWR was observed. The decrease 
in the magnitude of the NWR, as discussed in Chapter 2, is likely explained by the 
defensive role of the NWR implemented in its modular organization where individual 
RRF serve different purposes in the withdrawal reaction. 

In Study II [2], evidence suggested that a temporal delay incorporated between 
simultaneous stimulation is modulating the NWR but not the perceived intensities. 
Proximal (TA) and distal (BF) muscles were differentially affected by the length of 
the delay, suggesting that a complex tempo-spatial integration, involving different 
segments of the spinal cord is found in the NWR pathway. Although the perceived 
intensities were not significantly affected by the temporal delay, other perceptual 
outcomes were.  Specifically, the discrimination of the sequential stimuli was 
significantly facilitated when increasing the temporal delay and when stimuli were 
delivered in different sites (rather than in the same site). This likely suggests that 
spatial information is involved in the temporal discrimination of sequential stimuli. 
This study also confirmed SS on the NWR, similarly as in Study 1. 

Finally, Study III [3] provided further evidence that a purely cognitive task can engage 
top-down modulation over spinal nociceptive processing. The PAG is most likely 
involved in the modulation of spinal nociception due to the distracting task used in 
Study III. A net facilitation of the NWR was observed during distraction that can be 
explained by the activity of a specific group of neurons in the RVM that enhance 
spinal nociception. Interestingly, the same distracting task used in this project was 
shown to induce analgesia in other human studies. The differential modulation of 
reflex and perceptual responses to noxious stimuli might be functional to the defensive 
role of the NWR to prevent tissue damage. The spatial summation due to simultaneous 
stimulation was not different between baseline and distraction, suggesting that the 
mechanisms behind spatial integration are not under cognitive descending control. 
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5.1. A DEFENSIVE PERSPECTIVE 

Most of the results observed in the three studies included in this project can be 
explained from a reflex defensive perspective. Spatial summation (repeatedly 
observed in the three studies) has a clear defensive role since it facilitates withdrawal 
when the stimulated area (and thereby the magnitude of the threat) increases. The 
summated perceived intensities would also alert the subject that the noxious stimulus 
might have increased its potential to harm the body. Interestingly, Study I showed that 
the simultaneous stimulation of the medial and lateral sides of the sole of the foot 
reduced the magnitude of the NWR. Although a priori it seems like a paradoxical 
inhibition (due to the observed distance-based SSP), it is coherent with the optimal 
motor response that likely withdraws the exposed tissue (entire sole of the foot) from 
the stimulus. This is inhibition of fine-tuning distal muscles that serve inversion of the 
foot to potentially stabilize the talocalcaneal joint to withdraw the entire foot. 
Simultaneous stimulation and small temporal delays were generally perceived as a 
single stimulus (Study II), and in those cases, the BF-NWR was indeed facilitated. 
When the temporal delay was increased, the magnitude of the TA-NWR was 
facilitated, while the opposite pattern was observed in the BF-NWR. 

Finally, regarding the effect of the distraction task on the NWR investigated in Study 
III, previous evidence has shown that the descending modulation by the PAG can 
differentially modulate afferent A and C fiber-driven nociception [210], [211]. 
Additionally, recent evidence has shown that the PAG can simultaneously and 
differentially affect sensory and motor systems [209], [214]. Reducing nociceptive 
inflow into supraspinal structures at the spinal cord level has been recognized as an 
efficient means for survival behavior [211], [215], [216]. Distraction induced by a 
highly demanding cognitive task might induce modulation from the PAG-RVM 
system compatible with the results obtained in Study III. During the distraction 
condition, subjects were instructed to prioritize the correct execution of the cognitive 
task. One might speculate that in those conditions that participants assign their 
cognitive resources to the distracting task, it is desirable to facilitate defensive motor 
responses to preserve homeostasis. As discussed above, the PAG-RVM system is 
potentially capable of facilitating fast defensive reflex responses (Aδ-fiber driven) 
while inhibiting input from C-fiber activation that might act as a survival-distracting 
factor [193], [209]–[211].  



47 

LITERATURE LIST 
[1] M. C. Henrich, K. S. Frahm, and O. K. Andersen, “Spinal spatial integration 

of nociception and its functional role assessed via the nociceptive withdrawal 
reflex and psychophysical measures in healthy humans,” Physiol. Rep., vol. 
8, no. 22, pp. 11–20, Nov. 2020. 

[2] M. C. Henrich, K. S. Frahm, and O. K. Andersen, “Tempo-spatial integration 
of nociceptive stimuli assessed via the nociceptive withdrawal reflex in 
healthy humans,” J. Neurophysiol., vol. 20, no. 7, pp. 373–382, 2021. 

[3] M. C. Henrich, K. S. Frahm, R. C. Coghill, and O. K. Andersen, “Spinal 
nociception is facilitated during cognitive distraction - Interim Decision, 
BEING REVISED for publication.,” Neuroscience. 

[4] S. N. Raja et al., “The revised International Association for the Study of Pain 
definition of pain: concepts, challenges, and compromises,” Pain, vol. 161, 
no. 9, pp. 1976–1982, Sep. 2020. 

[5] T. Vos et al., “Global, regional, and national incidence, prevalence, and years 
lived with disability for 310 diseases and injuries, 1990–2015: a systematic 
analysis for the Global Burden of Disease Study 2015,” Lancet, vol. 388, no. 
10053, pp. 1545–1602, Oct. 2016. 

[6] T. Vos et al., “Global, regional, and national incidence, prevalence, and years 
lived with disability for 328 diseases and injuries for 195 countries, 1990–
2016: a systematic analysis for the Global Burden of Disease Study 2016,” 
Lancet, vol. 390, no. 10100, pp. 1211–1259, Sep. 2017. 

[7] H. Breivik, B. Collett, V. Ventafridda, R. Cohen, and D. Gallacher, “Survey 
of chronic pain in Europe: Prevalence, impact on daily life, and treatment,” 
Eur. J. Pain, vol. 10, no. 4, pp. 287–333, 2006. 

[8] N. Maniadakis and A. Gray, “The economic burden of back pain in the UK,” 
Pain, vol. 84, no. 1, pp. 95–103, Jan. 2000. 

[9] L. Barham, “Economic Burden of Chronic Pain Across Europe,” J. Pain 
Palliat. Care Pharmacother., vol. 26, no. 1, pp. 70–72, Mar. 2012. 

[10] W. F. Stewart, J. A. Ricci, E. Chee, and D. Morganstein, “Lost Productive 
Work Time Costs from Health Conditions in the United States: Results from 
the American Productivity Audit,” J. Occup. Environ. Med., vol. 45, no. 12, 
pp. 1234–1246, Dec. 2003. 



META DATA TITLE HERE 

48 

[11] W. F. Stewart, J. A. Ricci, E. Chee, D. Morganstein, and R. Lipton, “Lost 
Productive Time and Cost Due to Common Pain Conditions in the US 
Workforce,” JAMA, vol. 290, no. 18, pp. 2443–2454, Nov. 2003. 

[12] A. E. Dubin and A. Patapoutian, “Nociceptors: the sensors of the pain 
pathway.,” J. Clin. Invest., vol. 120, no. 11, pp. 3760–72, Nov. 2010. 

[13] L. Djouhri and S. N. Lawson, “Aβ-fiber nociceptive primary afferent neurons: 
a review of incidence and properties in relation to other afferent A-fiber 
neurons in mammals,” Brain Res. Rev., vol. 46, no. 2, pp. 131–145, Oct. 2004. 

[14] A. J. Todd, “Neuronal circuitry for pain processing in the dorsal horn,” Nat. 
Rev. Neurosci., vol. 11, no. 12, pp. 823–836, Dec. 2010. 

[15] B. Rexed, “The cytoarchitectonic organization of the spinal cord in the cat,” 
J. Comp. Neurol., vol. 96, no. 3, pp. 415–495, Jun. 1952. 

