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ABSTRACT

The role ofprim~'somatosensory cortex (51 ) in pain perception renlains
uncertain. Hwnan imaging studies have had variable succcss in sho\vmg pain-rdatcd
.lcti\'arion in SI, and single-unit recordings in primate SI have revealcd fe\\' nociccptors.
This srudy assessed the fMRI time course of 51 activity in humans during noxious he~lt

and innocuous tactile stimulation tO determine iftemporal differences in the perception
of these stimuli \vould be retlected by temporal differcnccs in SI activation.

Four normal subjecrs panicipated in three fMRI sessions each. Thernl.l1
(painful hcat 45-46°C; ncurral hcat 35-36°C) and tactile stimuli (brushing at 2Hz) \Vcn:
.lpplicd tO the left leg on separate nlnS. Activation maps \vere generated comparing
painful tO neutral heat and tactile to rest. Directed searchcs \vere performcd on
identified SI regions reliably activated by brush and noxious hear stimuli, fronl which
regions of interest (ROI) \vere sclected in each subject. Time course for cach srinlulw~

rnodality \\'as cx'tracted from thcse ROIs, and data \vere further a"cragcd tO eX.lnlinc the
mean rime course of activation per stimulus cycle.

Both brushing and noxious heat produced significant activation \"ithin
contralateral SI \vhich could lx differcntiated by the cime course of activation rc1.lti\·c
ta the onset of stimulation. These data indicate that Slconex is invol"cd in the
proccssing of nociccpti\'e information. The data are consistent \vith omer indic.ltions
that this strucrure has a role in the perception of pain intensiry.
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RESUME

Le rôle du conex somatosensoriel (51) dans la perception de la douleur
demeure incertain. Les études d'imagerie effectuées chez l'humain ont eu Wl plus ou
moins de succès à démontrer l'activation reliée à domer dans 51. Également, les
enregistrements W1Ïtaires chez le singe ont révélé peu de "nocicepteurs" dans cene
régi~n. A raide de l'imagerie par résonance magnétique, la présente étude a pour but
d'évaluer, chez l'humain, le décours temporel de l'activité de SI pedant l'application de
des stimulations douloureuses chaude et de stimulations tactiles non-douloureuses.
Cene évaluation permettra de déterminer si les différences tempordles dans Id
perception des stimuli (douloureu..'X et non-douloureu..'X) se réflètent dans l'activité de S 1.

Quatre sujets norffiaLLX ont panicipé à trois séances de IR.\1fchacw1. Des
stimulations thermiques (chaleur doulourcuse: 45-46 oC et chaleur neutre: 35-36 =C)
et tactiles (pinceau stimulant à 2Hz) ont été appliquées sur la jambe gauche ~lU cours de
différentes séances. Des canes d'activation ont été générées en comparant la chaleur
douloureuse et la chaleur neutre, et le pinceau au repos. Par la suite, des recherches
dirigées ont été réalisées vers les régions de 51 activées par le pinceau ou la chaleur
douloureuse. À partir de ces régions, des régions d'intérêt (RI) ont été sélectionnées
pour chaque sujet. Le décours temporel pour chaque stimulus a été extrait de ces Ris.
Enswte, les moyennes ont été calculées pour examiner Ic décours temporel moyen de
l'activation par cycle de stimulation.

La stimulation tactile et la chaleur douloureuse ont é\~oquéune activation
significJti\"c dans le 51 controlatéral, différentiables par le décours temporel de
r.lCti\·ation comparativement à celui du début de la stimulation. Ces réslÙtats nOll,

indiquent que le cortex 51 est impliqué dans le traitement de l'information nocicepti\'c.
et suggèrent également que cene structure corticale jouerait un rôle dans la perception
même de la douleur.
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Chapter 1

INTRODUCTION

The gcneral notion of pain is oftcn associated with sensation, Howc\'cr.

pain îs a unique sensory experience that involves numerous complcx aspects. For

instance, \\'hcn injury occurs, one can casily identify the source of pain (c.g. face or

hand) and can vividly describe it in tcrms ofcertain qualities that arc almost cxclusi\'dy

.lSsociatcd \vith pain (c.g. aching, burning, pricking, stinging, etc.). Thcsc qualitics nl.1Y

differ in varying intensities. The hwnan abilities tO localizc, and to distinguish the

quality and intensity of the perccived painful sensation forms the so-called sensory­

discriminativc aspect of pain. Ho\vcver, the most striking c\'idcncc that p~lin IS .1

complcx subjective experience is that it also encompasscs an lUlplcasant emotion.1I

component. This affective·motivational aspeCt of pain experiencc may vary in scvcrity

from lUlplcasant or annoying feelings to agonizing or excruciating distrcss, and it oftcn

provides a context for the experience itself Certainly, this aspect of pain dclineatcs the

'suffering' feamee of the experience. However, this aspect of pain also evokes bath the

\\'ithdra\val rcflexes and the highly organized avoidance and escape behaviour that arc

essential for our survival.

1
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Early theories of pain differed largely from the multidimensional \'ic\v of

pain experience. Scientist5 were mainly conccrned \vith the physiological specializatioll

ofstructures responsible for the painfù1 sensation., proposing the idea ofa "pain centrc"

in the brain. Thus pain processing \vas conceived as a direct channel fWlctioning on thc

basis of a heU ringing mechanisnl (Descartes, 1664). Observations from thc rcsults of

fOCal lesions and stimulation olt the beginning of 1900s led tO the vic\v that pain is .1

phcnomcnon related only to the diencephalon and that telcncephalic participation in

pain perception is trivial (Head & Holmes, 1911; Penfield & Boldrey, 1937), Thcsc

observations., hO\\'ever, did oot examine the possible involvcment of multiplc br~lin

. .. ..
rcglons ln pain perception.

Modern theories of pain processing ackno\\'ledge the multidinlcnsion.l1

nature of pain and suggest that various brain regions may he likcly to play key roles in

nociccption (Melzack & Casey, 1968; Priee, 1988). Accwnulatcd data from anatomical

and physiological srudies have confirmed mat a number ofsubcortical and cortical .lreas

are involved in pain processing. ~lore recentIy, brain imaging studies using PET or

~IRI have provided further evidence of me role of conex in this complex sensory

cxperience (see BushneU et al., 1999 for revie,,·). These studics have rcvealed that

cortical processing of pain i5 distributed and involves multiple regions of the brain that

are ftmcrionally segregated into systems corresponding to the sensory~discriminati\'eand

the motivational-affective components of pain. Such areas comprise the prima~~ and

2
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seconda~' somatosensory cornces (SI and S2)J which are thought to contributc tO the

discriminative aspects of painful sensation, \vhile the anterior cingulatc cortex (ACe)

and inswa conex (IC) are more likely to he involved in the affective aspects of

nociception (Talbot et al., 1991 ~ Coghill et al., 1994; Rainville et al., 1997).

Despite ex"tensive research etIons, the idea of the involvement of multiple

cortical rcgions in pain processing remains controversial and is yct to be fully claritied.

Specitically, the role of the SI conex in hwnan pain processing has becn thc subjcct of

massive debate. The ncxt section \vill present an overvie\v ofpain parh\\'ays, attcr \\"hich

the involvemcnt of51 in pain processing \\'ill be discussed in light ofclinical, .lnatomic.ll

and physiological evidence, as weil as the controversics raiscd by son1C of the br~lin

LmagLng studies. A brief introduction to the technique of blood o~~'genation lcn:l

dependent (BOLD) functional magnctic resonance imaging (fMRI) \\Till follo\\' ..l1ong

\vith a discussion of the advanrages of fi\IRI over PET in imaging cortical activity.

1.1 THE PAIN PATHWAY

~wnerous research efforts in the field of neurophysiology of nociccptivc

processing .lt both peripheral and central levels have increased our kno\\'ledge and

understanding of the multidimensional fearores of pain. Briefly, the pain path\vay in

normal human subjects invoives the activation ofspecial receprors in peripherai sensory

3
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cndings by means of a painful stimulus (e.g. mechanical, chemical or thermal) via

membrane depolarization. This discriminative information is then trmsmittcd \'ù the

nociceptive afferent fibres in the contralateral spinal dorsal horn to the ventrobasal

thalamus and finally to the somatosensory cortex (Jones, 1985). Evidence has sho\\"n

that pain sensation normal1y results from the activity of nociccpcors and not fronl the

ovcractivJ.tion ofother types of receptors (Wall & McMahon, 1985: Torcbjork et al.,

1988), and that different qualities of pain are likdy subsen'cd by distinct scnsory

(hannels (\Villis & Coggeshall, 1991). Ho\vever, painful sensation does not ah\'ays

involvc activation of peripheral nociceptive afferents~ pain can also rcsult fron1 the

activation ofcentral nociceptive path\vays (Boivie et al., 1989). Sorne clinical cviden(c

also suggests that the motivational-affective state can mimic noxious sensations, most

notably in patients suffcring from anxiety, neurotic deprcssion, or hysccria (Chacun:rdi.

198ï: Merskey, 1989). Overall, the findings suppon the \'ic\,' chat many con1plcx

mechanisms underlie this unique sensory experience. The ne~:t section \vill present .ln

o\'cn;c\\' of the peripheral structures involved in the processing of painful information.

1.1.1 Peripheral Afferents

•

Nociceptive information is detected by the peripheral endings of prima~'

nocicepti\"e neurons or the 1Iociceptors (Sherrington, 1906) located in different kinds of

tissue such as the superficial layers of the skin, muscle, \isceral organs, venous and

ancrial \valls, and the spinal and cerebral meninges. These nociceptors are innen"ated

4
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by several different types of primary nociceptive afferent fibres (Bishop, 1946). The

most conlmon type are the small-diameter, unmyelinated C-fibres that respond to

rdatively 10,vly (0.5-1.4 mis) (Van Hees & Gyhels, 1981) [0 a varic~' ofhigh-intcnsity

of mechanical, thermal and chemical stimuli (Bessou & Perl 1969~ Burgess & Pt:rl

1973). The sensation produced by these nociceptors is often describcd as dull or

burning pain (Dchoa & Torebjork, 1989). Another type ofnociceprive afferent tibre

is the thinly myelinated AÔ fibre that responds to both thermal and mechanical stin1uli

(Burgess & Perl, 1967; Perl 1968) with a conduction ve10ciry of 5-30 mis (Adriacnscn

et al.. 1983). They are often associated ,vith sharp and pricking pain (Konietzny u al.,

1981). The large myelinated AP fibres are responsiblc for transmitting t.lcrik

information (Torebjork & Ochoa, 1980~ \'"allbo, 1981; Ochoa & Torebjork. 1983:

Ccrvcro, 1985).

1.1.2

1.1.2.1

Central Pathways

Spinal Organization

The central path\vays for processing nociceptivc infornlarion bcgin whcn

•

painful information reaches the leve1 of the spinal cord dorsal horn via both AÔ and C

primary nociceptive afferent fibres. After segregating from the large myelinated AP

tïbres. the AÔ and C-fibres bifurcate into ascending and descending branches for a few

segments of the spinal cord as part of the tract of Lissauer (Coggeshall et al., 1981) .

Smdies show mat the AÔ and C-afferents terminate primarily in the most superficial

5
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layers of the spinal cord, namely the marginal wne (lamina 1) and the substantü

gelatinosa (lamina II)(Heimer & Wall, 1968; LaMotte, 1977; Ralston, III & Ralston,

1979; Perl, 1980L but sorne fibres also terminate in a deeper layer such as lamina

V(Light & Perl, 1979). These nociceptive fibres fonu direct or indirect connections

\vith three major classes of neurons in the dorsal horn: 1) projection neurons ~ 2) IOCll

excitatory intcrneurons; and 3) inhibitory interneurons. In gcneral, projection neurons

in lamina 1 that are exclusively activated by nociceptive stimlÙi (i.e. the nociceptivc

specific or NS neurons) rcceive input directly from terminations of AÔ fibres Jill!

indirectly from C fibres through interneurons in layer II (Christenscn & Perl, 1970 ~

Cen:cro & Iggo, 1980). These neurons have discrete receptive tields and rcsponsc

characteristics that enable them tO distinguish the location and quality ofnoxious stimuli

(Priee & Mayer, 1974; Willis et al., 1974; Price & Dubner, 1977). Other projection

neurons in lamina 1reccive inputfrom low-threshold mechanoreccptors, and arc tcrnlcd

\vide dynamic range (\VDR) neurons (Ccrvero et al., 19ï6~ RJlston, III & R~lIstOIl,

1979~ vVoolf & Fitzgerald, 1983). The response characteristics of these nellrOIlS

depend on the intensity of the stimulation from a variety ofstimuli, including noxious,

to \vhich chey respond \vith increase frequeney diseharge (Hand\verker et al., 1975~

Priee & Bro\vn, 1975; Kenshalo, Tr. et al., 1979). NS projection neurons arc also

present in deeper layers of lamina V, mus they reeeive bath direct and indirect

convergent input from the nociceptive atferents (Willis et al., 1974~ Mcnétrey et al. ,

1977). The second major population of WDR projection neurons is also fOWld in this

6
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spinallaminae, and they receive input from large myelinated Ail tibers (\Vall, 1960~

Willis & Coggeshall, 1991).

Ascending Nociceptive Pathways

Peripheral nociceptive input to the dorsal horn is conveyed to highcr

subcortical md cortical structures by thc projection neurons via sevcral asccnding tibrc

tracts that terminate at different levcls. Studies donc in prinlates havc found ti"c n1ajor

.lscending path\vays originating from differcnt laminae of the spinal dorsal horn (vVillis.

