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Einleitung

Schmerz ist eine alltidgliche und jedem vertraute, unangenechme und doch notwendige
Erfahrung. Die Wahrnehmung von Schmerz wird entscheidend von der jeweiligen Situation
und von vorangegangenen Erfahrungen geprigt und bedingt in aller Regel ein Verlangen nach
Beendigung und kiinftiger Meidung der auslosenden Reize. Dieses Zusammenspiel aus
Sensation, Kognition und Affekt (Melzack und Casey, 1968) macht Schmerz zu einem hochst
subjektiven Phdnomen.

In seiner physiologischen Funktion ist Schmerz unverzichtbar fiir den Erhalt der physischen
Unversehrtheit. So hat das Fehlen der Féhigkeit, Schmerz zu empfinden unweigerlich
schwere gesundheitliche Beeintrachtigungen und eine Verkiirzung der Lebenserwartung zur
Folge (Nagasako et al., 2003). Andererseits kann Schmerz dauerhaft und von seiner
physiologischen Funktion gelost auftreten. In dieser Form des chronischen Schmerzes hat
Schmerz hiufig verheerende Auswirkungen auf die Lebensqualitit und stellt ein in seiner
Bedeutung kaum zu tliberschédtzendes medizinisches Problem dar. In einer durchschnittlichen
Erwachsenenpopulation klagt jeder dritte bis vierte {iber chronische regionale
Schmerzsyndrome wie Riicken- oder Kopfschmerzen und jeder zehnte iiber generalisierte
chronische Schmerzsyndrome (Macfarlane et al., 2006). Trotz erheblicher Fortschritte sind
die therapeutischen Erfolge beim chronischen Schmerz hiufig unbefriedigend. Dies mag auch
auf dem in vielerlei Hinsicht unvollstindigen Wissen {iiber die anatomischen und
physiologischen Grundlagen der Entstehung von Schmerz beruhen.

Nachdem Schmerz lange als eine Variante der Wahrnehmung anderer Modalititen wie
Beriihrung oder Temperatur verstanden wurde, ist diese Sichtweise inzwischen weitgehend
verlassen worden. Stattdessen wird Schmerz zunehmend als eigene Sinnesmodalitét
aufgefaf3t, die von einem eigens auf die Verarbeitung von Schmerz spezialisierten Teil des
Nervensystems verarbeitet wird. Uber die letzten Jahrzehnte gelangen entscheidende
Einblicke in die Mechanismen der Schmerzverarbeitung innerhalb dieses funktionellen
Systems. Viele Aspekte, insbesondere jene der zentralen Verarbeitung von Schmerz, sind
jedoch weiterhin unbekannt und bediirfen weiterer Kldrung. In der vorliegenden Arbeit soll
zunidchst der gegenwirtige Stand des Wissens iiber die zentralen Mechanismen der
Schmerzverarbeitung zusammengetfal3t werden. Anschlieend sollen die eigenen Beitrdge der
letzten Jahre zu diesem Thema geschildert und diskutiert werden. Abschlielen soll die Arbeit
mit einer Zusammenfassung und einem Ausblick auf offene Fragen und Wege zu weiteren

Antworten.



Das nozizeptive System

Vom peripheren Rezeptor bis zum zerebralen Kortex wird Schmerz von einem als
nozizeptives System bezeichneten spezialisierten Teil des Nervensystems verarbeitet (Craig,
2003; Willis und Westlund, 2004). In der Peripherie aktivieren schmerzhafte Reize
spezifische Rezeptoren diinn myelinisierter Ad- und unmyelinisierter C-Fasern mit
unterschiedlichen Leitungsgeschwindigkeiten (Meyer et al., 2006). Diese als Nozizeptoren
bezeichneten ersten Neurone des nozizeptiven Systems enden im Hinterhorn des
Riickenmarkes. Dort finden sich in oberflichlichen (Lamina I) wie tieferen Schichten des
Hinterhorns (Laminae IV-V) die zweiten Neurone des nozizeptiven Systems, deren Axone
binnen eines oder weniger Riickenmarkssegmente die Mittellinie kreuzen und iiberwiegend
im Tractus spinothalamicus zu lateralen wie medialen Thalamuskernen aufsteigen
(Dostrovsky und Craig, 2006). Von dort projizieren die dritten Neurone des nozizeptiven
Systems zu verschiedenen Arealen des zerebralen Kortex (Bushnell und Apkarian, 2006)
(Abb. 1). Auf allen Ebenen dieser aufsteigenden Pfade des nozizeptiven Systems kann die
Verarbeitung von Schmerz durch absteigende Projektionen moduliert werden (Fields et al.,