[16] W. D. Willis, D. L. Trevino, J. D. Coulter, and R. A. Maunz, “Responses of 
primate spinothalamic tract neurons to natural stimulation of hindlimb.,” J. 
Neurophysiol., vol. 37, no. 2, pp. 358–372, 1974. 

[17] D. L. Trevino, J. D. Coulter, and W. D. Willis, “Location of cells of origin of 
spinothalamic tract in lumbar enlargement of the monkey.,” J. Neurophysiol., 
vol. 36, no. 4, pp. 750–761, 1973. 

[18] R. C. Coghill, D. J. Mayer, and D. D. Price, “Wide dynamic range but not 
nociceptive-specific neurons encode multidimensional features of prolonged 
repetitive heat pain.,” J. Neurophysiol., vol. 69, no. 3, pp. 703–16, 1993. 

[19] D. S. Hoffman, R. Dubner, R. L. Hayes, T. P. Medlin, D. S. Hoffman, and R. 
L. Hayes, “Neuronal activity in medullary dorsal horn of awake monkeys 
trained in a thermal discrimination task. I. Responses to innocuous and 
noxious thermal stimuli,” J. Neurophysiol., vol. 46, no. 3, pp. 409–427, 1981. 

[20] D. D. Price, R. L. Hayes, M. Ruda, and R. Dubner, “Spatial and temporal 
transformations of input to spinothalamic tract neurons and their relation to 
somatic sensations.,” J. Neurophysiol., vol. 41, no. 4, pp. 933–47, Jul. 1978. 

[21] D. G. Ferrington, L. S. Sorkin, and W. D. Willis, “Responses of spinothalamic 
tract cells in the superficial dorsal horn of the primate lumbar spinal cord,” J. 
Physiol., vol. 388, no. 1, pp. 681–703, Jul. 1987. 

[22] W. Maixner, R. Dubner, M. C. Bushnell, D. R. Kenshalo, and J. L. Oliveras, 
“Wide-dynamic-range dorsal horn neurons participate in the encoding process 



CHAPTER 5. SYNTHESIS 

49 

by which monkeys perceive the intensity of noxious heat stimuli,” Brain Res., 
vol. 374, no. 2, pp. 385–388, May 1986. 

[23] B. N. Christensen and E. R. Perl, “Spinal neurons specifically excited by 
noxious or thermal stimuli: marginal zone of the dorsal horn.,” J. 
Neurophysiol., vol. 33, no. 2, pp. 293–307, Mar. 1970. 

[24] R. C. Coghill, D. D. Price, R. L. Hayes, and D. J. Mayer, “Spatial distribution 
of nociceptive processing in the rat spinal cord,” J. Neurophysiol., vol. 65, no. 
1, pp. 133–140, 1991. 

[25] R. C. Coghill, D. J. Mayer, and D. D. Price, “The roles of spatial recruitment 
and discharge frequency in spinal cord coding of pain: a combined 
electrophysiological and imaging investigation,” Pain, vol. 53, no. 3, pp. 295–
309, 1993. 

[26] J. T. Gran, “The epidemiology of chronic generalized musculoskeletal pain,” 
Best Pract. Res. Clin. Rheumatol., vol. 17, no. 4, pp. 547–561, 2003. 

[27] F. Wolfe and W. Häuser, “Fibromyalgia diagnosis and diagnostic criteria,” 
Ann. Med., vol. 43, no. 7, pp. 495–502, Nov. 2011. 

[28] F. Wolfe et al., “The American College of Rheumatology 1990 Criteria for 
the Classification of Fibromyalgia. Report of the Multicenter Criteria 
Committee.,” Arthritis Rheum., vol. 33, no. 2, pp. 160–72, 1990. 

[29] S. Bergman, P. Herrström, L. T. Jacobsson, and I. F. Petersson, “Chronic 
widespread pain: a three year followup of pain distribution and risk factors.,” 
J. Rheumatol., vol. 29, no. 4, 2002. 

[30] M. Curatolo, “Spatial summation of pain and its meaning to patients,” Scand. 
J. Pain, vol. 17, pp. 116–117, 2017. 

[31] R. Staud, C. J. Vierck, M. E. Robinson, and D. D. Price, “Spatial summation 
of heat pain within and across dermatomes in fibromyalgia patients and pain-
free subjects,” Pain, vol. 111, no. 3, pp. 342–350, Oct. 2004. 

[32] R. Staud, E. Koo, M. E. Robinson, and D. D. Price, “Spatial summation of 
mechanically evoked muscle pain and painful aftersensations in normal 
subjects and fibromyalgia patients,” Pain, vol. 130, no. 1–2, pp. 177–187, Jul. 
2007. 

[33] H. Flor, C. Denke, M. Schaefer, and S. Grüsser, “Effect of sensory 
discrimination training on cortical reorganisation and phantom limb pain,” 



META DATA TITLE HERE 

50 

Lancet, vol. 357, no. 9270, pp. 1763–1764, Jun. 2001. 

[34] G. L. Moseley, N. M. Zalucki, and K. Wiech, “Tactile discrimination, but not 
tactile stimulation alone, reduces chronic limb pain,” Pain, vol. 137, no. 3, pp. 
600–608, Jul. 2008. 

[35] A. S. Quevedo, C. D. Mørch, O. K. Andersen, and R. C. Coghill, “Lateral 
Inhibition during Nociceptive Processing,” Pain, vol. 158, p. 1, 2017. 

[36] A. S. Quevedo and R. C. Coghill, “Filling-In, Spatial Summation, and 
Radiation of Pain: Evidence for a Neural Population Code in the Nociceptive 
System,” J. Neurophysiol., vol. 102, no. 6, pp. 3544–3553, Dec. 2009. 

[37] R. Defrin, R. Givon, N. Raz, and G. Urca, “Spatial summation and spatial 
discrimination of pain sensation,” Pain, vol. 126, no. 1, pp. 123–131, Dec. 
2006. 

[38] N. Raz, Y. Granovsky, and R. Defrin, “Investigating the neural processing of 
spatial summation of pain: the role of A-delta nociceptors,” Exp Brain Res, 
vol. 233, pp. 405–413, 2015. 

[39] J. D. Hardy, H. G. Wolff, and H. Goodell, “Studies on Pain. A new method 
for measuring pain threshold: observations on spatial summation of pain,” J. 
Clin. Invest., vol. 19, no. 4, pp. 649–657, Jul. 1940. 

[40] G. H. Bishop, “The Skin as an Organ of Senses with Special Reference to the 
Itching Sensation,” J. Invest. Dermatol., vol. 11, no. 2, pp. 143–154, Aug. 
1948. 

[41] D. K. Douglass, E. Carstens, and L. R. Watkins, “Spatial summation in human 
thermal pain perception: comparison within and between dermatomes,” Pain, 
vol. 50, no. 2, pp. 197–202, Aug. 1992. 

[42] I. Weissman-Fogel, N. Brayer-Zwi, and R. Defrin, “Spatial resolution of the 
pain system: A proximal-to-distal gradient of sensitivity revealed with 
psychophysical testing,” Exp. Brain Res., vol. 216, no. 2, pp. 181–190, Jan. 
2012. 

[43] J. Nielsen and L. Arendt-Nielsen, “Spatial summation of heat induced pain 
within and between dermatomes,” Somatosens. Mot. Res., vol. 14, no. 2, pp. 
119–125, Jan. 1997. 

[44] R. Defrin, A. Sheraizin, L. Malichi, and O. Shachen, “Spatial summation and 
spatial discrimination of cold pain: Effect of spatial configuration and skin 



CHAPTER 5. SYNTHESIS 

51 

type,” Pain, vol. 152, no. 12, pp. 2739–2745, Dec. 2011. 