1985): the spinothalamic tract, the spinorcticular tract, the spinonlcsenccphalic tract.

thc spinocen'ical tract, md thc postsynaptic dorsal column path\vay. Of thcse tin:. thc

tirst thrcc asccnd in the anterolatcral asccnding system, \vhich plays a dominant rolc in

convcying pain and temperarure. A.xons forming the anterolatcral systenl origin.uc

prcdominantly l'rom projection ncurons in lamina l and in the dccp lanlinac of thc

contralateral spinal cord, although sorne of the axons projcct ipsilatcrally. On the othcr

hand, the spinocervical and the postsynaptic dorsal colwnn path\\'ays asccnd in the.:

dorsal quadrant of the spinal cord.

1.1.2.2.1 Spinothalamic Tract

The \videly smdied spinothalamic tract (S'Tf) is che main spinal cord

path\\'ay chat conveys sensory information related to pain and temperature (Vierck &

Luck, 1979). 5Tf neurons originate primarily from laminae 1, 1\' and \' of the spinal

7
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cord (Willis et al., 1979~ Apkarian & Hodge, 1989a). After decussating tO the

contraiaterai site of the spinal cord, their a.xons ascend in the contralatcral anrerolateral

quadrant and terminate somatotopically in different regions of thalamus (Willis, 1985 ~

\Villis & Coggeshall, 1991). The panicular nuclei of termination inc1ude the lacerai

thalamus, in \vhich spinal projection terminates in the ventral posterior lateral nuclcLL\

(VPL), the ventral posterior media! (VPM) (Mehler et al., 1960; Applebauo1 et al.,

1979~ Boivie, 1979~ Berkley, 1980), the ventral posterior interior nucleus (''"PI)

u\pkarian & Hodge, 1989b~ Stevensetal., 1993) and the medial part of the postcrior

conlplex nuclci (POm) in the lateraI thalamus (Mehler, 1974~ Kerr, 1975~ Ralston. III

& Ralston, 1992). In gencral, sn neurons that project to the lateral thalamus ha\"C

small. contralateral cutaneous rcecptive fields and are thereforc suitablc for cncoding the

sensory-discriminativc aspects of pain (Willis et al., 1974). Ncurons in these regions

(both nociecptive specifie and \vide-dynamic-range) then send projections to cortical

regions such as the primary and sccondary somatosensory cortex.

Regions of termination in the media! thalamus inc1ude the ccntrallatcral

nucleus (CL) and other intralaminar nuclei (Mehler et al., 1960; Applebawn et ni..

19Î9~ Boi\ie, 1979; Berkley, 1980; Apkarian & Hodge, 1989b). srr celIs that project

to this region of the thalamus have response properties identical to chose of STI celIs

that project just to the lateral thalamus (Giesler JR et al., 1981). Ho\\·evcr, srr ceUs

that just project [0 the CL nucleus have very large receptive fields, suggesting that these

8
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neurons \\'ould be more suited to a role in the motivational-affective aspects of pain

(Giesler JRetal.) 1981; Willis, 1985; Willis & Westlund, 1997). Thcse medial thalanl ic

regions then project to a diversiry of cortical and SubcolLical structures including the

limbic and motor regions. Craig et al. (1994) have recenrly described anothcr sn

projection using anterograde tracing and single WÙt recording. They found thar the

posterior part of the ventral media! thalamus (VMpo) also reccives input from STr

lamina 1 neurons that are specifically responsive to noxious and thermal infonnation.

~eurons in the VMpo subsequently send projections to the insular cortex (Fricdnlan N

al., 1986).

1.1.2.2.2 Spinoreticular Tract

Nociceptive information also rcaches the subcortical stnrcturcs \'ia the

spinoreticular tract (SRT) mat sends fibres from the laminae VII and \ryII of the spinal

cord to the reticular formation in the brainstem (Willis & Coggeshall, 1991). The

majority of axons of these celIs ascend in the anterolateral quadrant after crossing rhe

spinal midline, but sorne spinoreticular fibres also form uncrossed projections (Kcvettcr

et al., 1982). Sorne spinoreticular neurons terminate on ceIls within the reticular

formation involved in descending pain modulation pathways (Casey, 1971; "Villis &

\Vestlund, 1997). Others rnake up the spino-reticulo-thalamic tract that projects to

medial thalamic areas, especially to the intralaminar nuclei, along with the spinothalamic

tract (Mehler et al., 1960). Both physiological (Haber etal., 1982; Giesler et al., 1981)
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and anatornieal smdies (Kevetter et al., 1982) have shown that sorne SRT neurons .lre

eolateraI branches ofsn eeUs. There is no obvious somatotopic organization of the

spinoreticular tracts (\Villis & Westhmd, 1997). Many retielùar neurons rcspond

prefcrcnrially tO noxious stimuli (Woisteneroft, 1964~ Fidds et al., 1977).

1.1.2.2.3 Spinomesencephalic Tract

The spinomeseneephalic tract (SMT) originates from the a.xons \\'hose eclIs

are locared in the eontralateral laminae 1 and V of the spinal eord (Willis ct al.. 1979 ~

Willis & Coggeshall. 1991). S~IT neurons are nocieeptive, rcsponding cither to

noxious stimlÙi only or best ro noxious but also to innocuous stimuli (\Villis &

Coggeshall, 1991). The reeeprivc fields ofthese ceUs that projcct to the thalanlWi as weIl

as to the midbrain tend to be restrietcd and small, whercas those projceting only ta the

midbrain tcnd to he eomplex, having exeitatory and inhibitory fields (Yezicrski et al.,

1987). The SMT tract terminates in different pans of the midbrain. primarily in the

superior collieulus and the periaqueduetal gray matter (PAG) (Mehler etal., 1960~ Kerr.

1975~ \Viberg et al., 1987). Projections to PAG terminate in an endogenous pain­

modulating system (Reynolds, 1969), whose activation produees analgesia and

cndogenous opiate-like substances (Basbawn & Fields, 1984). On the other hand,

inputs to the supcrior colliculus are likely to play a role in multisensory integration and

behavioural reaetions involved in the process of orienting to\vard painful stimtùi

1~lcHaffie et al.. 1989) .
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1.1.2.2.4 Spinocervical Tract

The existence of a significant spinocervieal tract (SCf) in humans is still

WlCertam. Ho\vever, in prmlates and cats, the a.xons that forro the spinoceryical tfJCt

(SCf) have their eelIs of origin located in the contraJateral spinal 1an1inac III, I\" ~lnd

V (Wall, 1960~ Bryanett,l., 1974~ Willis, 1985; Do\vnieetal., 1988). Mostofthcsc

neurons rcspond soldy to tactile stinluli, but sorne are also activatcd by noxious stiInuli

(Bro\\'n&Franz, 1969; Cerveroetal., 1977; Bryan etaI., 1974; Do\\'nieetal., 1988).

L"nlike the path\vays in the aforementioned mterolateral asecnding systcn1, thc

spinocervical tract travels in the dorsolateral quadrant of the spinal cord to the laterai

cervical nucleus <BrodaI & Rexed, 1953). The axons of ncurons of the tueraI cCl\'icai

nucleus then decussatc and asccnd in the mediallemniscus in the brain stem to midbrain

nuclci and tO the thalamus, particularly the VPL and POm (Berldey, 1980~ Boi\'ie,

1980). ~eurons in these thalamic regions then projeet to cortical regions such as SI.

In monkeys, it \\'as sho\vn that the POm projeets to the retroinsular cortex (:\lbc­

Fessard et al., 1985). Nociceprive transmission via the scr tract may potentially

account for the frequent recurrence of pain after anterolateral cordotomy.

1.1.2.2.5 Postsynaptic Dorsal Column

The postsynapric dorsal colwnn is mother pain path\vay that does not

.lScend in the anterolateral quadrant of the spinal cord. This path\\'ay is formed by the

axons of sorne nociceptive neurons in spinal laminae ID and IV along \vith the a.xon
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coUateraIs oflarge diarneter primary afferents. These fibres synapse in the dorsal collUl1n

nuclei in the medulla (Rustioni, 1973~ Rustioni, 1974~ Rustioni et al., 1979~ Bennett

et al., 1983 ~ Giesler et al., 1984). From there, projections are sent to the contraI.uefJ.l

V'PL thalamic nuclei via the mediallemniscus, then to the SI cortex. Studies sho\\" that

the trajectories ofpostsynaptic dorsal eolumn fibres are somatotopically organizcd in the

dorsal colwnn (Clitfer & Giesler, Ir., 1989~ Hirshberg et al., 1996). Recent cvidencc

suggests mat the postsynaptic dorsal column eells and the ceUs of the gracile nudcu.." in

the midbrain dorsal colurnn nuclei may he panicularly important for the transmission

of \'isceral pain (Al-Chaer et al., 1996).

It has been suggcstcd that mother paIn path\\'ay, the splno-pOnto­

.ln1ygdaloid system, conveys nociceptive input to subconical and cortical structun::s

subserving avoidance learning and/or the affective-motivational aspect ofpain (Bernard

& Besson, 1990)0 This path\vay consists primarily of neurons in lamina land \" that

ascend in the dorsolatcral funicuJus and synapse in the parabraehial area of the pons

betore reaching the amygdaloid complex in the brain.

1.1.2.3 Thalamus

•
As revie\\Oed previously, nociceptive information is conveyed bath directly

and indirectly tO the thalamus by the various ascending pathways. Traditionally, the

thalamus is functionally divided into lateraI and medial components that are thought to

12



correspond to the sensory-discriminarive and affective-motivational componcnts ofpain,

respectively (Albe-Fessard et al., 1985). Thalamic nuc1ei in these subdivisions rccci\"t~

dense nociceptive input from spinal nociceptive projection neurons. 5uch thal~m1ic

nudei inc1ude the ventroposterior lareral and media! nuclei (VPL and \TPM) (Bushndl

& Dilllcm, 1987: Bushnell et al., 1993~ Casey & ~lorro\\', 1983: Kcnshalo, Tr. et al..

1980), the posterior division of the ventromedial nucleus (VMpo) (Craig et al., 1994),

and the media! dorsal (MD), central lareraI (CL), central median (e~l) and

paratiscicular (Pf) nuc1ei of the medial thalamus (Dong et al., 1978: Bushndi &

Duncan, 1989). These nuclei project ro a nwnber ofdifferent cortical areas, including

51, 52, ACe and le.

•

• 1.1.2.4 Cortical Structures

•

Early last century, scientists cast doubt on the role of the cerebral cortex in

pain (Head & Holmes, 1911; Penfield & Boldrey, 1937). Ho\vever, nlorc reccnt

evidence from dectrophysiological recordings in animaIs and imaging srudics in hunlans

strongly suggests the involvement of the cerebral cortex in pain (e.g. Kenshalo, \Villis,

1991 for revie\v~ Talbot et al., 1991). Resilles from these studics indicate mat the

corucal areas most prominently involved include the 51 and 52 cortex, ACe and le.

.-\mong these regions, 51 remains the most disputable structure. The next section \\'ill

present a brief overview of the role of the 51 cortex in pain processing in light of

anaromical, physiological, and clinical studies, followed bv a discussion of the
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contro\'crsÎcs raÎsed by differcnt srudy groups using imaging tcchniques.

1.1.2.4.1 SI Cortex: Anatomical, Physiological and Clinical Evidence

Although considerable kno\vledge exists conccrning the conical proccssing

of tactile., auditory, and visual information, there is still uncenainty .lbout ho\\· the

conex processes noxious information. Early human lesion and stimlÙation data had

suggested that 51 conex plays a minimal role in pain processing (e.g. Head & Holnles.

191 L Penficld & Boldrey, 1937). Ne\'cnhdess~ large anatomical studies have pn)\·idcd

c\·idence that 51 receives input from thalan1ic neurons \vith nociccprÎvc propcrrics.

induding the ventral posterior lateral (\TPL), ventral posterior medial nudclt'i (\'P~1 )

(Joncs & ScavÎtt, 1974; Jones & Bunon, 1976; Jones, 1979~ Joncs & Friedman, 1982:

Pons & Kaas~ 1985~ Rausell & Joncs, 1991~ Rauscll etaI., 1992) as \\iell as the ventral

postcrior inferior (\TI) and centrallateral nucleus (CL) (Gingold et al., 1991). In

addition, single-tmit recordings have found small numbers ofnociceptivc ncurons in the

51 conexofmonkeys (Kenshalo DR & Isenesee, 1983; Kenshalo, Tr. etal., 1988). In

addition. sorne single ncurons \\·ithin SI, in both anesthctizcd (Kcnshalo DR &

Iscncsee~ 1983~ Kenshaoloetal., 2000) and a\vake (Kenshalo, Ir. etaI., 1988) primates,

encode the intensity of noxious heat stimuli.

Clinical evidence also implicates the involvement ofS1 in pain perception_

Focal lesion smdies reported transient deficits in pain perception in patients \vith se\-erc
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conical injurv (Head & Holmes, 1911; Marshall, 1951; Boivic et al., 1989), .lnd

epilcptic patients \vith foci involving 51 expericnce painful seizures (Young & Blun1c,

1983). In addition, removal of 51 has been observed to impair localization \vhik

lcaving the ability to pcrceive pain intact (Penfield & Jasper, 1954).