2006; Woolf und Salter, 2006).

Abb 1. Zentrale Anteile des nozizeptiven Sytems.

S1, primédrer somatosensorischer Kortex; S2, sekundirer somatosensorischer Kortex, ACC, anteriorer zingularer

Kortex; PF, prifrontaler Kortex; M1, primérer motorischer Kortex; SMA, supplementir motorisches Areal; PPC,

posterior parietaler Kortex; PCC, posteriorer zinguldrer Kortex; BG, Basalganglien; HT, Hypothalamus; AMYG,
Amygdala; PB, parabrachiale Nuclei; PAG, periaquéduktales Grau. Aus (Apkarian et al., 2005).



Die Beteiligung des zerebralen Kortex an der Verarbeitung von Schmerz

Eine Beteiligung des zerebralen Kortex an der Verarbeitung von Schmerz war lange
angezweifelt worden. So beobachtete Henry Head, daB3 rein kortikale Lésionen keinen Einflufl
auf die Wahrnehmung schmerzhafter Reize haben (Head und Holmes, 1911). Entsprechend
rief die elektrische Reizung des Kortex nur vereinzelt schmerzhafte Empfindungen hervor
(Penfield und Boldrey, 1937). Spater wurden einige Lisionsstudien publiziert, die diesen
Befunden widersprachen, in den beobachteten klinischen Defiziten jedoch hdochst
uneinheitlich waren (Sweet, 1982; Kenshalo und Willis, 1991). Erste eindeutigere Belege fiir
eine Beteiligung des zerebralen Kortex an der Schmerzverarbeitung ergaben sich aus
tierexperimentellen Studien. Schlieflich kamen neuere Lésionsstudien an Patienten unter
Verwendung hochauflosender strukturell bildgebender Verfahren und Studien der
funktionellen Bildgebung mittels Photonen- und Positronenemissionstomographie (SPECT,
PET) und der funktionellen Kernspintomographie (fMRI) hinzu. Diese Studien belegten
erstmals auf nichtinvasivem Wege die Beteiligung eines ausgedehnten Netzwerkes kortikaler
Areale an der Schmerzverarbeitung. Diese rdumlichen Aspekte der Schmerzverarbeitung
wurden durch die Ergebnisse neurophysiologischer Studien mittels Magnet- und
Elektroenzephalographie (MEG, EEG) um die zeitlichen Aspekte erginzt. Uberdies wurden
die experimentellen Paradigmen und die psychophysische Erfassung von Schmerz verfeinert,
so daB die Betrachtung einzelner Teilaspekte der Wahrnehmung von Schmerz méglich wurde.
Techniken wie die kutane Laserstimulation erlauben dariiber hinaus die selektive
Untersuchung des nozizeptiven Systems ohne die gleichzeitige Reizung von
Beriihrungsafferenzen.

Aufgrund der mittels dieser technischen und methodischen Neuerungen gewonnenen
Ergebnisse besteht inzwischen weitestgehende Ubereinstimmung hinsichtlich der essentiellen
Bedeutung der primédren (S1) und sekundéiren somatosensorischen Kortizes (S2), des
insuldren Kortex und des vorderen zinguldren Kortex (ACC) fiir die Schmerzwahrnehmung
(Bushnell und Apkarian, 2006). Die wesentlichen Befunde hierzu sollen in den folgenden

Abschnitten zusammengefalit werden.