[45] R. Defrin and G. Urca, “Spatial summation of heat pain: a reassessment,” 
Pain, vol. 66, no. 1, pp. 23–29, Jul. 1996. 

[46] I. Kojo and A. Pertovaara, “The Effects of Stimulus Area and Adaptation 
Temperature on Warm and Heat Pain Thresholds in Man,” Int. J. Neurosci., 
vol. 32, no. 3–4, pp. 875–880, 2009. 

[47] T. B. Westcott, L. Huesz, D. Boswell, and P. Herold, “Several variables of 
importance in the use of the cold pressor as a noxious stimulus in behavioral 
research,” Percept. Mot. Skills, vol. 44, no. 2, pp. 401–402, Aug. 1977. 

[48] H. Machet-Pietropaoli and S. Chery-Croze, “Spatial summation of thermal 
pain in human beings.,” Sens. Processes, vol. 3, no. 2, pp. 183–187, 1979. 

[49] S. Marchand and P. Arsenault, “Spatial summation for pain perception: 
interaction of inhibitory and excitatory mechanisms,” Pain, vol. 95, no. 3, pp. 
201–206, Feb. 2002. 

[50] D. D. Price, J. G. Mchaffie, and M. A. Larson, “Spatial Summation of Heat-
Induced Pain: Influence of Stimulus Area and Spatial Separation of Stimuli 
on Perceived Pain Sensation Intensity and Unpleasantness,” J. Neurophysiol., 
vol. 62, no. 6, pp. 1270–1279, Dec. 1989. 

[51] R. Defrin, I. Tsedek, I. Lugasi, I. Moriles, and G. Urca, “The interactions 
between spatial summation and DNIC: Effect of the distance between two 
painful stimuli and attentional factors on pain perception,” Pain, vol. 151, no. 
2, pp. 489–495, Nov. 2010. 

[52] R. Defrin, A. Ronat, A. Ravid, and C. Peretz, “Spatial summation of pressure 
pain: effect of body region,” Pain, vol. 106, no. 3, pp. 471–480, Dec. 2003. 

[53] J. D. Greenspan, M. Thomadaki, and S. L. B. McGillis, “Spatial summation 
of perceived pressure, sharpness and mechanically evoked cutaneous pain,” 
Somatosens. Mot. Res., vol. 14, no. 2, pp. 107–112, Jan. 1997. 

[54] H. Nie, T. Graven-Nielsen, and L. Arendt-Nielsen, “Spatial and temporal 
summation of pain evoked by mechanical pressure stimulation,” Eur. J. Pain, 
vol. 13, no. 6, pp. 592–599, Jul. 2009. 

[55] K. Jensen, H. Ø. Andersen, J. Olesen, and U. Lindblom, “Pressure-pain 
threshold in human temporal region. Evaluation of a new pressure algometer,” 
Pain, vol. 25, no. 3, pp. 313–323, Jun. 1986. 



META DATA TITLE HERE 

52 

[56] S. Lautenbacher, M. Kunz, P. Strate, J. Nielsen, and L. Arendt-Nielsen, “Age 
effects on pain thresholds, temporal summation and spatial summation of heat 
and pressure pain,” Pain, vol. 115, no. 3, pp. 410–418, Jun. 2005. 

[57] R. Polianskis, T. Graven-Nielsen, and L. Arendt-Nielsen, “Spatial and 
temporal aspects of deep tissue pain assessed by cuff algometry,” Pain, vol. 
100, no. 1–2, pp. 19–26, Nov. 2002. 

[58] E. Reid, D. Harvie, R. Miegel, C. Spence, and G. L. Moseley, “Spatial 
Summation of Pain in Humans Investigated Using Transcutaneous Electrical 
Stimulation,” J. Pain, vol. 16, no. 1, pp. 11–18, 2015. 

[59] E. D. Adrian and Y. Zotterman, “The impulses produced by sensory nerve-
endings,” J. Physiol., vol. 61, no. 2, pp. 151–171, Apr. 1926. 

[60] G. V. Békésy, “Lateral inhibition of heat sensations on the skin,” J. Appl. 
Physiol., vol. 17, no. 6, pp. 1003–1008, 1962. 

[61] G. V Bekesy, “Neural inhibitory units of the eye and skin. Quantitative 
description of contrast phenomena,” J. Opt. Soc. Am., vol. 50, no. 11, pp. 
1060–1070, 1960. 

[62] G. Von Bekesy, “Mach Band Type Lateral Inhibition in Different Sense 
Organs*,” J. Gen. phyisiology, vol. 50, 1967. 

[63] D. D. Price, J. W. Hu, R. Dubner, and R. H. Gracely, “Peripheral suppression 
of first pain and central summation of second pain evoked by noxious heat 
pulses,” Pain, vol. 3, no. 1, pp. 57–68, 1977. 

[64] D. D. Price, “Characteristics of second pain and flexion reflexes indicative of 
prolonged central summation,” Exp. Neurol., vol. 37, no. 2, pp. 371–387, Nov. 
1972. 

[65] K. Ren, “Wind-up and the NMDA receptor: from animal studies to humans,” 
Pain, vol. 59, no. 2, pp. 157–158, 1994. 

[66] W. F. Collins and F. E. Nulsen, “Studies on Sensation Interpreted as Pain: 
Central Nervous System Pathways,” Neurosurgery, vol. 8, no. CN_suppl_1, 
pp. 271–281, Jan. 1962. 

[67] L. M. Mendell, “Physiological properties of unmyelinated fiber projection to 
the spinal cord,” Exp. Neurol., vol. 16, no. 3, pp. 316–332, Nov. 1966. 

[68] L. M. Mendell and P. D. Wall, “Responses of single dorsal cord cells to 



CHAPTER 5. SYNTHESIS 

53 

peripheral cutaneous unmyelinated fibres,” Nature, vol. 206, no. 4979, pp. 
97–99, 1965. 

[69] S. N. Davies and D. Lodge, “Evidence for involvement of N-methylaspartate 
receptors in ‘wind-up’ of class 2 neurones in the dorsal horn of the rat,” Brain 
Res., vol. 424, no. 2, pp. 402–406, Oct. 1987. 

[70] A. H. Dickenson and A. F. Sullivan, “Evidence for a role of the NMDA 
receptor in the frequency dependent potentiation of deep rat dorsal horn 
nociceptive neurones following c fibre stimulation.,” Neuropharmacology, 
vol. 26, no. 8, pp. 1235–1238, Aug. 1987. 

[71] D. D. Price, J. Mao, H. Frenk, and D. J. Mayer, “The N-methyl-d-aspartate 
receptor antagonist dextromethorphan selectively reduces temporal 
summation of second pain in man,” Pain, vol. 59, no. 2, pp. 165–174, Nov. 
1994. 

[72] M. W. Salter and J. L. Henry, “Responses of functionally identified neurones 
in the dorsal horn of the cat spinal cord to substance P, neurokinin A and 
physalaemin,” Neuroscience, vol. 43, no. 2–3, pp. 601–610, 1991. 

[73] R. J. Traub, “The spinal contribution of substance P to the generation and 
maintenance of inflammatory hyperalgesia in the rat,” Pain, vol. 67, no. 1, pp. 
151–161, 1996. 

[74] H. Liu, P. W. Mantyh, and A. I. Basbaum, “NMDA-receptor regulation of 
substance P release from primary afferent nociceptors,” Nature, vol. 386, no. 
6626, pp. 721–724, Apr. 1997. 

[75] L. Arendt-Nielsen, J. Brennum, S. Sindrup, and P. Bak, “Electrophysiological 
and psychophysical quantification of temporal summation in the human 
nociceptive system,” Eur. J. Appl. Physiol. Occup. Physiol., vol. 68, no. 3, pp. 
266–273, Mar. 1994. 