Sînce the majority ofthese SI neurons have WDR responsc propcnics, il

IS likdy that a significant proportion of neurons \\'ill .1150 rcspond to innocllow;

vibrotactile stimuli. ln conjunction with evidence from primate studies sho\\'ing th.u

bilatcral ablation of SI disrupts the ability tO discriminate intensities of noxiolls hC.lt

(Kcnshalo. Jr. et al., 1991), the findings cited above suggest that this region is involvcd

in the sensory-discriminativc aspect of pain perception.

1.1.2.4.1 Discrepancies Among Studies

To this day, SI rcmains the most disputed conical structure in regard to

hwnan pain processing. Historically, clinical obsen"ations of focal brain lesions and

dectrical stimulation of the conex have suggested that conical involvcment in pain

perception is minimal or absent. Instead, they have suggested that the thalamic and

subcortical structures make the predominant contribution to the expericnce of pain

(Head & Holmes, 1911; Penfield & Boldrey, 1937). Although numerous anatomical

and neucophysiologïcal data have sho\\TI nociceptive projections from thalamus and the

existence of nociceptive neurons in 51 cortex, the scarcity of these SI nOClCeptl\'e
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neurons has led to questions concerning their ftu1ctional significance in pain perception.

The inconsistent results observed in different human brain in1aging

cxpcriments have added fuel tO this controversy. In an initial study using positron

emission tomography (PET) techniques, Talbot et al. (1991) rcported that noxioll'

stimulation ofthe forearm evoked pain-related activation \\rithin contralatcral SI, .lS weIl

.lS in seconda~' somatosensory cortex (52) and anterior cingulatc cortex (ACC).

Although Jones and colleagues (Jones et al., 1991) saon contirmed the p~ün-rd.ltcd

.lctivation \\rithin ACC, using similar PET techniques but prcsentcd ta a tLxcd location

on the dorsal hand, thcir failure to find activation in 51 sparked an ongoing dcbate

(Jones et al., 1992~ Duncan et al., 1992~ Roland, 1992) .

The discrepancies \vere attributed to inadequatc subtraction of the tactile

componenrs of the stimuli. Jones and colleagues argucd that their expcrin1t·nt.ll

paradigm successfully controlled for the non-nociceptive senso~' con1poncnt of the

stimulus by placing the pain stimulus in the same location as the heat stimulus and then

subtracting the cortical accivitv evoked b\r the heat stimulus from that evoked bv the...... ,.,. ...

pain stimulus. Furthermore, Jones argued that in the case of the Talbot experiment, SI

activities observed according tO their paradigm (multiple stimulus location) were rather

the by-product ofeither an attenrion-related modulation of51 acti\ities or the effect of

skin contact \vith the thermode (Jones et al., 1992; Jones & Derbyshire, 1996).
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To complicate the issue funher, another group, using single photon­

emission cornputcd tornography (SPECf), has reponed a significant decrease in blood

flo\\' in SI \vhen subjects submerged their fmgers in hot water for 3 minutes (Apkarian

et al., 1992). A possible explanation for this observation could be offcrcd by

electroencephalographic fmdings indicaring that SI is initially activated by pain, but in

.1 short cime (seconds) the activation is replaced by inhibition or the return ta bJsclinc

idling state (Backonja et al., 1991). Since the publication of thcse first imaging studies,

subsequent investigations have confirmed, at rnost, that SI activation is a \'arÎ.lblc

tïnding whcn hwnan subjects receive painful stimuli (Bushnell et al., 1999).

Although more recent brain imaging studies pointed to\\'ards an acti\'ation

ofS1 undcr pa.infu1 conditions, sorne stUdies have also reported a substantial ovcrlap in

the cerebral processing of cutaneous noxious and innocuous stimuli (Coghill et al..

1994~ Gdnar.P.A. et ai., 1999). The spatiaJ proximity of S1 activation under thcse t\vo

conditions funher contributes tO the present confusion about the role of SI ln polln

processlng.
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1.2 FUNCTIONAL BRAIN IMAGING

The basis for modern functional brain in1aging techniques carne fron1 .ln

idea originally proposed by Roy & Sherrington in 1890 (Roy & Sherrington. 1890).

The pair suggested that brain activiry could increase cerebral blood flo\\' (CBF) through

.1 metabolic mediator. a proposition confirrned by numerou...; subsequent studics

dernonstrating that local changes in CBF are coupkd \\-'ith region.ll br.lin .lcti\'ity_

Modern funcoonal brain imaging tools have taken advantage of this "activJtion­

dcpcndcnt coupling" in order tO map neuronal actÎ\;ty.

Since the 19705, when Lassen and colleagues did the first pain in1Jging

srudy using the radioisotope Xenonl33 (Lassen et al., 1978), a lJrge numbcr of pain

irnaging srudies have been Performed Wiing positron emission tomography {PET). This

imaging rnethodology rests on the intravenous injection of a radioJctivc tracer, u.su~l11y

radioactive "'ater (H/50), that is distributed in proportion to the blood flo\\'. This

mcthod allo\\'s the CBF to he measured at a defmed point in time, but docs oot .1110\\'

the in\'estigator to follo\v changes o\'cr rime.

Funetional magnetic resonance imaging (t1vlRI) has recently becomc .1

pO\\'crful norunvasivc brain imaging technique for localizing functional neural actÎ\'itics

and changes in corncal arcas during a variery of sensory, motor, or cognitivc tas~

(Bandettini et al., 1992; Ogawa et al" 1992). In this respect, fMRI is potentially
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• revolutionary for imaging brain activity. In the near future it is likely [0 becomc the

method of choice in brain iIuaging studies.

1.2.1 Advantages of fMRI

•

•

In many respects, fi\lRI otTers several advanrages ovcr thc conventional PET

imaging technique. First, wilike PET, fMRI is based on a non-invasive approach to

providing image contrast. Ir does not require the injection of radioactive tracer,

therefore there arc no associated health risks for subjects, and specifie individuals nlJY

oc specitically cvaluated. Second, the superior temporal (less than l second) and sp~lti.ll

resolution (-1 mm) of fMRI (as opposed ro PETs 10 minutes and 4-6 mm temporal

.lnd spatial sensitivity) allo\\"s a large amOWlt ofdata to be eollccted from an indi\'idll~ll

subject during a t\vo-hour scanning session (approxÏIllJtcly htmdreds of scans .1S

opposed to the limircd 10 to 12 scans pcr subject in PET). In chis way. the lcngth of

the scanning pcriod is reduced without compromising the sensitivity and accuracy of

data intcrpretation. By conrrast, the small number of scans availablc pcr session using

the PET method requires the dara from multiple subjects to he avcraged in order ta

make rdiable ineerpretations. Finally, the availabiliry and the 10\\' cost of MR1

technology for research also constituee significant advantages aver PET.
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• 1.2.2 Principles of the tMRI Signal

MRI is based on the detection ofe1ectromagnetic signaIs eman3ring frolll

•

spinning hydrogen protons in the tissues when they are excited by 3 radio freq ucney

(RF) pulse applied in the presence ofan externally generated statie n1agnctie ticld. The

RF pulse excites the spinning protons and synchronizcs rheir spins then:by erc~lting .1

srrong collective signal. Along \Vith other factors, the presence of 10caJ varùtions in

magnetic-field strength caused by tissues \vith differing magnetic sllsceptibility induces

nlinute shitts in the RFs of ncarby protons \vithin each voxcl, causing then1 [0 t:l11 out

ofsynchronization (dephasing) ",phich leads to RF signal dccay. Thus, ditferenccs in the

fatc of dephasing (termed T2") are closely coupled \vith local hemodynanlic ch~lnges

whieh retleet neuronal activity and mctabolic changes (Cohen & Bookhcimcr, 199..t

DeYoc et al., 1994).

1.2.3 Blood...Oxygenation...Level...Dependent (BOLD) fMRI

Early fMRI experiments used the administration ofan exogenous Contr~lst

•

agent in arder to measure changes in CBF. This method, ho\vcver, \vas rapidly rcplaced

by the discovery of an endogenous contrast agent, the deo",pygenatcd hemoglobin

inherent to blood. In 1936, Pauling first noted that the magnetic susceptihiliry of

o""yhemoglobin and deo",!rhemoglobin differed slightly (Pauling & C0l!pell, 1936).

Thulborn and colleagues predieted and later demonstrated in vitro that the signal dccay

rate of deox'yhemoglobin is more rapid man mat of ox-yhemoglobin, irnplying that
20
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changes in blood oxygenation can induce changes in blood MR signal intcnsity, thLl\

crcaring image contrast (Thulbom etal. 1982). Since then the blood-oxygenation-lc\·cI-

dependent (BOLD) contrast method has become the most prevalent approach in evlRI

expenrncnts.

Oga\\pa and colleagucs first rcponcd the effects of blood ox~~gen on T2· in

~1R ünages, and labclled it as the ~'blood-ox~rgen-Ievel·dependene'or BüLD mcthod

(Oga\\pa et al.., 1990). This approach takes advantage of the inhercnt paran1agnctÎc

qualities ofdcox~rhemoglobinfor use as an endogenous contrast agent. The undcrlying

concept is that a localized increase in neural activity produced by a scnsory. motor or

cognitive task results in an mcrease in regional cerebral blood tlo\\" (rCBF 1•

Consequcntly, oxygen delivery is 2-4 times greater than the corresponding incn:J.se in

blood volunlC (Gmbb et al.., 1974). The excess oxygen supply causes an incrcase in the

07\.-ygenated hernoglobin concentration in the acovated region, accompanied by .l

decrease in deox·yhemoglobin in the cerebral capillaries and veins (Fox & Raichle, 1986:

Bandettini et al.., 1992; Kwong et al.., 1992). Due to the differential magnetic....

•

susceptibility of ox·ygenated (diamagnetic) and deox~rgenated henl0globin

(paramagnetic), the presence of deox·yhemoglobin in a capillary degrades the

homogeneity of the magnetic field, \vhich in mm increases the dephasing (RF signal

decay) ofspinning hydrogen protons. As the amount ofdeox-yhemoglobin in the blood

is \\'ashed out and diluted by the rising blood flo\v, less rapid dephasing occurs, and the
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• MR signal decays more slo\\'ly., mus effectivcly increasing the MR signal. The RF

detecror in the scanner picks up the changes., and ultimately regions of the brain that

ha\T enhanced acrivity appear as brighter regions on the functional MR inlage. Thesl'

changes in the intensiry of the signal can then bc used indirectly tO rneasure changes in

rCBF scconda~' to neuronal acti\'iry. ln other \vords, increases in neuronal .lctÎ\·ity .ln:

dctected .lS .ln increase in me MR signaL

1.2.4 Susceptibility to Artifacts

•

•

Severa! sources of anifacts and noise may contaminatc f.MRI images .lnd

con1plicatc thcir intcrpretation. The most common artifacts .lrisc fronl the subject's

head movemenrs (Hajnal et al., 1993). The high spatial rcsolution of ~lRl, coupkd

\\'ith its high intrinsic contrast., has the disadva11tage that \vhen activation-rdated sign.ll

changes are very small, c\'cn slight mis-registration creatcs signitïcant anifacts follo\\'ing

basdinc subtraction. Head motion not only reduces the signal to noise ratio in ~Kti\'atcd

regions but also produces pseudo-activations, espccially at the edge of the brain .md

bet\\'een large fissures. Precautions and clear instructions to the subjects prior to the

scanning should he given to avoid such a blas,
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1.3 OBJECTIVES

The tirst hwnan pain imaging srudy \vas pcrfornled in the carly 19ïOs by

Lassen and colleagues (Lassen et al., 1978) using the radioisotope Xcnon133
. Dcspite

thc poor spatial rcsolution provided by this technique, the resuIts did indicatc that there

"'as J.Il increased blood flo\\" to the frontal lobes during paintùl conditions. Ho\\"c\'er,

the thrce subsequent brain imaging srudies of pain published in the carly 19905 lL'~ing

PET (Talbot et al., 1991; Jones et al., 1991) and single photon cmission conlputed

tomography (SPECf) (Apkarian et al., 1992) have produced inconsistent rcsults,

specifically rcgarding the role of51 in pain proccssing (refer to section 1.1.2.4.1). Sino:

then, this cortical structure and its relation to pain processing has remaincd the subjcG

of debate as inconsistcnt tindings continue to be reported among the nlmlerOlL~ br.lin

inlaging studies. Ho\vever, given the considerable ditfercnces in methodological

appro'lCh among the different research groups, it is not surprising that discrepancics .lre

present among all the srudies.

In addition, most ofthe brain imaging studies donc in the past have mainly

addressed the issue of the spatial location of SI activation sites. Srudies ha\"c sddom

been directed to\vards exploring the temporal aspect of the activation, and the possible

W1derlying physiological attributes of the physical and perceptual aspects of the stimuli

in relation ro the observed activation in this panicuJar region of the brain.
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The resolution of the imaging system bccomes critical \vhcn attempting ta

.lssign activity to areas ofthe cortex in dose spatial proximity. The n1ajority ofprc\'iolli

pain imaging smdies were performed \vith PET, \vhich has a rclativdy lo\\" spatial .md

temporal resolution. The high spatial and temporal sensitivity otfcred by f1.1RI Ilot

only .lllo\\" a morc precise identification of the corucal regions activ.ltcd during the

applic.uion of a specitic stimuli, but also permit assessment of the dynamic bch.lviour

ofneural populations over rime. Using this po\vertUl imaging tool, this research projcLt

in"cstigates the fimctional significance of SI in pain processing by perforn1ing .1

tcn1poral .lssessment of S1 conical activity in relation to painful and non-painful tactik

stimulations. Panicular emphasis \vas placed on verifying \\"hcther differences in th~

J.ctivin· of SI under these m'o conditions could he reflected in the tin1e course of the

J.ctivation \\'ithin this conical region, and if 50, could that difference in time-course bc

explained by differcnces in the physical or the perceptual charactcristics of the stin1uli?