Der primdre somatosensorische Kortex (S1)

Der S1-Kortex besteht aus vier streifenférmigen zytoarchitektonischen Arealen entlang des
Gyrus postcentralis, den Brodmann-Arealen 3a, 3b, 1 und 2 (Kaas, 2004b). Die Beteiligung
des S1-Kortex an der Verarbeitung von Schmerz war besonders umstritten. Nachdem

Beobachtungen von Lédsions- und Stimulationseffekten beim Menschen keine wesentliche



Beteiligung von S1 an der Schmerzverarbeitung vermuten lieBen (Sweet, 1982; Kenshalo und
Willis, 1991), wurden in den achtziger Jahren des letzten Jahrhunderts erste
tierexperimentelle Belege fiir eine solche Beteiligung publiziert. Anatomische Studien zeigten
nozizeptive Projektionen von lateralen thalamischen Kernen, insbesondere vom Nucleus
ventralis posterolateralis (VPL) zum S1-Kortex (Kenshalo et al., 1980; Gingold et al., 1991).
Einzelzellableitungen bei der Ratte (Lamour et al., 1983) und bei anésthesierten (Kenshalo
und Isensee, 1983; Chudler et al., 1990) und wachen (Kenshalo et al., 1988; Kenshalo et al.,
2000) Affen bestitigten die Existenz von auf Schmerzreize respondierenden S1-Neuronen.
Diese Neurone sind iiberwiegend in der zytoarchitektonischen Area 1 bzw. an deren Grenzen
gefunden worden. Die Charakteristika der Neurone priadestinieren sie flir diskriminative
Leistungen. Sie sind iiberwiegend somatotopisch angeordnet und haben kleine rezeptive
Felder. Thre Aktivitdt korreliert mit der Dauer und Intensitit des Reizes ebenso wie mit der
Intensitidt der Schmerzwahrnehmung. Vergleichende psychophysische Studien legen nahe,
daB3 diese Befunde auf den Menschen zu iibertragen sind (Chudler et al., 1990).

Im Gegensatz zu diesen Studien, jedoch entsprechend der Uneinheitlichkeit der
Lisionsstudien beim Menschen erbrachten Anfang der neunziger Jahre erste Studien der
funktionellen Bildgebung hochst unterschiedliche Ergebnisse. So zeigten sich
schmerzassoziiert teils Zunahmen (Talbot et al., 1991), teils Abnahmen (Apkarian et al.,
1992) und teils ein unverdnderter (Jones et al., 1991) regionaler BlutfluB in S1. Neuere
Studien der funktionellen Bildgebung (Andersson et al., 1997; Porro et al., 1998; Coghill et
al., 1999; Casey et al., 2001; Hofbauer et al., 2001; Bornhovd et al., 2002; Chen et al., 2002;
Petrovic et al., 2002b; Bingel et al., 2004; Moulton et al., 2005) und neurophysiologische
Untersuchungen (Tarkka und Treede, 1993; Ploner et al., 1999b; Kanda et al., 2000; Ploner et
al., 2000; Timmermann et al., 2001; Ploner et al., 2002a; Inui et al., 2003; Schlereth et al.,
2003; Ohara et al., 2004b; Valeriani et al., 2004) stimmen jedoch weitgehend in einer
Beteiligung von S1 an der menschlichen Schmerzverarbeitung iiberein. Dariiber hinaus finden
sich weitere Belege fiir eine besondere Bedeutung des SI1-Kortex fiir sensorisch-
diskriminative Funktionen der Schmerzwahrnehmung. So sind schmerzevozierte S1-
Aktivierungen somatotopisch angeordnet (Tarkka und Treede, 1993; Andersson et al., 1997;
Bingel et al.,, 2004) und konnen durch ein Fokussieren der Aufmerksamkeit auf die
Lokalisation von Schmerz beeinflult werden (Kulkarni et al., 2005). Zudem bestehen enge
Assoziationen zwischen schmerzevozierten S1-Aktivierungen und der Intensitét (Porro et al.,
1998; Coghill et al., 1999; Hofbauer et al., 2001; Bornhovd et al., 2002; Moulton et al., 2005)

und dem Zeitverlauf (Porro et al., 1998; Chen et al., 2002) des wahrgenommenen Schmerzes.