[76] J. Nielsen and L. Arendt-Nielsen, “The importance of stimulus configuration 
for temporal summation of first and second pain to repeated heat stimuli,” 
Eur. J. Pain, vol. 2, no. 4, pp. 329–341, Jan. 1998. 

[77] A. P. Mauderli, C. J. Vierck, R. L. Cannon, A. Rodrigues, and C. Shen, 
“Relationships Between Skin Temperature and Temporal Summation of Heat 
and Cold Pain,” J. Neurophysiol., vol. 90, pp. 100–109, 2003. 

[78] H. Nie, L. Arendt-Nielsen, H. Andersen, and T. Graven-Nielsen, “Temporal 
Summation of Pain Evoked by Mechanical Stimulation in Deep and 



META DATA TITLE HERE 

54 

Superficial Tissue,” J. Pain, vol. 6, no. 6, pp. 348–355, Jun. 2005. 

[79] N. Geva and R. Defrin, “Enhanced pain modulation among triathletes: A 
possible explanation for their exceptional capabilities,” Pain, vol. 154, no. 11, 
pp. 2317–2323, Nov. 2013. 

[80] R. Defrin, Y. Lahav, and Z. Solomon, “Dysfunctional Pain Modulation in 
Torture Survivors: The Mediating Effect of PTSD,” J. Pain, vol. 18, no. 1, 
pp. 1–10, Jan. 2017. 

[81] D. Levy, L. Abdian, M. Dekel-Steinkeller, and R. Defrin, “Experimental 
evidence for weaker endogenous inhibition of trigeminal pain than extra-
trigeminal pain in healthy individuals,” Cephalalgia, vol. 38, no. 7, pp. 1307–
1315, Jun. 2018. 

[82] A. Perrotta et al., “Facilitated temporal summation of pain at spinal level in 
Parkinson’s disease,” Mov. Disord., vol. 26, no. 3, pp. 442–448, Feb. 2011. 

[83]  a I. Basbaum and H. L. Fields, “Endogenous pain control mechanisms: 
review and hypothesis.,” Ann. Neurol., vol. 4, no. 5, pp. 451–462, 1978. 

[84] G. Kato, M. Kosugi, M. Mizuno, and A. M. Strassman, “Separate inhibitory 
and excitatory components underlying receptive field organization in 
superficial medullary dorsal horn neurons.,” J. Neurosci., vol. 31, no. 47, pp. 
17300–5, Nov. 2011. 

[85] J. Schouenborg, “Modular organisation and spinal somatosensory 
imprinting,” Brain Res. Rev., vol. 40, no. 1–3, pp. 80–91, Oct. 2002. 

[86] O. K. Andersen, “Studies of the organization of the human nociceptive 
withdrawal reflex: Focus on sensory convergence and stimulation site 
dependency,” Acta Physiol., vol. 189, no. SUPPL. 654, pp. 1–35, 2007. 

[87] G. Sandrini, M. Serrao, P. Rossi, A. Romaniello, G. Cruccu, and J. C. Willer, 
“The lower limb flexion reflex in humans,” Prog. Neurobiol., vol. 77, no. 6, 
pp. 353–395, Dec. 2005. 

[88] C. S. Sherrington, “Flexion-reflex of the limb, crossed extension-reflex, and 
reflex stepping and standing,” J. Physiol., vol. 40, no. 1–2, pp. 28–121, Apr. 
1910. 

[89] C. Sherrington, The integrative action of the nervous system. Yale University 
Press, 1906. 



CHAPTER 5. SYNTHESIS 

55 

[90] J. Schouenborg and J. Kalliomäki, “Functional organization of the 
nociceptive withdrawal reflexes,” Exp. Brain Res., vol. 83, no. 1, pp. 67–78, 
Dec. 1990. 

[91] E. D. Schomburg, “Spinal sensorimotor systems and their supraspinal 
control,” Neurosci. Res., vol. 7, no. 4, pp. 265–340, Feb. 1990. 

[92] R. M. Eccles and A. Lundberg, “Supraspinal control of interneurones 
mediating spinal reflexes,” J. Physiol., vol. 147, no. 3, pp. 565–584, Oct. 
1959. 

[93] J. Schouenborg and H.-R. Weng, “Sensorimotor transformation in a spinal 
motor system,” Exp. Brain Res. 1994 1001, vol. 100, no. 1, pp. 170–174, Jul. 
1994. 

[94] J. Schouenborg, H. Holmberg, and H.-R. Weng, “Functional organization of 
the nociceptive withdrawal reflexes. II. Changes of excitability and receptive 
fields after spinalization in the rat.,” Exp. Brain Res., vol. 90, no. 3, pp. 469–
478, Jan. 1992. 

[95] F. A. Sonnenborg, O. K. Andersen, L. Arendt-Nielsen, and R. D. Treede, 
“Withdrawal reflex organisation to electrical stimulation of the dorsal foot in 
humans,” Exp. Brain Res., vol. 136, no. 3, pp. 303–312, 2001. 

[96] O. K. Andersen, F. A. Sonnenborg, and L. Arendt-Nielsen, “Modular 
organization of human leg withdrawal reflexes elicited by electrical 
stimulation of the foot sole,” Muscle Nerve, vol. 22, no. 11, pp. 1520–1530, 
1999. 

[97] J. Schouenborg, H. R. Weng, J. Kalliomäki, and H. Holmberg, “A survey of 
spinal dorsal horn neurones encoding the spatial organization of withdrawal 
reflexes in the rat,” Exp. Brain Res., vol. 106, no. 1, pp. 19–27, Sep. 1995. 

[98] J. Harris and R. W. Clarke, “Organisation of sensitisation of hind limb 
withdrawal reflexes from acute noxious stimuli in the rabbit,” J. Physiol., vol. 
546, no. 1, pp. 251–265, Jan. 2003. 

[99] E. Kugelberg, K. Eklund, and L. Grimby, “An electromyographic study of the 
nociceptive reflexes of the lower limb. Mechanism of the plantar responses,” 
Brain, vol. 83, no. 3, pp. 394–410, 1960. 

[100] L. Grimby, “Pathological plantar response: disturbances of the normal 
integration of flexor and extensor reflex components,” J. Neurol. Neurosurg. 
Psychiatry, vol. 26, no. 4, p. 314, Aug. 1963. 



META DATA TITLE HERE 

56 

[101] J. A. Biurrun Manresa et al., “Central sensitization in spinal cord injured 
humans assessed by reflex receptive fields,” Clin. Neurophysiol., vol. 125, no. 
2, pp. 352–362, 2014. 

[102] A. Levinsson, X. L. Luo, H. Holmberg, and J. Schouenborg, “Developmental 
tuning in a spinal nociceptive system: Effects of neonatal spinalization,” J. 
Neurosci., vol. 19, no. 23, pp. 10397–10403, Dec. 1999. 

[103] J. Schouenborg, “Learning in sensorimotor circuits,” Curr. Opin. Neurobiol., 
vol. 14, no. 6, pp. 693–697, Dec. 2004. 

[104] H. Holmberg, J. Schouenborg, Y. B. Yu, and H. R. Weng, “Developmental 
Adaptation of Rat Nociceptive Withdrawal Reflexes after Neonatal Tendon 
Transfer,” J. Neurosci., vol. 17, no. 6, pp. 2071–2078, Mar. 1997. 

[105] H. Holmberg and J. Schouenborg, “Developmental adaptation of withdrawal 
reflexes to early alteration of peripheral innervation in the rat,” J. Physiol., 
vol. 495, no. 2, pp. 399–409, Sep. 1996. 

[106] D. Le Bars, M. Gozariu, and S. W. Cadden, “Animal models of nociception,” 
Pharmacol. Rev., vol. 53, no. 4, pp. 597–652, 2001. 