The same set of data used in this studv has also been anal\'sed to addrcss. .

issues concerning the inter and intra subject differences in pain- and tactile-relatcd

cortical activation. Results ofsuch analysis are presented in a thcsis entitled "PRin a"d

Tactile El'oked Aaivations in Cerebml Cortex: Between Rnd IVithi" Sltbject

Comparisons Usingj}ARI" by Brian J. Ha (Ha, 2000) .
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Chapter 2

METHons

2.1 SUBJECTS

Six normal volwlteers (four males, (WO females, age 23 tO 4ï) participated

in the study. Ho\\'cver~ data from t\vo subjccts \\'cre excludcd duc to the presence of

large motion anifacts. The subjccts \\'crc instructed in the basic design of the

expcrirnent and \\'cre fully aware of the duration and intensity of pain that they \\'ould

nccd ta cndure. The study WolS approved by the Montreal Neurological [nstitutc and

Hospital (~~I) Rcsearch Ethics Committee, and \\Titten inforrned consent WolS

obtained from each subject prior [0 each study session.

2.2 STIMULI

Two types of sornatosensory stimuli were used in the present srudy:

Thermal. Thermal stimuli consisted of noxious (45-46°C) and neurral

(, 35-36°C) stimulation applied tO the itmcr lcft calf via contact thermodes (9-(01":

aluminum blocks cOIUlected to recirculating warer baths under thermostatic control) .
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These temperaturcs \vcre choscn prior to imaging experiments during a preliminary

session in ,,'hich subjects \Vere acdimatcd to thermal stimuli and trained to rate both

their pain intensity and W1pleasantness using fivc-point verbal scales in which "zero"

reprcsented no pain sensation or no pain unpleasantness, \vhile '~five" represcnted thc

nl0sr intense pain sensation, or the most unpleasantness pain that the subject wOLÙd

tolerate. For cach subject, the painful thermal temperature \vas dercrmined .lS th.lt

\\'hich produced a moderate but tolerable level of pain (a rating of four out of ti\"c on

the pain-intensity scale). The temperarure of the neutraI stimulus \vas chosen .lS th.lt

which produced oruy a minimal sensation of \\'armth. During imJging sessions. the

thermal stinluli (noxious heat and neutrai \varmth) \vere applied in .ln .llternating cyclic

fashion (by the circulating \vater bathes, described belo\v) to the skin during stimulation

pcriods md \\'ithdrawn during the inter-stimulus interval. The presentation of the

neutral thermal stimuli served as a control for tactile and cognitive aspects fo the phasic

stimulation paradigm.

MechanicRI. Mechanical stimuli \vere presented to the SJnle site llsed

tor thermal stimulation and consisted of light manual brushing at 2Hz, using a 2-cn1

wide soft anist's paint brush moving back and forth in a proximal-distal orientation.

o\"er a lO-cm region of the skin. The brush stimuli were also presented during the

preliminary session in which subjects practiccd rating the intensity of the brush using
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a similar five-point scale, where zero represented no sensation and five representcd vcry

intense, but non-painful sensation. During imaging sessions, the brush stimuli \Vcre

presented in separate scanning fW1S, \vithout thermal stimulation~ periods ofstinlulation

and rest (inter-stimulus intervals) \vere idcntical to those med in the thermal stimulation

expenmcnt.

2.3 EXPERIMENTAL PROTOCOL

Each subject participated in three ~lRI scanning sessions conductcd on

diffcrent days. Beforc bcing placed into the scanner, subjects \verc instructcd ta .1ttend

tO the stimLÙi, to kecp their eycs closed and tO restrain themsel"cs from movemcnt as

n1uch as possible throughout the imaging session. After being placed in a con1tonablc

position, the head \vas immobilized \vith padded ear-muffs to prevenr mo\'cnlcnt.

Additional suppons, such as a foam headrest and a plastic bar for the bridge of the nosc

and a bite bar, were sometimes used to tùrther restrict nlotion. Each scanning session
'-

consisted of 5 to 8 functional scanning runs and a high-resolution .lnatomical selO.

During the scanning, thermal and brush stimuli were applicd to the let{ calfon separate

nulS. Scarming sessions ah"ays started with brushing nulS fol1o\ved by the thermal runs

to J\'oid the possible etfect of sensitization induced by the noxious stimuli. Thermal

fW1S consisted of 10 cycles of rest, painful hear, resr, and neutraI heat stimulation, with

each condition lasting 3 complete full-brain scans, -10 s long. Brushing nulS containcd
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20 cycles of brushing and rest, each with the same duration as that used during thc

thermal runs. Presentation ofboth thermal and brush stimuli \vere svnchronized with

data acquisition using auditory eues generated by the scanner at the beginning of each

full-brain scan sequence.

In order to assess the issue ofstimulus rcliability and to control for possible

stinlulus scnsitization and/or habituation, subjects were înstructed. follo\\'ing each nm

tO rate the intcnsity and W1pleasanmess of the stimuli perceived ;,lt the beginning .lnd .lt

the end of the nID in the manner described previously. Subjects were also asked ta r.Hc

any discomfon arising from sources other than the stimwus. AlI ratings \Vere gi"cn

non-n:rb.llly. using the fingcrs of one hand, to minimize hcad movcmcnt. Scpar.ltc

psychophysical experiments, follo\ving the same stinlwus paradigms used in t~IRL

\vere also performed after the scanning sessions in order to obtain a continuous rating

of both pain md brush perception along the full course of the stimulation. During thc

psychophysical expcriments, ratings \vere given on-Line throughout the stimulus pcriod

using a mechanical visua! analogue scale (\rAS) that allowed the subject ta makc

instantaneous changes in the ratings mat \vere then sampled by the computer at 10Hz.

2.4 DATA ACQUISITION

Imaging \vas performed in the McConnell Brain Imaging Center at the

28



•

•

Montreal Neurological Institute using a 1.5 Tesla Siemens \'ision scanner with .1

standard head coil. BOLD fMR images "'ere obtained using a T2" -\veightcd gradient

ccho (GE) echo planar imaging (EPI) sequence (TR = 3.36 s., TE = 51 ms., tlip angle

= 90'\ FOV = 300 mn1, matri.x = 128 xI28). Images \vere taken in 120 wholc-br.lin

volwncs (or ~frames') per nul (3.36 s/frarnc., -7 min Iron) ,vith 10 to 13 contiguous

axial slices of 7 mm thickness parallel to the AC-PC line (in-plane resolution 2.3 x 2.3

mnl l. con:ring the brain from the vertex tO the base of the thalamus. High-rcsolution

Tl-wcighted anatomical scans (TR = 22 ms, TE = 20 ms, tlip angle = 30°, FO\~ =

256 mm) \\"ere acquired for all scarming sessions.

2.5 DATA ANALYSIS

2.5.1 Statistical Activation Map

•

Functional data \vere motion corrected and lo\\"-pass filtcrcd with .16 I11nl

F\Vl-L\1 Gaussian kernel in arder ta increase the signal-ta-noise ratio. The tirst nn)

frames wcre excluded in each run since such scans do not represent the steady stare of

magnetization. Activation maps, comparing painful heat ta neurra) heat conditions and

tactile ta rest conditions, \vere generated using fMRI5TAT-MLTLTI5TAT (\Vorsky et

al., 2000) sofuvare developed at the ~TJ. This statistical analysis was based on a lincar

model \vith correlated crrors. For each run, the design matrix of the linear mode! \\"as

first convolved with a gamma hemodynamic response function \vith a rncan lag of 6
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•

•

seconds and a standard deviation of 3 seconds timed to coincide \vith the acquisition of

each slice (Lmge & Zeger, 199ï). Polynomial covariates up to 3 degrees were added

to the frame times in the design matrix to compensatc for the tendency of the t:\lRI

signal to drift, which in rurn causes 10ss of scnsitivity by increasing the standan.i

dc\·iation. The correlation structure was modellcd as an autoregressi"c process of 1

degn~e tO accoW1t for temporal correlation, \vhich, if not considered, would result in .ln

inappropriatcly large t value and inaccurate statistical nlaps (Bullmorc et al. ~ 1996l. At

each \'oxel. the alltocorrclation parameter \vas estimated from the lcast squares residu;lls

w~ing the YuJe-\Valker cquations, after a bias correction for corrc1ations induccd by the

lincar nlodel. The autocorrclation parametcr \vas first regularizcd by spatial snl00thing

\vith a 15 mm FVVHM Gaussian filter, \vhich \vas then used tO ~\'hiten~ the datJ Jnd the

design matrix. The linear mode1 \vas then re-estimatcd using lcast squan:s on the

\vhitcned data to produce estimates ofetfects and their standard crrors.

In order to produce average data across a single seSSIon, nms wen:

combined using mother linear model for the run etfects (as data), \veighted in\'erscly

by the square of their standard ecrors. In order to account for variability among the

different subjects and srudy sessions, a random-etTects analysis \\'as pertormcd by

estimating the ratio ofthe random-etfects variance to the fe<ed-etfects variance (obtaincd

from the individual runs analysis). The ratio "'as then regularized by spatial smoothing

with 15 - 30 mm FWHM Gaussian fùters to increase its degrees of freedom. thLL\
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• increasing sensitivity. The resulting t statistic images were thresholdcd (p = 0.05) using

the mininlurn givcn by a Bonferroni correction and random field thcory (\Vors1ey t'tal.,

1996).

AIl images \"crc resampled into stereotaXIe space uslng an autonlJted

rcgistration method bascd on a multiscalc, thrcc-dinlcnsional cross-correlation with the

average of 305 normal MR scans registered inca Talairach space (Collins et ,1/., 1994).

Fllilctional rod anaconlical data were then mcrged to locate regions of signitic.ll1t

.lctl\·atlon.

• 2.5.2 Localization of the Central Sulcus

•

The cencral sulcus \vas identified using t\vo anaconlical landnlarks (Kido t:t

al.. 1980~ Sahel et al., 1993). Firsc., on the laterai view of the anatomical scan in th\:

standardizcd space, the central sulcus \vas idcntified as the sulcus inlnlcdiatdy postcrior

tO the perpendicular intersection of the superior frontal sulcus (anterior-postcrior

orienced) and the medial-lateraI oriented precentral sulcus. Second.. on the nlidlinc

sagittal plane, the central sulcus \vas identified as the small sulcus oriented dorsal-ventral

on the dorsal surface ofconex., locaced anterior to the ascending marginal branch of the

cingulate sulcus. At the midline~ the central sulcus \\'as limited in cx-cent, but a fc\\'

millimetres lacerai co the midline \"Î.e\v it was readily identifiable as a decp sulcus.

31



• 2.5.3 Construction of SI ROI

Once the central SlÙCUS was located for each subject, directed searches \\'crc:

performed on identified SI regions reliably activated by brush and noxious hcat stimuli.

For each subject, the session demonstrating the stfongest significant SI activation \\';lS

sdccted for the purpose of marking the regions of intcrest (ROIs). SI ROIs were

detined for the twO stimulus modalities in each subject as the highesr peak of acti\'ation

within the SI cortex and the surroWlding significant voxcls.

2.5.4 Extraction of Time Course

•

•

In a second step, the original raw functional data runs (i.e. lUlanalyzcd) of

like modaliry \vere averaged for individual subjects. The time course of activation W.1S

then cxtractcd from thesc avcragcd functional runs by using the corrcsponding ROI JS

.1 mask dcnoting the appropriatc SI region. Thesc data wcrc further .l\"cragcd [0

examine the mean rime course of activation per stimulus cycle.
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•
Chapter 3

RESULTS

3.1 PSYCHOPHYSICAL RESULTS

3.1.1 Post...Scanning Estimates

•
In the fMRI session, al1 subjecrs rated nonoos thermal stimuli as painful

(mean rating 4.1 ::!: 0.1 out of 5 on pain sca1e), and innocuous brushing stimulations

were always rated as moderately intense but non-painful (mean raring 2.0 ::!: 0.5 out of

5 on non-pain scale). In addition, no significant differences were found between the

pain ratings at the beginning and at the end ofruns (p =0.12, paired t-test; Figure 1).

•

J1pwL Paie nliapftœ.l
br aosiow .... lIÎIDuIi

pracalld d-u. fMllI
......;... F~cach

JCUIIIiag nm sub;:canœddx
paœivcd pain intclUity
a.oàalEdwiIh iDiIial mat fiDal
srimaIi paaIIld widIin dut
nID. AI DaIiolII tbmDal
SIimuIi wae nlEd u pùafiIl
(4.1 ±O.I).mdœl)'*DlalÏC
&Hàaa:es iDpaiDnliDpW'eft
ohavcd wiIhiD _ ..".....
ft.- (1Dft vs eDd ntiDp,
pUftd c-t:ar., p=O.U).
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• 3.1.2 Continuous Ratings

Figure 2 shows the ratings of perceptual responses o\u rime tG both

noxious heat and brush conditions obtained in a separare psychophysical session using

online VAS foUowing the same stimulus paradigm used for tMR scanning. During the

heatpain condition, the perceptionofpain intensity (red) gradually inaeasedover rime,

reaching a peak onIy at the end of the stimulation (-10 sec. after the onser of the

stimulus), and eventually exceeding the
PAIN PERCEPIION

•

...
J5

BRUSH PERCEPTION

••
J5

duration of the stimulus (grey dotted

line). By conttast, a response delay was

not found under the brush condition

(blue); its response curve was

charaeterized by a ncarly immediate

response mat remained constant
è J.

j :5

oS z•
..c2 15: ..
~ 5.-- - -- --.,. ,

ï-----------j .
: : : '
1 i 1, L \ _

~

throughout the stimulation period.