Trotz dieser zunehmend klaren und konsistenten Befunde bleibt die Uneinheitlichkeit der
Ergebnisse fritherer Lésions- und Bildgebungsstudien beziiglich der Rolle von S1 in der
Schmerzwahrnehmung bemerkenswert. Dies mag neben methodischen Griinden zum Teil auf
ein  modulierende  kognitive  Einfliisse  widerspiegelndes  Nebeneinander  von
schmerzevozierter Exzitation und Inhibition innerhalb von S1 zuriickzufiihren sein (Bushnell

et al., 1999).

Der sekunddre somatosensorische Kortex (S2)

Der S2-Kortex befindet sich im parietalen Operculum in der oberen Lippe der Fissura Sylvii
beider Hemisphdren. Die Beschreibung dieses Areals geht urspriinglich auf die Beobachtung
somatosensorischer Effekte intraoperativer kortikaler Stimulationen zuriick (Penfield und
Rasmussen, 1950; Woolsey et al., 1979). Inzwischen muf} jedoch davon ausgegangen werden,
daB} es sich bei diesem Areal nicht um ein, sondern um bis zu fiinf in ihrer Architektur und
Konnektivitit verschiedene Areale handelt (Whitsel et al., 1969; Burton et al., 1995;
Krubitzer et al., 1995; Disbrow et al., 2000; Fitzgerald et al., 2004; Eickhoff et al., 2006a).
Methodisch erfordert die Berticksichtigung der komplexen Parzellation der S2-Region eine
tiber iibliche Grenzen nichtinvasiver Verfahren hinausgehende raumliche Auflosung. In den
meisten Studien zur kortikalen Reprasentation von Schmerz konnte dieser Parzellation daher
noch nicht ausreichend Rechnung getragen werden. Im Folgenden wird daher vereinfachend
der Terminus S2 verwendet, so dafl die Zuordnung der bisherigen Befunde zu den Arealen der
S2-Region eine wesentliche Aufgabe kiinftiger Arbeiten sein wird (Eickhoff et al., 2006b).
Grundsitzlich ist die Beteiligung des S2-Areals an der Verarbeitung von Schmerz
weitestgehend unstrittig. So gehoren schmerzevozierte Aktivierungen des S2-Kortex beider
Hemisphéren zu den konsistentesten Befunden bei extra- (Ploner et al., 1999b; Ploner et al.,
2000; Ploner et al., 2002a; Timmermann et al., 2001; Schlereth et al., 2003; Tarkka et al.,
1993) und intrakraniellen Ableitungen (Lenz et al., 1998a; Frot und Mauguiere, 2003; Vogel
et al., 2003) und Stimulationen (Mazzola et al., 2005) sowie funktionell bildgebenden
Untersuchungen (Coghill et al., 1999; Casey et al., 2001; Hofbauer et al., 2001; Bornhovd et
al., 2002; Chen et al., 2002; Bingel et al., 2003; Bingel et al., 2004). Teils wurden hierbei
mehrere, funktionell verschiedene schmerzevozierte S2-Aktivierungen gezeigt, was
moglicherweise die Parzellierung der S2-Region widerspiegelt (Bingel et al., 2003).
Anatomische Studien zeigen, daB3 schmerzbezogene Information den S2-Kortex iiberwiegend
tiber den Nucleus ventralis posterior inferior des Thalamus erreicht (Stevens et al., 1993;

Disbrow et al., 2002). Da nozizeptive thalamische Projektionen den S1-Kortex iiberwiegend



iiber einen anderen lateralen Thalamuskern, den Nucleus ventralis posterolateralis erreichen
(Gingold et al., 1991; Kenshalo und Willis, 1991) und sich die spinalen Afferenzen und
Antwortcharakteristika beider Thalamuskerne unterscheiden (Apkarian und Shi, 1994), liegt
es nahe, die Existenz anatomisch und funktionell verschiedener, paralleler nozizeptiver Pfade
vom Riickenmark zu S1 und zu S2 anzunehmen.