[107] J. C. Willer, “Comparative study of perceived pain and nociceptive flexion 
reflex in man,” Pain, vol. 3, no. 1, pp. 69–80, Feb. 1977. 

[108] C. W. Y. Chan and M. Dallaire, “Subjective pain sensation is linearly 
correlated with the flexion reflex in man,” Brain Res., vol. 479, no. 1, pp. 
145–150, Feb. 1989. 

[109] J. L. Rhudy and C. R. France, “Reliability and Validity of a Brief Method to 
Assess Nociceptive Flexion Reflex (NFR) Threshold,” J. Pain, vol. 12, no. 7, 
pp. 782–791, Jul. 2011. 

[110] P. S. Micalos, E. J. Drinkwater, J. Cannon, L. Arendt-Nielsen, and F. E. 
Marino, “Reliability of the nociceptive flexor reflex (RIII) threshold and 
association with Pain threshold,” Eur. J. Appl. Physiol., vol. 105, no. 1, pp. 
55–62, Jan. 2009. 

[111] J. A. Biurrun Manresa, A. Y. Neziri, M. Curatolo, L. Arendt-Nielsen, and O. 
K. Andersen, “Test–retest reliability of the nociceptive withdrawal reflex and 
electrical pain thresholds after single and repeated stimulation in patients with 
chronic low back pain,” Eur. J. Appl. Physiol., vol. 111, no. 1, pp. 83–92, Jan. 
2011. 



CHAPTER 5. SYNTHESIS 

57 

[112] J. S. Mogil, “Animal models of pain: progress and challenges,” Nat. Rev. 
Neurosci., vol. 10, no. 4, pp. 283–294, Mar. 2009. 

[113] G. Sandrini, A. Arrigo, G. Bono, and G. Nappi, “The Nociceptive Flexion 
Reflex as a Tool for Exploring Pain Control Systems in Headache and Other 
Pain Syndromes,” Cephalalgia, vol. 13, no. 1, pp. 21–27, Feb. 1993. 

[114] C. D. Mørch, O. K. Andersen, T. Graven-Nielsen, and L. Arendt-Nielsen, 
“Nociceptive withdrawal reflexes evoked by uniform-temperature laser heat 
stimulation of large skin areas in humans,” J. Neurosci. Methods, vol. 160, 
no. 1, pp. 85–92, 2007. 

[115] J. Tørring, E. Pedersen, and B. Klemar, “Standardisation of the electrical 
elicitation of the human flexor reflex,” J Neurol Neurosurg Psychiatry, vol. 
44, pp. 129–132, 1981. 

[116] F. Beissner et al., “Quick discrimination of Adelta and C fiber mediated pain 
based on three verbal descriptors,” PLoS One, vol. 5, no. 9, 2010. 

[117] R. Hugosdottir, C. D. Mørch, O. K. Andersen, T. Helgason, and L. Arendt-
Nielsen, “Preferential activation of small cutaneous fibers through small pin 
electrode also depends on the shape of a long duration electrical current,” 
BMC Neurosci., vol. 20, no. 1, Sep. 2019. 

[118] K. S. Frahm, C. D. Mørch, W. M. Grill, N. B. Lubock, K. Hennings, and O. 
K. Andersen, “Activation of peripheral nerve fibers by electrical stimulation 
in the sole of the foot,” BMC Neurosci., vol. 14, p. 1, 2013. 

[119] J. L. Rhudy and C. R. France, “Defining the nociceptive flexion reflex (NFR) 
threshold in human participants: A comparison of different scoring criteria,” 
Pain, vol. 128, no. 3, pp. 244–253, Apr. 2007. 

[120] M. B. Jensen, J. B. Manresa, and O. K. Andersen, “Reliable estimation of 
nociceptive withdrawal reflex thresholds,” J. Neurosci. Methods, vol. 253, pp. 
110–115, 2015. 

[121] C. R. France, J. L. Rhudy, and S. McGlone, “Using normalized EMG to define 
the nociceptive flexion reflex (NFR) threshold: Further evaluation of 
standardized NFR scoring criteria,” Pain, vol. 145, no. 1–2, pp. 211–218, Sep. 
2009. 

[122] I. Talib, K. Sundaraj, C. Kiang Lam, J. Hussain, and M. Asraf Ali, “A review 
on crosstalk in myographic signals,” Eur. J. Appl. Physiol., vol. 119, no. 3, 
pp. 9–28, 2019. 



META DATA TITLE HERE 

58 

[123] H. J. Hermens et al., “European Recommendations for Surface 
ElectroMyoGraphy Results of the SENIAM project,” Roessingh Res. Dev., 
1999. 

[124] K. S. Frahm, M. B. Jensen, D. Farina, and O. K. Andersen, “Surface EMG 
crosstalk during phasic involuntary muscle activation in the nociceptive 
withdrawal reflex,” Muscle Nerve, vol. 46, no. 2, pp. 228–236, 2012. 

[125] D. Farina, R. Merletti, B. Indino, M. Nazzaro, and M. Pozzo, “Surface EMG 
crosstalk between knee extensor muscles: Experimental and model results,” 
Muscle Nerve, vol. 26, no. 5, pp. 681–695, Nov. 2002. 

[126] C. J. De Luca and R. Merletti, “Surface myoelectric signal cross-talk among 
muscles of the leg,” Electroencephalogr. Clin. Neurophysiol., vol. 69, no. 6, 
pp. 568–575, Jun. 1988. 

[127] A. Y. Neziri et al., “New method for quantification and statistical analysis of 
nociceptive reflex receptive fields in humans,” J. Neurosci. Methods, vol. 178, 
no. 1, pp. 24–30, 2009. 

[128] M. Müller et al., “Discriminative ability of reflex receptive fields to 
distinguish patients with acute and chronic low back pain,” Pain, vol. 157, no. 
12, pp. 2664–2671, 2016. 

[129] O. K. Andersen, F. A. Sonnenborg, and L. Arendt-Nielsen, “Reflex receptive 
fields for human withdrawal reflexes elicited by non-painful and painful 
electrical stimulation of the foot sole,” Clin. Neurophysiol., vol. 112, no. 4, 
pp. 641–649, 2001. 

[130] H. Massé-Alarie, S. E. Salomoni, and P. W. Hodges, “The nociceptive 
withdrawal reflex of the trunk is organized with unique muscle receptive 
fields and motor strategies,” Eur. J. Neurosci., vol., no., pp. 1–16, 2019. 

[131] M. A. Richard, E. G. Spaich, M. Serrao, and O. K. Andersen, “Stimulation 
site and phase modulation of the withdrawal reflex during gait initiation,” 
Clin. Neurophysiol., vol. 126, no. 12, pp. 2282–2289, Dec. 2015. 

[132] V. Dietz, M. Wirz, A. Curt, and G. Colombo, “Locomotor pattern in 
paraplegic patients: training effects and recovery of spinal cord function,” 
Spinal Cord, vol. 36, no. 6, pp. 380–390, May 1998. 

[133] A. J. Terkelsen, O. K. Andersen, H. Mølgaard, J. Hansen, and T. S. Jensen, 
“Mental stress inhibits pain perception and heart rate variability but not a 
nociceptive withdrawal reflex,” Acta Physiol. Scand., vol. 180, no. 4, pp. 405–



CHAPTER 5. SYNTHESIS 

59 

414, 2004. 

[134] M. Serrao et al., “Reorganization of multi-muscle and joint withdrawal reflex 
during arm movements in post-stroke hemiparetic patients,” Clin. 
Neurophysiol., vol. 123, no. 3, pp. 527–540, Mar. 2012. 

[135] M. Serrao et al., “Bladder filling attenuates spinal cord nociceptive reflexes 
in humans,” Clin. Neurophysiol., vol. 125, no. 11, pp. 2271–2276, Nov. 2014. 