Comparison of pcrceptual response to

noxious heat and brushing revealed a

•

Tamc(scc)

~ 2. Coelia VAS iD"" ra C'IOlId bJDOKiouI-.. ~ FardlissiDp
sub;ea. rhc pcn:cpciœ œp.miIMmIity (1Dp, mlh) evobd br
Dalicu&latgndualyiDaaJcdova'~ duntiaDœ_1IÏIIIIIIIJI
(da.t.a.d Fr 1iDr)~ tadIing die peak aaIy at rhc ca! œ_
~aœ. and CftDftIaIy nrrntiOS die duntiaD c:L _
SIÏIIUUI. In~~ subjcds paupitm ~ innnnlOUI
rnrdMnjgl iDImIily (bcaDm,~ 1iDc)~ br die bruIh
stimaIi sbowal an œH«~aaD-i.c.an ilnaJalialr laf'OIIIC at
die CDCt d the SIÏIIdIII (ildalbi br aD IJI'OIIV; duhtd pey
1iDc) wbidl ma. l'aIIIiDN at the lUDIe kw:l IIaoupAIllht
lIÎIIIIIIaIduntiaD, butftftll'DCd m the budiDe kw:l as JDœasdie
SIiaUuI wu WÏlblhwo.
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significant difference in the occurrence

of each respective peak, with tbermal

perception peaking significandy Iater

than the perception of innocuous

brushing (p<O.OI, t-test).



• 3.2 PAIN-ANDMECHANICAL TACTILE-RELATED

S 1 ACTIVATION

Single-session analysis revealed locally significant pain- and innocuow;

brush-rdated activations within SI in aU four subjects (Figure 3 and 4, Table 2). Sitcsof

S1 activation lay \vithin anatomically relevant regions for each individual subjcct (Kido

t.·r al., 1980 ~ Sobel et al., 1993). The position ofthe central sulcus varicd acrOS5 subjccrs

(Figure 3, lctt), exhibiting 1 to -4 mm antcrior-postcrior differenccs across the mcdü}-

latera! e~~ent of the sulcus (mcan 5D = 3.8; Figure 3, right~ Table L pp. 36) .

•
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•
FigIIJT3. Anatomica1 vuiability of the ,cntn1 swaas among subjccu. T.1g pOInts wcrc tJ.Kcn .llor:g the m..:dlJl·IJtcral
atcr1t of the ~cr1tï.l1 suk-us ~d ploctc:d ~iru.'t the anterior-postenor coordiru.tcs in t.":lch ..ub't.~""t ro dcmonstntc ditrcrcn~c.'

ln the positlon otthe ctntru sulcus across ~I;ublcets (ldt). In relation [Q the ;m::r.lgc. the matomia.l \~riatlon r.mged lx·twccn
1 tu --l mm .lntcrior-postcriorly in the mcdial-latcr.U atcnd (mc:m SO = 3.8) .
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contralateral SI activation was detected on the

SI activation strietly c:ontralateral to the stimulated

anteriorcingulateconex (ACC), insularcortex (le)

Three of the four subjects demonstrated

SI Pain....Related Activation3.2.1

found in the secondary somatosensory cortex (S2),

Significant pain-relatcd aetivity was aJso

3.2.1.1 Odaer CorriœJ or Subcorriazl
Regions 01 Adit1CJtion

central sulcus (Figure 4- TS).

bilateral activity was aIso found deep within the

and supplementary motor area (SMA). Basal

observed deep within the sulcus. The observed

body site, while one subjcct showed bilateral SI

aetivity (Figure 4, Table 2a). The majority of the

subjcct (Figure 4- JB), whose SI activation was

surface of the post-œnttal gyms, except for one

•

•

•

~ ~ Sipjfiqnt ........... 51
adÏftIioD ubwa.uI ia aU four~ ganglia were aIso consistently found to he activaœd
&:Iivariœl si1a~ fouDj widIin malDlllialy
ftkvaIIl ftIiœI fm' acb iDdividuaI suIJ;m.
Wbik lDDIt ~ the aclivatioD siIa ~ in all subjccts (not shown; dUs Study foolsses on
CCIIII'IIa~ODe subp.-t (sn showaI billtaal
KfivaIicD. Vuiabilïty œdE o:aaaI __
amœs dIr sub;ccIs ia aIIo ot.avaI. the SI cortex).
CoœdiDaœs 1ft c:apewtd iD miIimeaa.
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bilateral activation.

Bilateral S2 activation was aJso obscrved

also aeti~ however these were not consistent

Lightmechanical brushing aJso produecd

St Mecbanical Brush-Related
Activations

were found in any subject (data not shawn; the

in ail subjeas. A number ofother cortical areas were

However, the same stimulation did not evoke a

3.2.2.1 Other Cortical or Subcorriad
Regions of ActitlatÎOn

farmer down into the cortex (Figure 5- J5).

in one subjecr, the area of activation is extendcd

activation was mainly found on the surface ofS1, and

subjecrs (Figure 5, Table 2b). The brush-evoked SI

significant aetivity within conrralateral SI in ail

3.2.2

•

•

•
present study focusscs on the SI conex).

,.... s. S4pi'1c-t lM re'''' SI

a ubwa.... iD fuar a.;...
Siap aDIIyIia cL iUfk**S ID huila
sIimIIIi~ sipifin- aJIIInIItaal S1
aaivalioa ia al suI;eaJ. CoœdÎIIIIa aK

op lCd iD-..ua.
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• Table 1. A"terior-PosteriorAnRtomkAl mriRbility a&rOss subjects in the medial­
UJteral extmt

M·L tag points A-P variations (mm)
(mm) Subjeet BR Subjcct Je Subjeet lB Subject J5

0 -34 -33 -40 -35
5 -34 -33 -40 -35
10 -34- -32 -34 -32
15 -34 -25 -26 -23
20 -34 -25 -22 -23
25 -29 -24 -24 -25
30 -28 -23 -19 -23
35 -28 -22 -18 -1 ï
40 -23 -19 -18 -12

T.tg pOints wcrc taken ~ong the medial-latcr.U (M· L ; positive: nght) atcnd IIf the ccntnl suJCU\ t'li I.;(.tmlnc Ifs nnaClon ln the:
.tntcnor·postcnor (:\-p rd.1tlvc ro the .1Otc:nor commISSure; puS1tl\·c = .1ntcnorl pl.1nc. DIst:mcc l!t cxprcsscd 10 mllhml.·trc!t.

•
Table 2. StereotR.Xic coordinates and peldu ofSI pllin- IIM brush-related actimtion
Table 2a. Pain-related SI activation sites

6.0 3.55
4.5 3.5-1:
ï.ï 3.57
9.5 3.5i

Stcreota.xic coordinatcs (mm)
Local

Local maxima threshold------------------ (p = 0.05)
Subjecr

M-L A-P S-I
HB 8 -46 74
CT 24 -38 68
BI 12 -32 66

ST 20 -24 62
Table 2b. Brush-rclated SI activation sites

9.6 3.55
ï.4 3.55
5.9 3.57
6.7 3.55

Stereotaxie coordinates (mm) Local_________________ Local ma.xima threshold

(p = 0.05)
Subjecr

M-L A-P S-I

HB 14- -40 74

Cr 22 -36 76

Bf 22 -34- 74

ST 24 -38 72

•
M-L - mcdiaHur:n1 relative co midlinc (positive = right); A·P - antcriar-posrcrior relativc ro the ancerior comnllssurc \pOSlt1Ve:
= :uuerior); 5-1 - supc:rior-infcrior relative ta the col1'UllÏssUraJ linc: (positive = supc:riar).

38



• 3.2.3 Overlap of Activation Site Within SI

A comparison ofboth pain- and taetile-related activations within SI cortex

•

•

revealcd a close spatial proximityofactivation sites across modalities in threc ofthe four

subjeas (Figure 6). Althougb there is variability in location across subjeas, activation

was found in anatomically relevant positions for each subject.

~lS. C , ••of......... rai n' '51 &di....... Adivily
iD SI cvoRd .,. tn.h (I*r) IDII paiafiIl bat (l'Cd) wu càcIYcd ID œ
cwaIIPfÎIIS iD dIRe sub;a:ts md iD dole pIODmiry ia _ bna aS). Nca
ÙIo .....1aIIicLlvuïabiityœ_cmaù__aaœa.... ea.dDlœs
aRcap c1iD~
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• 3.3 TEMPORAL ANALYSIS OF SI RESPONSES

The temporal propenies of the fMRI response \vithin the 51 rcgion of

mterest \vere funher analysed in order to invesrigate possible differences in 51 activation

in relation to both physical and perceprual characterisrics of the noxious mernlal and

iImocuous mechanical stimuli.

3.3.1 Average Single Session Analysis

•
Analysis of the 51 ROI rime series cxtracted fronl the average ra\\" data of

the session sho\ved mat SI activations evoked by noxious heat and brushing could be

differcnti.lted bv thc time course of activation relative to the onset of stimulation.

Figure 7 sho\vs the ROIs and the corresponding cime course extracted from the data tor

each subject. The time course revealed a consistent pattern of acrivation-rdated cun'cs

in cach brushing and painful heat condition.

3.3.1.1 SI Time Course Evol<ed by Light Mechanical Stimulation

•

The cime course ofbrush-evoked responses (bluc) in the 51 region rcvcakd

a single peak ofactivity approximately 10 sec. after the onset of the stimulus (indicated

by the arro\\"), \vhich rapidly diminished upon stimulus withdra\val. A significant

difference was fOWld \vhen comparing the average peak response ofbrushing to the rest

condition (p< 0.05, x activation brushing =770.154; x activation rest =768.235,
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•
repeated measures ANOVA) .

33.1.2 SI Time Course Evoked by Thennal Stimulation

•

•

In contrast tO the tactile MRI rime series, the SI response to hcat pain

(rcd) \vas characrerized by a double-peaked time curve, where the maximlUTI responsc

(the second peak) \vas consistently observcd -1 ï sec. after the onset of the stimulLLIi

(indicated by the arro\\!), parallelling the perception of increasing pain intensity th.lt

exceeds stimulus duration. Note that the minor peak. in the hc~lt pain response dosely

nl.ltched the peak ofthe brush-evoked response curve. Comparison ofthe average pcaks

rcvealed that response tO painful heat \\"as significantly greater than responscs tO neutr.11

heat and to the rest condition (p< 0.05, xnoxious peak response = 810.306; xneutr~ll

peak response = 801.898~ x rest = 801.976, repeated measurcs ~~OVA).

Further comparison \\!as made bet\veen the peaks in the time course of

noxious heat and brush stimuli in order to assess the significance of the cime delay in the

occurrence of the peaks as reveaJed by each respective rime course. The result indicatcs

that the maximum peak of the average response tO the noxious heat stimulus occurrcd

at a significantly later rime than the average response to the brushing stimulus (t IS", =

-5.809, p< 0.001, linear mode1) .
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•
3.3.1.3 Noxious Vs. Neutral heat

Comparison \vas aJso made, for each subject, bet\vecn the mem time course

responses [0 noxious and neutral heat stimuli in order [0 assess for tht: possible

contribution of a tactile component of the thermal stimulation (Figure 8). The rime

course of the response to the neutral stimulus is characterîzed by a single peak obser\'cd

at - ï sec after the onset of the stimulation, similar tO that of the minor peak obscn'cd

in the response to the noxious heat stimulus. In addition, the amplitude of sign~l

intensity of the neutral stimulus is significantly lower than that of noxious stimulLL\ (p

< 0.05. paired [-test).

Pain vs. Neutral.·. Average Subject

• B12 812
, --- Avg Pain

Avg. Neutral ,.....810 \ ~ 810
\ c

"i :;
Q.

~
of Boa .. ~ sos

~ ~ of
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/
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i B06 - 80S 'iic
i .!

1 .:
/

iig 804 / ~ S04 c
en / ~
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s

~_----r'
1%

c 802 .,..----.._.i S02 S
• c• •tJ
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Fr.me • (-3.4 • l ".me)

•
FigtIrr 8. CompU'Ïson of DO:JUOUS and DCUtra! beat timc ,ourse shows two distintt temporal profiles. The r~lRI nme
~()unc cvoked by applYlOg ncutra! tc:mpcr.lturc to the skin (o~e) ha... a smgle pc:tk occumng -ï sec a.ttcr the o"-''-"t or
snmuJ:lt1on 1 mdicatc:d by the: arrow \. The rcsponse IS mamtalncd throughout the stimuhltlon periud. ThIs peak rocrnbk:s
the tin"t peak of the Clmc course C'Vok-cd by the painful s"tlmuJus (rcd). suggcsting that the obscrvcd SI actlvatlon IS rdatcd
to the proccssmg of noxious inform:loon. md 15 not slmply duc to the physicù ch:lr.1acristics ot the stImuli.
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688 ----------------

In order to address the issue

of response reliability for each type of

stimulation, \ve furthcr cX.lnlined

3.3.2 W i t h in .. Ses s ion
Analvsis of Individual Runs

Su"BH

- -...
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'OC /~~n2
696~ 1

'~. ~-
Aun 4

708•
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Subjed Je responses of each run within the
670

655

65ù '

Table 3 .l and b).

stimulus modalities (Figure 9 .lnd 10.

course of a single session for both"Aun 4

Run 3
.r-~.