Die funktionelle Bedeutung der S2-Region fiir die Schmerzverarbeitung ist weniger klar als
die des S1-Kortex. Die Antwortcharakteristika nozizeptiver S2-Neurone mit grofen,
bilateralen rezeptiven Feldern, die Stimulusintensitit nicht kodierenden Feuerraten und teils
multimodalen Eigenschaften (Whitsel et al., 1969; Robinson und Burton, 1980; Dong et al.,
1994) lassen das S2-Areal weniger priadestiniert fiir sensorisch-diskriminative Leistungen
erscheinen. Stattdessen existieren Hinweise auf eine Bedeutung des S2-Areals fiir kognitive
Aspekte der Schmerzwahrnehmung. Lésionen der S2-Region fiihren bei Affen (Ridley und
Ettlinger, 1976, 1978; Murray und Mishkin, 1984) und Menschen (Caselli, 1993) zu Defiziten
in taktilen Diskriminations- und Gedachtnisaufgaben. Entsprechend finden sich Projektionen
von S2 iber den insuliren Kortex zu den gedéchtnisrelevanten Arealen des medialen
Temporallappens (Friedman et al., 1986; Shi und Cassell, 1998). Hierauf basierend wurde ein
tiber S2 fiihrender kortikolimbischer Pfad taktiler Geddchtnisfunktionen postuliert (Friedman
et al., 1986). Entsprechend wird S2 eine Schliisselrolle auch bei schmerzbezogenen Lern- und
Gedédchtnisvorgédngen zugeschrieben (Dong et al., 1989; Lenz et al., 1997). Zusitzlich legen
anatomische Arbeiten (Krubitzer und Kaas, 1990; Disbrow et al.,, 2003) sowie
neurophysiologische (Huttunen et al., 1996; Forss und Jousmaki, 1998) und funktionell
bildgebende Studien (Ledberg et al., 1995; Binkofski et al., 1999) eine Bedeutung der S2-
Region fiir sensomotorische Transformation und Integration nahe.

Diese Hinweise auf die Funktion von S2 in der Schmerzverarbeitung bediirfen jedoch
weiterer experimenteller Bestitigung und Prizisierung. Auch erscheinen Unterschiede in der
funktionellen Bedeutung der S2-Region fiir die Verarbeitung von Beriihrung und Schmerz
moglich. Einige Studien zeigen, daB3 mit beiden Modalititen assoziierte Aktivierungen sich
zwar iiberlappen, aber nicht vollstindig entsprechen (Coghill et al., 1994; Gelnar et al., 1999;
Chen et al., 2002; Ferretti et al., 2003; Vogel et al., 2003; Torquati et al., 2005), wobei
schmerzevozierte Aktivierungen tendentiell weiter posterior als taktil-assoziierte
Aktivierungen zu liegen scheinen (Eickhoff et al., 2006b). Es bleibt zu kldren, wie diese

bisher erhobenen Befunde der oben genannten Parzellation des S2-Areals zuzuordnen sind.



Der insuliire Kortex

Der architektonisch heterogene insuldre Kortex liegt verborgen von den frontalen und
parietalen Opercula und dem Temporallappen in der Tiefe der Fissura Sylvii (Mesulam und
Mufson, 1985). Er grenzt unmittelbar an die S2-Region in der oberen Lippe der Fissura
Sylvii.