[136] O. K. Andersen, L. M. Jensen, J. Brennum, and L. Arendt-Nielsen, “Evidence 
for central summation of C and Aδ nociceptive activity in man,” Pain, vol. 
59, no. 2, pp. 273–280, Nov. 1994. 

[137] O. K. Andersen, R. H. Gracely, and L. Arendt-Nielsen, “Facilitation of the 
human nociceptive reflex by stimulation of Aβ-fibres in a secondary 
hyperalgesic area sustained by nociceptive input from the primary 
hyperalgesic area,” Acta Physiol. Scand., vol. 155, no. 1, pp. 87–97, Sep. 
1995. 

[138] O. K. Andersen, E. G. Spaich, P. Madeleine, and L. Arendt-Nielsen, “Gradual 
enlargement of human withdrawal reflex receptive fields following repetitive 
painful stimulation,” Brain Res., vol. 1042, no. 2, pp. 194–204, May 2005. 

[139] O. K. Andersen, L. M. Jensen, J. Brennum, and L. Arendt-Nielsen, 
“Modulation of the human nociceptive reflex by cyclic movements,” Eur. J. 
Appl. Physiol. Occup. Physiol. 1995 704, vol. 70, no. 4, pp. 311–321, 1995. 

[140] F. A. Sonnenborg, O. K. Andersen, and L. Arendt-Nielsen, “Modular 
organization of excitatory and inhibitory reflex receptive fields elicited by 
electrical stimulation of the foot sole in man,” Clin. Neurophysiol., vol. 111, 
no. 12, pp. 2160–2169, 2000. 

[141] R. Zachariae, O. K. Andersen, P. Bjerring, M. M. Jørgensen, and L. Arendt-
Nielsen, “Effects of an opioid antagonist on pain intensity and withdrawal 
reflexes during induction of hypnotic analgesia in high- and low-hypnotizable 
volunteers,” Eur. J. Pain, vol. 2, no. 1, pp. 25–34, Jan. 1998. 

[142] J. A. Biurrun Manresa, C. D. Mørch, and O. K. Andersen, “Long-term 
facilitation of nociceptive withdrawal reflexes following low-frequency 
conditioning electrical stimulation: A new model for central sensitization in 
humans,” Eur. J. Pain, vol. 14, no. 8, pp. 822–831, Sep. 2010. 

[143] D. Le Bars and D. Chitour, “Do convergent neurones in the spinal dorsal horn 
discriminate nociceptive from non-nociceptive information?,” Pain, vol. 17, 



META DATA TITLE HERE 

60 

no. 1, pp. 1–19, Sep. 1983. 

[144] F. A. Jure, F. G. Arguissain, J. A. Biurrun Manresa, and O. K. Andersen, 
“Conditioned pain modulation affects the withdrawal reflex pattern to 
nociceptive stimulation in humans,” Neuroscience, vol. 408, pp. 259–271, 
Jun. 2019. 

[145] J. A. Biurrun Manresa et al., “Is the conditioned pain modulation paradigm 
reliable? A test-retest assessment using the nociceptive withdrawal reflex,” 
PLoS One, vol. 9, no. 6, pp. 1–11, 2014. 

[146] M. Serrao et al., “Effects of diffuse noxious inhibitory controls on temporal 
summation of the RIII reflex in humans,” Pain, vol. 112, no. 3, pp. 353–360, 
2004. 

[147] H. R. Weng and J. Schouenborg, “Cutaneous inhibitory receptive fields of 
withdrawal reflexes in the decerebrate spinal rat,” J. Physiol., vol. 493, no. 1, 
pp. 253–265, 1996. 

[148] J. Schouenborg, H.-R. Weng, and H. Holmberg, “Modular Organization of 
Spinal Nociceptive Reflexes: A New Hypothesis,” Physiology, vol. 9, no. 6, 
pp. 261–265, Dec. 1994. 

[149] R. Defrin, L. Petrini, and L. Arendt-Nielsen, “Spatial summation of thermal 
sensations depends on skin type and skin sensitivity,” Exp. Brain Res., vol. 
198, no. 1, pp. 29–36, Jul. 2009. 

[150] R. Defrin, G. Pope, and K. D. Davis, “Interactions between spatial 
summation, 2-point discrimination and habituation of heat pain,” Eur. J. Pain, 
vol. 12, no. 7, pp. 900–909, Oct. 2008. 

[151] S. Xiong, R. S. Goonetilleke, and Z. Jiang, “Pressure thresholds of the human 
foot: measurement reliability and effects of stimulus characteristics,” 
Ergonomics, vol. 54, no. 3, pp. 282–293, 2011. 

[152] M. D. Holbert, A. Pedler, D. Camfermann, and D. S. Harvie, “Comparison of 
spatial summation properties at different body sites,” Scand. J. Pain, vol. 17, 
pp. 126–131, Oct. 2017. 

[153] A. S. Quevedo and R. C. Coghill, “Attentional modulation of spatial 
integration of pain: Evidence for dynamic spatial tuning,” J. Neurosci., vol. 
27, no. 43, pp. 11635–11640, 2007. 

[154] S. Lautenbacher, M. Prager, and G. B. Rollman, “Pain additivity, diffuse 



CHAPTER 5. SYNTHESIS 

61 

noxious inhibitory controls, and attention: A functional measurement 
analysis,” Somatosens. Mot. Res., vol. 24, no. 4, pp. 189–201, 2007. 

[155] I. Weissman-Fogel, A. Dror, and R. Defrin, “Temporal and spatial aspects of 
experimental tonic pain: Understanding pain adaptation and intensification,” 
Eur. J. Pain, vol. 19, no. 3, pp. 408–418, Mar. 2015. 

[156] R. Defrin, A. Benstein-Sheraizin, A. Bezalel, O. Mantzur, and L. Arendt-
Nielsen, “The spatial characteristics of the painful thermal grill illusion,” 
Pain, vol. 138, no. 3, pp. 577–586, Sep. 2008. 

[157] J. Schouenborg, J. Kalliomäki, and H. R. Weng, “Identification of putative 
reflex interneurones in the nociceptive withdrawal reflex paths.,” Acta 
Physiol. Scand., vol. 1, no. 140, p. 25, 1990. 

[158] L. Grimby, “Normal plantar response: integration of flexor and extensor 
reflex components,” J. Neurol. Neurosurg. Psychiat, vol. 26, pp. 39–50, 1963. 

[159] J. Li, D. A. Simone, and A. A. Larson, “Windup leads to characteristics of 
central sensitization,” Pain, vol. 79, no. 1, pp. 75–82, Jan. 1999. 

[160] D. D. Price, C. D. Hull, and N. A. Buchwald, “Intracellular responses of dorsal 
horn cells to cutaneous and sural nerve A and C fiber stimuli,” Exp. Neurol., 
vol. 33, no. 2, pp. 291–309, Nov. 1971. 

[161] E. L. Terry et al., “Standardizing procedures to study sensitization of human 
spinal nociceptive processes: Comparing parameters for temporal summation 
of the nociceptive flexion reflex (TS-NFR),” Int. J. Psychophysiol., vol. 81, 
no. 3, pp. 263–274, Sep. 2011. 

[162] L. Arendt-Nielsen, F. A. Sonnenborg, and O. K. Andersen, “Facilitation of 
the withdrawal reflex by repeated transcutaneous electrical stimulation: an 
experimental study on central integration in humans,” Eur. J. Appl. Physiol., 
vol. 81, pp. 165–173, 2000. 

[163] P. Bajaj, L. Arendt-Nielsen, and O. K. Andersen, “Facilitation and inhibition 
of withdrawal reflexes following repetitive stimulation: Electro- and 
psychophysiological evidence for activation of noxious inhibitory controls in 
humans,” Eur. J. Pain, vol. 9, no. 1, pp. 25–31, 2005. 