665

~ --.. 66e -.......

!
=..
C
l:lII
(i)
l%
a

6~ ----------------

brushing stimuli from run to nm

\vithin a single seSSIon, revca1cd

3.3.2.1 Individual ..Run Analysis
for Bncshing Stimulus

torcsponscsIndividual

835
Subject J8

10

•
805 -----------------

~ a

SUDjed J5
610

consistent mcan peak rcsponscs across

806

~ 806

•
! 800t

= S02
i
~ !COen
~

~

~

Aun 4

Aun 2

all the nms in aU four subjects \\'ithin

their respective sessIons (Table 3a).

Within a single seSSIon, the mean

•

794------,------------
5 6 10

Fnnw. (-3,• .-c: 'hme)

FigM", 9. Withio-scssion analysis of iodividual nana for brusb
stimulation. The n:sponscs C\'okcd br innocuow brushing
consistcntly dcmollS[nrcd ~ man peak ofacrh"itr toc c::lm run at -7
'iec. :!: 0.3 attcr the onsc:t of the !.timuh.lS• .lS markcd by the onnge
J.rrow. So slgOlha.nt ditft.T01ccs Wt.TC found ln the rime of pe:lk
J.etl\1ty J.CCos.'i the ditfen:m SOiSIOns 'p :> 0.0 l single·factor
.-\.'\;O\'.'h

peaks of each subjec! occurrcd

consistentlv at -10 sec. after the onset

of the stimulus, \vith no significant
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•
difference from run to run within the

session (Figure 9; refer to Table 3a

for the p values and mean peak

response for each subject).

SubjectBH
865

855

Run 3
~S •

825 ~~,-- .......
• Run -l ".

90S

'0

Sublect .Je

3.3.2.2 lndividual Run Analysis
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Run T
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Ru~'3 '

710

108
than the average data. ~cvenhcless

the peak responses \vere qwte

single session (Figure lO~ p values for

wcre more variable from nm to nID

consistent across the runs \\-°ithin a
•

each subject are sho\vn in Table 3b,
'C

one-way ~~OVA), with the mean

peak response occurring at - 17 sec.

mer the onset of the stimulus. These

S10

~~unl

"-f \..
1 Run 3 "

805

~/~2 '\

ï !lOO / \,1ft

/li: \
\a 795 \ ,

....

•

data are consistent \\rith the post-

scanning pain rarings \\'hich showed

no significant differences ln

perception.

190 ----------------
3 t 4 5

Frame. (-3.4 MCI frame)

Fie-JY 10. Within-scssioD aJUlysis of individuaJ runs for bcat
pain. The peak rc:sponsc:s cvokcd by hot pain.. although mtm:

vanablc dun the aVCT:lgcd datL wt.TC.. ncvcnhclc.ss.. qwtc cons~"tcnt

ln all ~ublcas across runs wlthin thc smgle ~I()ns , - 15 -.cc. ~

0.1 mcr the onset of stlmuLuion.. .1.'> markcd. by the bluc aIT! )\\;
p>O.Ol, smglc-f.laor .\..'"'0\":\" suggc;tmg dut pamful n.:spon'~
wcre rcliablc.
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• Table 3. Mean peak response ofindividual runs within single session

Table 3a. Mean peak responses for the 20 brush stimuli across individual runs

Subjtet BH

•

lst

2nd
3rd

4th

Al!"Weru"

SubjectJC

ht
2nd
3rd

4th

AM"!Iperu"

Subj«tJB

ht
2nd
3rd

SubjectJS

lst
2nd
3rd

4th

APenliJeru"

Mean peak occurrence (sec.)

9.52

10.03
11.05

Il.05
10.41

10.3i

11.22

10.54

10.88

10.75

12.58

11.56

12.24

12.12

10.20

8.33

8.33

10.38

9.31

Across-run comparison
(single-factor ANOVA)

P =0.70

P = 0.97

P = 0.86

P = 0.62

•

~tcm J\'Cr.lgc pt.";1k occurrcnCt: t'Or brush acros.~ .. sublc:ets = 10.6-1 s; no 51gnifiClnt ditfcrcncc ....':l.S found amnng the J\'cragcd ~Jk

rc:.pumo Jcrus.~" subJcets Ip>O.Ol; smglc-ùaor .~"'O\·A).
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•
Table 3b. Mean peak responses for the 10 noxious heat stimuli across individual runs

SubjeaBH

•

Run#

ht
2nd
3rd

4th

A!mZperrm

S,lbject]C

ht
2nd
3rd

4th

5th

APmlpeMln

Subject]B

lst
2nd
3rd

A1!"'BeMln

Subject]S

lst
2nd
3rd

APmlpe,."n

Mean peak. occurrence (sec.)

16.32

13.60

15.30

17.68

15.73

17.00

17.34

17.34

14.96

13.26

15.98

15.98

16.32

17.00

16.43

15.30

15.30

15.98

15.53

Across·nm comparison
(single-factor ~o\l"OVA)

P = 0.16

P = 0.12

P = D.ïO

P =0.94

•

~1c::m ;l\'Cn.gc pc;1k occurrence for pam ;lCroSS" subJc:a.s = 16.92 s~ nu slgrutiCUlt diffcrcncc was tc)und .tmong the J\'cn.gcd pc.lk
rc.'pc:Jn~ Jeross" subln-rs (p> O.OL single.factor .~"O\'A).
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3.4 PERCEPTUAL VS. HEMODYNAMIC RESPONSE

In order to investigate whether differenœs in the rime course across

stimulus modalities could he attributed to differenœs in the perception of the nvo

stimuli, we further compared the percepNal resula obtained from the continuous VAS

ratings to the fMRI rime series under the noxious heu and brushing conditions. The

comparison revealed a close temporal relationship betwccn the perceptual response and

the blood flow (Figure Il). The occurrence ofthe peak for the perceptual response and

hemodynamic response under both mechanical brushing and noxious thermal

conditions is approximately -7 sec. of difference, suggesting that the fMR.I defined

activations evoked by these two stimuli were approximately 7sec. following the

respective peak perceptual rating- a rime difference that corresponds to the

hemodynamic delay.

-7.
-pp 5

-....­
. s.-.........

J • S 6 7 • , •

•
~.m.~~.m_.===wg ..m~_=_.

""IL TaaponIc 1 imaofSl-eclÎ9Îty.... pucci... ·' ·.,aoUdbf.... · .,.... Thea.DU
ddiIICd SI aaivaliœl cvdIEd by bcdllKJlÏOlll lat (Idi:) aDd jmpnn- __ (ript) CXDW -71C1C.~ dIan~
amnpondins pcab d"1k pm:q1bIIIn , __WI l'hia~ diSsUILC aaa:spaata ID Ik~ dday
Iœown IDaiItbefWftD......aetiva1ianmd thedc~ ""piftD.dtpaakaafMIU~........mat
SI cœàaI aaiviry cwdIat br IKJIÏOIII lat and iman..- ....... !IllY «pCWDl Ik a:dal pocaa~ die
pattprïœa cLtbcK SIÏiDIIi.
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Chapter 4

DISCUSSION

The present study uses the temporal t'èarure of BOLD-fMRI in an attenlpt

[0 addrcss the controversy surrounding the possible role of prinlary sonlatoscnsory

cortex in pain perception. Activation of SI by noxious stimuli has lxen obscrvcd in

I1carly half of the published human pain imaging studies using PET and in mosr of the

t:\lRI pain studies, but its occurrence is quitc variable (sec revie\v by Bushncll ct al..

1999) and has .lt rimes becn .lttributcd to proccdural factors related to spatial fcatures

of stimulation (Jones ct al., 1991), rather than to the perception of pain itsclf. In

.lddition, the spatial segregation of noxious and innocuous tactile stimuli in SI cortex

has been reported along with substantial ovcrlap or proximi~' in \'arious brain imaging

pain srudies (e.g. Coghill et al., 1994; Gelnar et al., 1999).

In search of the potential relevance of SI activation associated \vith the

different physical and perceprual characreristics of either innocuous tactile or noxious

thermal stimulation, the present study examined whether differcnces in the activity of

SI under these t\Vo condirions were reflected in their respective rime courses \\"ithin this
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corucat region. To chis end, the rime courses \vere compared with the acruaI perception

evoked by those stimuli. The reSlÙts ofthis study demonstrated that although the spatial

cx'tcnt of 51 activation evoked by innocuous and noxious stimuli '.vas frequently

overlapping and/or indistinguishablc, the cime course of the activation revcaled J

temporal signature specific to the perceprual characteristics of each stimlÙUS modality.

The foUo\ving discussion describes: 1) results from the present srudy in relation tO

prcvious fmdings~ 2) possible explanations for the discrcpancies found in ditTcrcnt

studies and the role of 51 conex in pain proccssing; 3) technical considerations

intlucncing the design of this srudy; and 4) possible caveats and directions for future

studies.

4.1 COMPARISONS WITH PREVIOUS FINDINGS

4.1.1 Activation Within SI Cortex l

Although there \vere slight differences in the location of peaks arnong the

•

four subjccts, single*session analysis revealed locally significant pain- and innocuous

tactile-rdated activations \vithin 51. Such observations are consistent \vith the majority

of previously reponed findings using PET or fMRI imaging technique (Talbot et al.,

1991 ~ CoghiU et al., 1994; Davis et al., 1995). In addition, there is a substantial o\'erlap

1 :\ mon: complere :md deuilcd discussion on the n:suIts of ir:.cr md intr.l subJcct analysis of p:lIn ;and t;lcnle t,·vokcd J~~I\":lt\l ln' ln

che: cona pen;ains to the main tople of wothcr tht.:."1S (Ha 2000. m~"tcr"s thcsis 1. The present o;n~lnn '-'"Ill onJy dlscm.s pellnes chJt
Jn: n:1t....-ant en the ropio of thi.s study-
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(Figure 6) between the activation sites associated ""ith both noxious heat and innOCUOLLt;

tactile stimulation, as observed by previous reporu (e.g. Coghill et al., 1994). Ir should

be noted, ho\vever, that the ex'tent of the overlap does not exclude the possibility of

separate sites of activation for each type of the stimuli. Previous PET studies lack the

tine spatial resolution rcquired to detect distinct SI conical regions in rcsponse to

noxious thermal and mechanical tactile stimuli, and even the present fMRI study has

rather 10\\' spatial sensitivity (2.3 mm x 2.3 mm) ifcomparcd \vith an imaging technique

,,;hose resolution is measured in nanometers. For instance, by using intrinsic optical

signal (lOS) imaging, Tommcrdahl and colleagues sho\ved distinct c~'toarchitcctoniL

areas within the 51 conex in response tO pain and vibrotactile stimuli. Noxious hc~1t \\..15

found to evoke intrinsic signal in acea 3a, while vibrotactile stimulation evokcd J.ctivity

in areas 3b and 1(Tommerdahl et al., 1996).

4.1.3 Time Course Analysis of SI Activations

•

The most prominent difference revealed by the t1v1RI rime course in the S1

response evoked by innocuous tactile and noxious heat stimulation \\'as the cxtcndcd

pcriod ofactivation associated with the thennal stimuli and the biphasic behaviour ofthe:

thermal response (Figure 7).

The prolonged 51 response to noxious heat stimuli, compared to that evokcd

by innocuous brushing, is consistent with the observed perceptual response patterns ro
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heat and brushing obtained from continuous VAS psychophysics. Perceptual responses

to noxious heat and innocuous tactile stimulation showed that, despite the cqual duration

of stimulation., the perception of pain intensiry increases graduaUy over rime, exceeding

stimulus duration, whereas tactile perception dosely follows the stimulation (Figure 2).

This finding, thercfore, suggests that the observed S1 activation is rdated to the

proccssing ofnoxious thermal information., and not simply to tactile information ctlèctcd

bv skin contact \\'ith a thermode. 5uch observations are similar tO results sho\\'n in

reccnt studics using intrinsic optical imaging, \\'here nociceptive neurons in arca 3a ofSI

conex were fOlU1d to cxhibit slo,,' temporal summation and post-stimulus rcsponsc

persistence after repeated curaneous heat stimulation, which also parallcl the pcrceptu.ll

consequences ofthe stimulation in humans (Tommcrdahl etal.~ 1996). Their prolongcd

responsc resembles a previously described psychophysical phenomcnon [crmed "slow

temporal summarion", \vhere it \\'as sho\\'n that in normal human subjects. the intensity

ofpain evoked by a briefnoxious thermal stimulus increases progressively \vith scquentiaI

stimulus applications presented .lt rates equal to or greater than O.3Hz (Priee et a/..

1977). Although the present study did not adopt a sequenriaJ stimulation paradigm, the

observed prolonged pain.related response in the rime course is nevertheless consonant

\,'ith the phenomenon of temporal summation obsen'ed in previous srudies, except that

in the present case, ie is most probably caused by the longer period ofstimulation. rather

than by the shon pulses used in previous studies. Therefore, such commonality bet\\'een

the present srudy and previous fmdings demonsrrates that SI pain-re1ated rime course
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activity c10sely follows the perceptual response.

Another temporal characteristic of 51 activity evoked by noxious therm~ll

stimulation WolS the biphasic nature of the fMRI response. Although it did not appe~lr

tO he very robust in sorne of the subjects, this double peak charactcristic \vas present in

all four subjects analysed, and statistical comparisons sho\\'ed that the nvo peaks werc

significantly differcnt in time. This observation is consistent \vith findings reported by

a rcccnt fMRI study using a similar type of thermal stimulus. Becerra et al. obscr"cd ~l

double-peak characteristic associated \vith painful heat (46 OC) in the fMRI tin1c coursc

during the first twO stimulations. DnJy the second peak remaincd in the subsequent 3rd

and 4th stimulation in ail regions of the cortex, induding 51. In contrast, only the tirst

peak \vas observcd under neurra! heat (40 OC) condition, suggesting that the second peak

of the pair may represent painful sensation bccause it is only seen in the 46 oC (Bccerra

et al., 1999). A close examination of the cime course of neutral stimulus in the present

study revealed a single peak that occurred at - 7 s after the onset of stimulation, \vhich

is similar to the minor peak observed in the rime course of the pain-related 51 activity,

but ,vith lo\ver signal intensity (Figure 8). Thus, results from the present study arc in

agreement with prcvious fmdings and funher srrengthen the conclusion that the

observed SI activation is related to the processing of noxious stimulation and is not

simply due tO the physical application of the thermode to the skin.
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The double-peak charaaeristic and prolonged rime course of SI activity

evoked by the 9·second noxious thermal stimulus is also consistent with the general

perception of"first pain" and "second pain" reported during these experiments, nanldy,

an initial recognition of a painful quality, foUowed byan increase in pain intensity o\"cr

the duration of stimulation (Le\vis & Pochin, 1937; Bishop & Landau, 1958).

Assessments of the subjects' latencies for detccting painful stimuli have sho\vn thar the

[\\'0 pain sensations are subserved by separate peripheral afferenr fibres \Vith differellt

transmission velocities, i.e.') the fast-conducting Aô myelinated and the rdativdy slo\\"er

wunyelinated C·fibers, respectively (Lewis & Pochin, 1937; Campbell & Lanlotte,

1983). In the present study, the carly peak of pain-evoked activity approxinlatcs dut

observed \\'ith iIUlOCUOUS brushing, thus it may represent a response to the mcchanic.ll

application of the thermode. Neverthcless, it does nor rule out the possibility of

rcprcscnting the thermal component of the heat pain stimulus, as observcd in the

Bccerra's srudy (Bccerra et al., 1999), where ooly the first peak \vas obscrved undcr

neutr-al heat (40 OC). In the present study, \ve also noticed that the time course of the

ncurra! temperarure (-35 OC) did not show the biphasic charaacriscic of the noxious

heat stimlÙus, but \vas represented bya single peak occurring at -10 sec., i.e., \\'ithin .l

similar cime frame as that observed in the peak ofbrushing and the first peak of noxiolls

heat after the onset of the stimulus. Taking such observations into account, the first peak

in the present study may suggest the involvement of myelinated fibres, although the 3­

sec. resolution of the fMRI paradigrn limits identification of specific afferent
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contributions to SI activation. Sïnce the perceptual consequence of C-fibre activation

is a much longer duration of pain perception, the second peak of pain-rclated activation

may be rclated to the slower C-fibre afferents, \vhich are responsible for ten1poral

swnmation of noxious information observed in second-order nociceptivc neurons.

Yet mother recent tMRI study performed using a similar type of thermal

stimulus has reponed different findings in its temporal analysis. By comparing the

correlations of different regional cortical activities tO the thermal stimulus and the

associated pain perception convolved with conical hemodynamic responsc flU1ction

(Cohcn~ 1997), Apkarian and coUcagucs (Apkarian et al., 1999) reponcd that the n10re

posterior rcgions of the parietal cortex (Brodmann's area 5/7) bcttcr rctlc(t the tÜl1e

properties of pain perception, and mat the insular cortical activity best rctlccrs the

stimulus parameters. Ho\vever, it should he notcd that in that particular study, imaging

\\"as performed in the middle third of the brain cncompassing different cortical rcgions

induding the posterior portion of the frontal conex and most of the parietal cone:\:

contralateral to the stimulation site, and chat the comparisons \vere made in aIl the

regions acti\'Jted \\·ithin this se1ected area. Thus the results observcd could lead to a
~

more generalized interpretarion, as opposed to the present srudy, \\"here a specifie region

ofthe brain (S1) \\'as examined given the advantage ofspatial resolution provided by the

fMR1. In addition, direct comparison of the time profile in SI under thermal and

innocuous tactile stimulations between the Apkarian group and the present srudy is not
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• possible since Apkarian et al. only presented the rime curves in SI region for the motor

task and not for the other [\vo stimulations (vibratory and thermal).

4.1.4 Hemodynamic Response Vs. Perception

•

•

A comparison of perceprual and hemodynamic response of fMRI revealed

a close temporal relation bet\\"een pain perception and blood flow. This finding .llso

suggests chat the SI activation observed under painful stimulation is rclated to tht:

nociceptive component of the stimuli. The results indicated that the occurrence of the

peak in the Perceptual rcsponse and hemodynamic rcsponse diffcred by approxinl.ltCly

- ï seconds. A similar observation \vas fOWld under innocuous tactile stinlulation

(Figure 11). In other \\"ords, the fMRI defincd activations cvokcd by the innocuous

tactile and noxious thermal stimulation followed the peak perceprual responsc by

approxirnatcly 7sec.- a time differencc mat corresponds to the hemodynamic dclay.

Studies have indicated that hemodynamic changes occur relarively more slo\\"ly th.ln

neuronal acrivity or psychophysical responses, by showing mat the length of time from

the onset of stimulus to reach 90% peak BOLD response requires about 5 ta 8 seconds,

and that the rime from the cessation ofstimulus to 10% above baseline response is about

5 to 9 seconds (Bandettini etal., 1995). Therefore, the observed time differcnce bet\\·een

the ~lR rime curve and the perceptual response may weU he accowlted for by the time

lag ofMR signal. In addition, the initial analysis, based on which the activarion-rclatcd

ROIs were chosen, assumed the same hemodynamic delay of 6 sec. for each of the
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stimulus conditions. In splte of that asswnption, the time curve still showed a

substantially longer delay in the peak response evoked by the noxious hcat stimuli,

suggesting that the observed rime course patterns are related to the SI conical ~cti\'iry

cvoked by both brush and noxious heat stimuli.

The observed temporal link berwcen the hemodynamic responsc and the

perceprual rcsponse reaffirms the significant difference between the stimulus propcrty

and the actual perception occurring at cortical level, and thus provides evidencc tor the

involvemcnt of SI in both pain and ilUlocuous tactile processing.

4.2 CONCLUSION

4.2.1 Discrepancies Among the Studies: Possible
Explanations

Although a major proportion of human brain imaging smdies have sho\\'n

•

S l activity in response to painful stimuli, inconsistent results have left the topic open to

ongoing debate. In fact, the variability among brain imaging resuJts may actually n:t1ecr

the sensitivity of SI tO differences in the quality, intensity, location, spatial extent and

timing of the different types of painful stimuli. Data in these previous smdies may also

be int1uenced by factors such as diffcrent methodological, insrrwnental and analytical

approaches. For instance, the experimental stimuli vary considerably in tenus of the

type, duration and sites ofapplication (see tables in appendi~ A). The types ofstimuli,
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which ail differ in tcrms of intensity and quality, indude chemical irritants and dectrical

shocks as weil as hot thermodes and cold pressor tests. Moreover, subject populations

range from normal subjects to patients with migraines, neuropathic pain, idiopathie pain,

cancer and post stroke pain. In addition, the recording and analysis techniques as \vdl

.lS the rypes of instrwnents employed vary bct\veen laboratories. AlI these variables mJY

cause discrepancies among the results ofdifferent srudies especially when the sensitivity

of the scanner's resolution and diffcrent thresholds for reporting statistically significant

rcsults arc taken into .lccount.

Instructions to subjects prior to scanning also vary among studies.

Differences in experimental paradigms may result in varying cognitive states among

subjccts \vhich could ditferentially influence SI, and thus contribute to discrcpanr rcsults

across studies. For cxample, Ha and colleagues noted remarkable ditferences in the

extent and strength of pain-related cortical activation \\'ithin a single subject across

diffcrent scanning sessions. The strength of the response varied in rdation (0 the

subject's llOderstanding of the instructions regarding his/her attention to and raring of

the test stimuli (Ha, 2000).

Last but not least, studies have shown mat there is great variability in the

position of the central sulcus across different human brains and between the t\vo

hemispheres (Cwmingham, 1892; Campbell, 1905). Sïnee S1 cortex comprises the
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portion immediately after the central sulcus (region ofpost-central gyrus), the differences

in the location of SI activation are most likely to be attributcd to anatomical variability

among the subjects. It has been hypothesized mat this factor may funher contribute to

the negative findings in SI activation reported in some of the previous studics using

PET, \vhich requires the averaging of multiple subjecrs and data smoothing in order ta

increase the signal to noise ratio (see Bushnell et al., 1999). 5ince painful stimulation

often produccs a \vell-Iocalized activation \\:ithin SI cortex, most probably due to its

sOlnatotopic arrangement (Lamour et al., 1983; Kolrzcnburg et al., 1993), such fOC~ll

activation may he dcgraded \vith data averaging and a high degrce of snl00thing

(Bushnell et al., 1999). This hypothesis \vas confirmcd in a different study originating

from our laboratory using the sanlC fi\1RI data. Avcraging data across a1l subjects .lnd

applying the blurring kernel anaIogous tO PET (-14 mm) to the fMRI data sct, Ha ~lnd

colleagues (Ha, 2000, master's thesis) demonsuated that significant sites of activation,

especially SI, had disappearcd. The high degree of anatomical variability in this POSt­

central gyms rcgion may degrade the focal signal associated \\'ith painful stimulation

\vhen data arc averaged across subjects and smoothcd using a large blurring kcrneL thlL'i

rendering incondusive results reported in cartier srudies using PET.

4.2.2 Functional Significance of SI in Pain Perception

•
Based on all the evidence available from anatomical, neurophysiologicaJ and

brain imaging srudies., it is now clear that 51 cortex is involved in the processing of
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painful information. Results from the present srudy revcaJ that innocuous and painful

stimuli have distinct temporal response properties. They also indicate that diffcrcnccs

in the perception ofthesc stimuli over time can be reflected by their temporal diffcrcnccs

in 51 activation. Insofar as the results concur \vith results reported in prcvious

neurophysiological and psychophysical studies, this srudy reinforces the role ofSI in the

scnsory-discriminative aspect of pain perception.

In addition, a considerable amolUlt ofevidence indicates that SI activations

arc highly susceptible ta cognitive manipulations such as attention and hypnotic

induction. Ir has been shown chat directing attention to\\'ards or a,vay from J painful

heat stimulus not only modifies the subjective intensiry of pain, but also modulates

activiry within SI (Carrier et al., 1998). Hypnotic inductions that specifically altcr

perceived pain intensit)' modulate the activity in 51 (Hotbauer et al., 1998), whcrc~ls

suggestions directed to\vard changing the unp1casantness ofche pain \\'ithout altcring the

intcnsity had no etfect on pain-related activity in 51 (Rainville et al., 1997). Thus, the

finding chat 51 is modifiable by attention or hypnosis provides funher support for the

role of 51 in pain perception: if a brain region responding to noxious stimuli does not

sho\\' changes in activiry in accordance \vith cognitive factors that alter pain perception,

then it is wilikely to contribute in a substantial way to the perception of pain.

Sorne evidence suggests that nociceptive input to SI mav also serve ta
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modulate tactile perception in SI conex by means of inhibition, as proposed in the

"touch gate" theory (Apkarian et al., 1992; Apkarian et al., 1994). Similarly, intrinsic

optical imaging studies report data that are in agreement with chis proposaI by showing

the presence of inhibitory interaction between areas 3a, 3b and 1 of the SI cortcx in

response co painfuJ and vibrotactile stimuli (Tommerdahl et al., 1996; Tommerdahl (t

al., 1998). These studies found that \vhile the presence of noxious he~lt cvokcd .ln

intrinsic signal in area 3a, a reduced optical responsc in area 1 and 3b c\"okcd by 10\\'­

threshold mechanical stimulation during noxious stimulation was observcd, \vhich might

lx anributed to the suppression/inhibition of the neuronal activity in these areas. 5uch

findings suggest that SI activation may he related to a modulation of touch scns~uion

that is proportional to pain perception., but it may not be neccssary for the accu~\l

perception of pain itself, as cvidenced by the continued perception of pain atter this arca

is lesioned (e.g., Head & Holmes, 1911). A potential role for SI nociccptive activity in

the modulation of non painfuJ cutaneous sensation docs not nde out or prccludc .1 rok

tor this structure in sensory aspects of pain perception. In conclusion, all the availablc

lines ofe\idence imply chat SI may he functionally segregated tO participatc in both the

processing and modulation of painful and non painful somatosensory sensations.
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• 4.3 TECHNICAL CONSIDERATIONS

4.3.1 Extraction of Time Course from Single Session

•

Most imaging srudies using PET and t1v1RI have presented results fron1 data

avcraged across a group ofsubjects or a series ofscans jnms \vithin a subject. Ho\\'c\'cr,

as discussed earlier, possible confounding variables such as the varying cognitive stare of

the subject Jcross the different scanning sessions may result in the ditTercntial SI

activation obscrved during each individual session. Thereforc, for CJch subjcct, the

currcnt study examined the cime course ofdata from a session that sho\ved the strongest

SI activation lUlder noxious thermal and brush conditions, in order co accounc t'Or the

issue of variability across ditferent scanning sessions within a subject.