[164] M. Farrell and S. Gibson, “Age interacts with stimulus frequency in the 
temporal summation of pain,” Pain Med., vol. 8, no. 6, pp. 514–520, Sep. 
2007. 



META DATA TITLE HERE 

62 

[165] P. Haggard, G. D. D. Iannetti, and M. R. R. Longo, “Spatial Sensory 
Organization and Body Representation in Pain Perception,” Curr. Biol., vol. 
23, no. 4, pp. R164–R176, Feb. 2013. 

[166] H. K. Beecher, “Relantionship of significance of wound to pain experienced,” 
J. Am. Med. Assoc., vol. 161, no. 17, pp. 1609–1613, Aug. 1956. 

[167] T. Thompson, E. Keogh, and C. C. French, “Sensory Focusing Versus 
Distraction and Pain: Moderating Effects of Anxiety Sensitivity in Males and 
Females,” J. Pain, vol. 12, no. 8, pp. 849–858, Aug. 2011. 

[168] J. L. Rhudy and M. W. Meagher, “Fear and anxiety: Divergent effects on 
human pain thresholds,” Pain, vol. 84, no. 1, pp. 65–75, Jan. 2000. 

[169] C. S. Hubbard et al., “Modulation of nociceptive and acoustic startle 
responses to an unpredictable threat in men and women,” Pain, vol. 152, no. 
7, pp. 1632–1640, Jul. 2011. 

[170] E. W. Lannon, F. A. Jure, O. K. Andersen, and J. L. Rhudy, “Does Threat 
Enlarge Nociceptive Reflex Receptive Fields?,” J. Pain, vol. 22, no. 5, pp. 
487–497, Nov. 2021. 

[171] G. Fragiotta, F. Pierelli, G. Coppola, C. Conte, A. Perrotta, and M. Serrao, 
“Effect of phobic visual stimulation on spinal nociception,” Physiol. Behav., 
vol. 206, pp. 22–27, Jul. 2019. 

[172] M. Davis, D. L. Walker, L. Miles, and C. Grillon, “Phasic vs Sustained Fear 
in Rats and Humans: Role of the Extended Amygdala in Fear vs Anxiety,” 
Neuropsychopharmacology, vol. 35, no. 1, pp. 105–135, Jan. 2010. 

[173] E. L. Terry, K. A. Thompson, and J. L. Rhudy, “Does pain catastrophizing 
contribute to threat-evoked amplification of pain and spinal nociception?,” 
Pain, vol. 157, no. 2, pp. 456–465, Feb. 2016. 

[174] M. Bartolo et al., “Modulation of the human nociceptive flexion reflex by 
pleasant and unpleasant odors,” Pain, vol. 154, no. 10, pp. 2054–2059, 2013. 

[175] R. Suzuki and A. Dickenson, “Spinal and Supraspinal Contributions to 
Central Sensitization in Peripheral Neuropathy,” Neurosignals, vol. 14, no. 4, 
pp. 175–181, 2005. 

[176] M. Roy, M. Piché, J. I. Chen, I. Peretz, and P. Rainville, “Cerebral and spinal 
modulation of pain by emotions,” Proc. Natl. Acad. Sci. U. S. A., vol. 106, no. 
49, pp. 20900–20905, Dec. 2009. 



CHAPTER 5. SYNTHESIS 

63 

[177] J. L. Rhudy, A. E. Williams, K. M. McCabe, P. L. Rambo, and J. L. Russell, 
“Emotional modulation of spinal nociception and pain: The impact of 
predictable noxious stimulation,” Pain, vol. 126, no. 1–3, pp. 221–233, Dec. 
2006. 

[178] M. Roy, A. Lebuis, L. Hugueville, I. Peretz, and P. Rainville, “Spinal 
modulation of nociception by music,” Eur. J. Pain, vol. 16, no. 6, pp. 870–
877, Jul. 2012. 

[179] C. Eccleston, “Chronic pain and distraction: An experimental investigation 
into the role of sustained and shifting attention in the processing of chronic 
persistent pain,” Behav. Res. Ther., vol. 33, no. 4, pp. 391–405, May 1995. 

[180] J. C. Miller, F. Boureau, and D. Albe-Fessard, “Supraspinal influences on 
nociceptive flexion reflex and pain sensation in man,” Brain Res., vol. 179, 
no. 1, pp. 61–68, Dec. 1979. 

[181] L. Edwards et al., “Increases in arousal are associated with reductions in the 
human nociceptive flexion reflex threshold and pain ratings: Evidence for 
dissociation between nociception and pain,” J. Psychophysiol., vol. 20, no. 4, 
pp. 259–266, Dec. 2006. 

[182] L. Bjerre, A. T. Andersen, M. T. Hagelskjær, N. Ge, C. D. Mørch, and O. K. 
Andersen, “Dynamic tuning of human withdrawal reflex receptive fields 
during cognitive attention and distraction tasks,” Eur. J. Pain, vol. 15, no. 8, 
pp. 816–821, 2011. 

[183] D. V. Reynolds, “Surgery in the Rat during Electrical Analgesia Induced by 
Focal Brain Stimulation,” Science (80-. )., vol. 164, no. 3878, pp. 444–445, 
Apr. 1969. 

[184] D. J. Mayer and J. C. Liebeskind, “Pain reduction by focal electrical 
stimulation of the brain: An anatomical and behavioral analysis,” Brain Res., 
vol. 68, no. 1, pp. 73–93, Mar. 1974. 

[185] J. C. Liebeskind, G. Guilbaud, J. M. Besson, and J. L. Oliveras, “Analgesia 
from electrical stimulation of the periaqueductal gray matter in the cat: 
behavioral observations and inhibitory effects on spinal cord interneurons,” 
Brain Res., vol. 50, no. 2, pp. 441–446, 1973. 

[186] D. E. Richardson and H. Akil, “Pain reduction by electrical brain stimulation 
in man: Part 2: Chronic self-administration in the periventricular gray matter,” 
J. Neurosurg., vol. 47, no. 2, pp. 184–194, Aug. 1977. 



META DATA TITLE HERE 

64 

[187] A. Gol, “Relief of pain by electrical stimulation of the septal area,” J. Neurol. 
Sci., vol. 5, no. 1, pp. 115–120, Jul. 1967. 

[188] D. E. Richardson and H. Akil, “Pain reduction by electrical brain stimulation 
in man. Part 1: Acute administration in periaqueductal and periventricular 
sites,” J. Neurosurg., vol. 47, no. 2, pp. 178–183, 1977. 

[189] M. Zhuo and G. F. Gebhart, “Biphasic Modulation of Spinal Nociceptive 
Transmission From the Medullary Raphe Nuclei in the Rat,” J. Neurophysiol., 
vol. 78, no. 2, pp. 746–758, 1997. 

[190] G. . Gebhart, “Descending modulation of pain,” Neurosci. Biobehav. Rev., 
vol. 27, no. 8, pp. 729–737, Jan. 2004. 

[191] M. Zhuo and G. F. Gebhart, “Characterization of descending facilitation and 
inhibition of spinal nociceptive transmission from the nuclei reticularis 
gigantocellularis and gigantocellularis pars alpha in the rat,” J. Neurophysiol., 
vol. 67, no. 6, pp. 1599–1614, 1992. 

[192] H. L. Fields, J. Bry, I. Hentall, and G. Zorman, “The activity of neurons in the 
rostral medulla of the rat during withdrawal from noxious heat,” J. Neurosci., 
vol. 3, no. 12, pp. 2545–2552, Dec. 1983. 

[193] M. M. Heinricher, I. Tavares, J. L. Leith, and B. M. Lumb, “Descending 
control of nociception: Specificity, recruitment and plasticity,” Brain Res. 
Rev., vol. 60, no. 1, pp. 214–225, 2009. 

[194] J. L. Rhudy, A. E. Williams, K. M. McCabe, M. A. T. V. Nguyên, and P. 
Rambo, “Affective modulation of nociception at spinal and supraspinal 
levels,” Psychophysiology, vol. 42, no. 5, pp. 579–587, Sep. 2005. 

[195] M. C. Bushnell, M. Čeko, and L. A. Low, “Cognitive and emotional control 
of pain and its disruption in chronic pain,” Nat. Rev. Neurosci., vol. 14, no. 7, 
pp. 502–511, May 2013. 

[196] C. Villemure and M. C. Bushnell, “Cognitive modulation of pain: How do 
attention and emotion influence pain processing?,” Pain, vol. 95, no. 3, pp. 
195–199, Feb. 2002. 

[197] G. Hadjipavlou, P. Dunckley, T. E. Behrens, and I. Tracey, “Determining 
anatomical connectivities between cortical and brainstem pain processing 
regions in humans: A diffusion tensor imaging study in healthy controls,” 
Pain, vol. 123, no. 1–2, pp. 169–178, Jul. 2006. 



CHAPTER 5. SYNTHESIS 

65 

[198] J. R. Stroop, “Studies of interference in serial verbal reactions,” J. Exp. 
Psychol., vol. 18, no. 6, pp. 643–662, 1935. 

[199] S. J. Bantick, R. G. Wise, A. Ploghaus, S. Clare, S. M. Smith, and I. Tracey, 
“Imaging how attention modulates pain in humans using functional MRI,” 
Brain, vol. 125, no. 2, pp. 310–319, Feb. 2002. 

[200] M. Valet et al., “Distraction modulates connectivity of the cingulo-frontal 
cortex and the midbrain during pain—an fMRI analysis,” Pain, vol. 109, no. 
3, pp. 399–408, Jun. 2004. 

[201] I. Tracey et al., “Imaging Attentional Modulation of Pain in the 
Periaqueductal Gray in Humans,” J. Neurosci., vol. 22, no. 7, pp. 2748–2752, 
Apr. 2002. 

[202] D. G. Liebermann and R. Defrin, “Characteristics of the nociceptive 
withdrawal response elicited under aware and unaware conditions,” J. 
Electromyogr. Kinesiol., vol. 19, no. 2, pp. e114–e122, Apr. 2009. 

[203] F. G. Arguissain, J. A. Biurrun Manresa, C. D. Mørch, and O. K. Andersen, 
“Modulatory Effect on Spinal and Supraspinal Responses during Cognitive 
Attentional and Distraction Tasks,” Springer, Cham, 2014, pp. 271–277. 

[204] M. Good et al., “Relief of postoperative pain with jaw relaxation, music and 
their combination,” Pain, vol. 81, no. 1–2, pp. 163–172, May 1999. 

[205] R. L. Hodes, E. W. Rowland, N. Lightfoot, and C. S. Cleeland, “The effects 
of distraction on responses to cold pressor pain,” Pain, vol. 41, no. 1, pp. 109–
114, Apr. 1990. 

[206] A. Schumann et al., “The Use of Physiological Signals in Brainstem/Midbrain 
fMRI,” Front. Neurosci., vol. 0, no. OCT, p. 718, Oct. 2018. 

[207] S. McMullan and B. M. Lumb, “Midbrain control of spinal nociception 
discriminates between responses evoked by myelinated and unmyelinated 
heat nociceptors in the rat,” Pain, vol. 124, no. 1–2, pp. 59–68, Sep. 2006. 

[208] Y. Lu, S. M. Sweitzer, C. E. Laurito, and D. C. Yeomans, “Differential Opioid 
Inhibition of C- and Aδ- Fiber Mediated Thermonociception after Stimulation 
of the Nucleus Raphe Magnus,” Anesth. Analg., vol. 98, no. 2, pp. 414–419, 
2004. 

[209] S. Koutsikou et al., “The periaqueductal gray orchestrates sensory and motor 
circuits at multiple levels of the neuraxis,” J. Neurosci., vol. 35, no. 42, pp. 



META DATA TITLE HERE 

66 

14132–14147, Oct. 2015. 

[210] S. Koutsikou, R. Apps, and B. M. Lumb, “Top down control of spinal 
sensorimotor circuits essential for survival,” J. Physiol., vol. 595, no. 13, pp. 
4151–4158, Jul. 2017. 

[211] A. J. Waters and B. M. Lumb, “Descending control of spinal nociception from 
the periaqueductal grey distinguishes between neurons with and without C-
fibre inputs,” Pain, vol. 134, no. 1–2, pp. 32–40, Jan. 2008. 

[212] S. Koutsikou et al., “Neural substrates underlying fear-evoked freezing: the 
periaqueductal grey–cerebellar link,” J. Physiol., vol. 592, no. 10, pp. 2197–
2213, May 2014. 

[213] C. D. Mørch, K. Hennings, and O. K. Andersen, “Estimating nerve excitation 
thresholds to cutaneous electrical stimulation by finite element modeling 
combined with a stochastic branching nerve fiber model,” Med. Biol. Eng. 
Comput., vol. 49, no. 4, pp. 385–395, Apr. 2011. 

[214] R. Defrin, S. Peleg, H. Weingarden, R. Heruti, and G. Urca, “Differential 
effect of supraspinal modulation on the nociceptive withdrawal reflex and 
pain sensation,” Clin. Neurophysiol., vol. 118, no. 2, pp. 427–437, Feb. 2007. 

[215] D. J. Mayer, T. L. Wolfle, H. Akil, B. Carder, and J. C. Liebeskind, 
“Analgesia from Electrical Stimulation in the Brainstem of the Rat,” Science 
(80-. )., vol. 174, no. 4016, pp. 1351–1354, Dec. 1971. 

[216] A. J. Waters and B. M. Lumb, “Inhibitory effects evoked from both the lateral 
and ventrolateral periaqueductal grey are selective for the nociceptive 
responses of rat dorsal horn neurones,” Brain Res., vol. 752, no. 1–2, pp. 239–
249, Mar. 1997. 

 





M
a

u
r

ic
io

 C
a

r
lo

s H
en

r
ic

h
SPINAL


 TEM

PORAL



 AN


D

 SPATIAL
 IN

TEG
RA

TION


 O
F M

UL
TIPLE NOCICE





PTIVE 

IN
PU

T ASSESSE
D

 B
Y TH

E NOCICE





PTIVE W
ITH

D
RA

W
AL

 RE
FLEX IN

 H
U

M
ANS




ISSN (online): 2246-1302
ISBN (online): 978-87-7573-944-8


	Omslag_MH.pdf
	PHD_SHORT_MH_TRYK.pdf
	Kolofon_MH.pdf
	Thesis_TO_PUBLISH.pdf
	Chapter 1.  Introduction
	1.1. Pain
	1.2. From a nociceptive stimulus to pain
	1.3. Spatial and temporal integration of nociception and pain
	1.4. The Nociceptive Withdrawal Reflex to assess spinal nociception.
	1.5. Aim of the project
	1.5.1. Research questions addressed in the thesis
	1.5.2. Graphical summary


	Chapter 2. Temporal and spatial integration of nociception assessed via the NWR
	2.1. Objective assessment of spinal nociception
	2.1.1. Elicitation of the NWR
	2.1.2. Quantification of the NWR

	2.2. Spinal spatial integration of nociception
	2.3. Spatial integration on perceived intensities
	2.4. Differential integration between perceived intensities and the NWR
	2.5. Nociceptive processing of temporal characteristics

	Chapter 3. Descending control of spinal nociception
	3.1. Cognitive tasks to induce top-down modulation
	3.2. Differential modulation of spinal and supraspinal outcomes

	Chapter 4. Limitations
	Chapter 5. Synthesis
	5.1. A defensive perspective

	Literature list


	Omslag_MH
	Blank Page
	Blank Page
	Blank Page