4.3.2 ROI Analysis

•

WRI offers the advantagc of high spatial resolution that reliably detccts

rdatively small activated areas in the brain. Therefore, the present study confined the

search arca specifically tO SI conex, and examined the time course of pain- and

innocuous brushing-related activity in this panicular region by assigning an SI Rü1for

each stimulus modalitv in each subject (see Method). In addition, the present

investigation did not adopt an a priori approach to examining the time course of SI

activation lUlder bath painful thermal and innocuous brush conditions. The initial

analysis model did not assume any difference in the temporal response to the t\vo types
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• of stimuli, i.e.~ we did Dot look spccifically for the extended rime pcriod of pain-relatcd

SI activations. This approach \vas taken to eliminate the possibility of adding a further

confoWldîng bias to the analysis.

4.3.3 Response Reliability

•

•

Repetitive noxious stimuli are likely to cause scnsitization of pcriphcr.ll

affcrcnts (Fitzgerald & Lynn, 1977; Meyer & Campbell, 1981). A recent fMRI study

(Bcccrra et al., 1999) using a similar thermal stimulus (41 0 C -\varm~ 46° C -noxious

heat) applied to the dorswn of the hand sho\ved a significant signal attenuation

occurring in the last two stimuli in response to the noxious thermal stimulus in aIl

conical rcgions, including SI, possibly due tO the eX1:cndcd pcriod of stimulation. The

present study took such issues into consideration by starting painful scans with J rest

condition, under \\,hich no stimulus \\'as applied, follo\ved by the application of nOxiOll'i

hcat for a duration of -10 sec. The painful stimulus \vas given olt an interval of cyery

-30 sec. \vith rest and ncutral hcat alternating in bet\veen. This paradigm design

facilitated a reliable response to the stimulation, with Little habituation~ the ten painful

stimulus cydes in which painful stimuli constantly elicited peak response -17sec. after

the onset of stimulus across aIl the nUlS within a single session in aIl subjects. This

observation directly relates to the subjeets' confirmation of the pain ratings at the end of

each run, in which the early and late stimuli were rated at about the same intensity of

pam.
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4.3 LIMITATIONS

One disadvantage of the CWTent study was the lack of more sensitivc and

precise on-line psychophysical measurements ofsubjects' perception. A rdiable mcasun.:

of pain perception not only permits identification of possible sources of variability. but

also provides for a direct correlation srudy with the imaging data. The present study did

not Opt [0 use continuous ratings during the scan in arder [0 c1iminatc possible motar

.lnd cognitivc influcnce. While a recent study using OviRI and online rating has

suggested that such an application is not a serious practical concern (Davis et al., 1998.1 l.

future studies that employ online rating methods with a design mat is compatible with

the tMRI scanner \\'ill help darify the etfects of perceptual ditferenccs on neurolul

activation and allow a more precise statistical comparison to be made.

The stimulus equipment presented another limitation [0 the present study.

Thcrmal stimuli \"ere delivered via a pair of non-Peltier MR compatible thermodes Jt

fLxed tcmperatures, and temperature adjusrments were made only bet\veen runs, since

fme monitoring during the scans was not possible, In addition, thermal stimuli were

applied manually to the leg region by the experimenters, rendering the timing and

duration of the stimulation imprecise. Howe\rer, the possible human crror in timing

(less than one second) \vas very small compared \,"ith the lO-second stimuli and the

relatively long temporal resolution (3-second acquisition rime for a single brain volume)
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of the fMRI. Future smdies employing an fMRI-compatible, computer-controlkd

Peltier thermode that allows synchronization of the stimulus paradigm \vith the ~IR

signal \vill help eliminate much of the variability in the timing and duration of thermal

stimulation.

Although fMRI provides higher spatial and temporal sensitivity than thc

conventional PET imaging technique, sorne limitations inherent in the adoprcd fMR1

technique nlust also bc Wlderlined. The three-second temporal resolution uscd in the

CWTent smdy was not optimal for funher investigation of the panicular fibers involvcd

in the transmission of noxious and innocuous tactile information.

Finally, it should also he noticed that in aH the brain imaging studics.

statistical analysis is employed tO suggest an involvcment, by correlating the stimulus and

the activation in a cenain conical rcgion. Ir cannot, however, prove a cause-and-cffect

involvement in pain perception. Any accivit)'" that foUows the perception of pain could

be direct1y involved in sorne reaction that is directly related to pain perception. For

example, activity in the motor cortex might foUow the perception of pain because the

more it huns, the harder and faster the animal \\'ithdra\vs from the noxious stimulus.

Thus, precautions should he taken \vhen interpreting results in brain imaging studics,

especially \vhen the subject conceros the multidimensional pain experience.
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4.4 FUTURE DIRECTIONS

WRI provides higher spatial and temporal sensitivity than conventional PET

techniques, allowing rese-archers tO examine the dynamic bchaviourofneural populations

ovcr time, and the different response pattern of adjacent cortical nenvorks in individuaI

subjects (Cohen & Bookheimer, 1994). Individual-based analvsis, \vhich docs nat

rcquire e~Lensi\'e spatial smoothing, .1lso pcrmits the quantification ofactivated .1re.1s and

tàcilitates comparisons \Vith psychophysical data. Although such features have allo\\"cd

the present investigation to examine the rime profile of possible brain proccssing

nlcchanisnls of painful and innocuous tactile stimuli, future srudics \vi11 still he rcquircd

in order to identify the specific nerve fibers that subser"c thesc sensations. An inlaging

technique \,-ith an even higher temporal and spatial sensitivity (c.g., Ml fi\1RI scanner dt

higher magnetic strength) or an imaging parameter that involvcs smaUer scan volunles,

such .lS specifically scanning only 51 region might achieve this objective. Conccntrating

on only a few slices, and specifically altering the stimulation onset relative to the

particular slice acquisition could probably allow a rime resolution ofonly a fe\v hlUldred

milliseconds as compared tO -3 ta 4 sec. \vith whole brain volume acquisition, thereforc

allo\\-ing more detailed temporal examination and analysis.

The only ROI investigated in the present study was the 51 cortex. However,

other areas such as the secondary somatosensory cortex (52), the anterior cingulate
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cortex (ACC) and the insuJar cortex (IC), are also known tO be reliably activated by a

painful stimulus. Panicularly., ACe and IC have been sho\vn tO parti'ipatc in the

atTcctive-motivational aspectofpainexperience (e.g. Rainvil1eetal., 1997). Future study

concerning the time course of these areas and the \vay it compares \vith the S1 tinlC

profile (sensory-discriminative) \vould be helpful in darifying the myth about conical

processing of pain.

Last but nor least, given the characteristics of the temporal propcrtics of

painful stimuli revealed by the fMRI time course, it \vould be ofgreat interest ro exan1inc

the sanle time profile in patients suffering from congenital insensitivity to pain. Thcsc

patients are barn without the abiliry to feel pain, mostly due ta the absence or dam.lgc

of the nociceptive C afferents, or due to the abnormality of the large afferent fibcrs

(Comings & Arnronin, 1974). Ho\vever, sinee this disease occurs at a relati"cly 10\\'

incidence in the general population, alternative measuremenrs could he assessed by

replicating the condition via fibre blockade by means of pressure or ancsthctics

(Torebjork & Hallin., 1973). In mis way researchers couJd selectively alter the AÔ JI1d

C-fibre responses, since .AÔ fibres are known to fatigue faster \\'ith repetitive stimulation.

therefore leaving only C-tibres responding at the end, since they, in contrast tO the AÔ

fibres, do not habituate but sensitize upon repetitive stimulation. Such response

proptnies provide a way of carrying out a doser and more detailed examination of the

fibre types involved in the biphasic response observed in the rime course. Future

67



•

•

•

rcsearch conducted in that area could bring significant advances in our kno\vlcdge and

understanding of the complex experience of pain.
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APPENDIXA

TABLE OF COMPARISON AMONG DIFFERENT

BRAIN IMAGING STUDIES

1. tMRI Pain Srudies

II. PET and Other Brain Imaging Srudies of Pain
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SUBJECT CONSENT FORM
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FuNCTIONAL MAGNETIC REsONANCE IMAGING (fMRI)

CONSENT FORM

MONTREAL NEUROLOGICAL INSTITUTE AND HOSPITAL
McConneU Brain Imaging Centre

Tille of lhe projecr: Replication of the Functional Brain Imaging of Pain using BIR.

Investigators: B. Ha. J. Chen, M.C. Bushnell. G. Duncan

Reason for the study
Functional brain imaging allows for the identification of specifie regions of the brain that are
activated in response to an extemal stimuli. In previous studies, we identified areas of the brain that
are activated by the pain experience using an invasive functional brain imaging technique call~d

positron emission tomography (PET). The purpose of this study is to replicate these studies using
a new non-invasive magnetic resonance imaging technique (MRI), called functional MRI (fMRIL
PET makes use of injections of radioactive ions whereas magnetic resonance uses no ionizing
radiation at aIl. Funhennore. there are no known health risks associated with exposure to the statie
or variable magnetic fields used in MRI.

Procedures
Your panicipation in this study will involve one 90 minute session. During this session. you will
undergo magnetic resonance imaging (MRI), a non-invasive test that uses a magnetic tield and
radiofrequency waves to visualize certain types of tissue. This al10ws us to examine internai organs
such as the brain and monitor physiological pararneters such as blood now and oxygenation.

You will be asked to lie on a couch that will he moved into a cylindrical opening where pictures of
your head will he taken during a period of 90 minutes. The machine will be quite noisy during the
scan. To reduce the noise. you will be given earplugs.

During this experiment. you will he subjected to varying levels of thennal stimuli presented on tht:
skin by a contact thermode. The stimuli range from 0 to 50 C: due to the shon duration (less than
30 seconds) of these stimuli, they will not damage the skin. Following each stimulus you will be
asked to evaluate the intensity and unpleasantness of the stimulation on a scale of 0-100.

Contraindïcations
The following are contraindications for this study:

• Pacemaker
• Aneurysm Clip
• HearNascular Clip
• Prosthetic Valve
• Metal Prosthesis
• Pregnaney
• Current use of narcotie or other analgesic medicaùon
• Cardiovascular or neurological disease
• Any chronic pain condition (more than 6 months)
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.4dvantllges ofthe proposed study
MRI is a test. not a treatment. There is no immediate advantage ta participate in this study.
However. it is hoped that the infonnation obtained in this study will help researchers in understanding
the mechanisms of pain.

Disadvantllges ofthe proposed study
During this study. you will he exposed ta a strong magnetic field and radio waves. However. no
long·tenn negative side-effects have been observed from this type of examination. As memioned
above. the MR machine is very noisy and you will he given earplugs ta reduce this effect. Metallic
objects can be anracted with great force by the magnetic field. You will be asked to remove ail such
objects from your persan and clothing prior to the experiment. The thermal stimuli may cause sorne
pain and/or discomfort and/or temporary reddening of the skin. These stimuli will nOI damage or
bum your skin.

Effeets ofparticipation in this study on your treatment
Magnetic resonance imaging does nol inlerfere with any treatment or other diagnostic tests.

ConfuJentilJl nature ofthis study
Your participation is strictly confidential. The investigators will take ail reasonable measures to
protect the confidentiality of your records. Your identity will not be revealed in any presentation or
publication that results from this project.

1neidentlll findings
Any incidental findings regarding your own health will be communicated to you and. upon your
request. to your physician.

Diseonlinuation ofthe study by the investigator
At any time during the testing. the investigators have the right to terminate the study for purely
scientific reasons.

Subjeet's stlltement concerning withdrawal from the study
Your participation in this research study is voluntary and you may withdràw al any lime. including
during the procedure.

Compensation
After you have completed the study. you will receive a sum of 50 dollars as compensation for your
time and inconvenience.

Inquiries
If you have any funher questions. you may always contact us (398-6385).
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• QUESTIONNAIRE AND DECLARATION OF CONSENT

•

Does the subject have any of the following ?

Cardiac pacemaker

SurgicaJ clip on an aneurysm or other vessel

Surgical clip or valve on the heart

Prostheses (specify type and location)

Implants (specify type and location)

Metal or metallic fragments in any other pan of the body
(specify) _

Is rhe subject pregnant?

Is the subject currenrly tak.ing any prescription medicatioll?
(specify) _

SUBJECfS DECLARATION OF CONSENT

YES

o
o
o
o
o
o

o
o

No

o
o
o
o
o
o

o
o

1. , have read the above description with one of the above
investigators. _

1 l'ully understand the procedures. advantages and disadvantages of the study which has been
explained to me. 1freely and voluntarily consent to panicipate in this sludy.

Further. 1understand that 1May seek information about each test either before or after il is given. that
1am free to withdraw from the testing at any time if 1desire. and that my personal information will
be kept confidential.

Subject

•

In\1~stigator

PlrysicÜln

Signalun:

Signature

Signature

Dale

Date

Dale
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