Bis vor einigen Jahren waren Belege fiir eine Beteiligung des insuldren Kortex an der
Schmerzverarbeitung rar. Dies hat sich wihrend des letzten Jahrzehnts entscheidend
verdndert. Studien der funktionellen Bildgebung (Craig et al., 1996; Sawamoto et al., 2000;
Casey et al.,, 2001; Bornhovd et al., 2002; Brooks et al., 2002; Brooks et al., 2005;
Schreckenberger et al., 2005) und intrakranielle Ableitungen und Stimulationen (Ostrowsky et
al., 2002; Frot und Mauguiere, 2003) =zeigten iibereinstimmend schmerzassoziierte
Aktivierungen der Insel. Auch tierexperimentelle Studien bestétigten die Existenz
nozizeptiver insuldrer Neurone mit groflen rezeptiven Feldern und multimodalen, teils auch
auf viszerale Reize reagierenden Antworteigenschaften (Hanamori et al., 1998; Ito, 1998;
Zhang et al., 1999). Eine Beteiligung der Insel an der Verarbeitung von Schmerz ist somit
nicht mehr anzuzweifeln.

Uberlegungen zur funktionellen Bedeutung der Insel bei der Schmerzverarbeitung stiitzen
sich bisher vorwiegend auf indirekte Hinweise. Anatomisch und funktionell ist die Insel ein
heterogenes Areal (Mesulam und Mufson, 1985; Augustine, 1996). In einer etwas
vereinfachten Sichtweise legen Konnektivitit und Antworteigenschaften insuldrer Neurone
nahe, daB3 in den hinteren Anteilen der Insel iiberwiegend extrapersonale (auditorische,
visuelle und somatosensorische) Information verarbeitet wird, wohingegen die vorderen
Anteile vorwiegend mit der Verarbeitung intrapersonaler (limbischer, viszeroautonomer)
Information befaflt sind (Mesulam und Mufson, 1985; Augustine, 1996). Schmerzbezogene
Aktivierungen in Studien der funktionellen Bildgebung sind dabei sowohl in den vorderen als
auch in den hinteren Anteilen der Insel zu finden (Craig et al., 1996; Sawamoto et al., 2000;
Casey et al., 2001; Bornhovd et al., 2002; Brooks et al., 2002; Brooks et al., 2005;
Schreckenberger et al., 2005). In den hinteren Anteilen konnte dabei eine somatotopische
Anordnung schmerzbezogener Aktivierungen gezeigt werden (Brooks et al., 2005). Dies mag
die Eigenheit der Sensation Schmerz widerspiegeln, gleichzeitig exterozeptive Information,
d.h. Information iiber einen die physische Unversehrtheit bedrohenden Reiz der AuBenwelt
und interozeptive Information iiber den Zustand des Organismus selber zu vermitteln. Diese
Auffassung von Schmerz als Phidnomen der Interozeption, d.h. der Wahrnehmung des

physiologischen Gesamtzustandes des Korpers steht im Mittelpunkt eines in den letzten
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Jahren beschriebenen Modells der anatomischen und physiologischen Reprisentation der
Interozeption, wozu auch Temperatur, Hunger und Durst gezdhlt werden (Craig, 2003). In
diesem Modell wird die Existenz eines von der Peripherie iiber die Lamina I des Hinterhorns,
den posterioren Anteil des ventromedialen Thalamuskerns (VMpo) bis hin zum insulédren
Kortex reichenden, eigens der Interozeption gewidmeten neuralen System postuliert. Die
rechte anteriore Insel wird hierbei als Substrat einer sinnesiibergreifenden Metareprédsentation
der Selbstwahrnehmung aufgefalit (Craig, 2003; Critchley et al., 2004). Eine zunehmende
Zahl verschiedenster Befunde stiitzt dieses Modell der Interozeption als eigene
Sinnesmodalitdt. Die zentrale Bedeutung, die hierbei dem insuldren Kortex beigemessen wird
erscheint durchaus plausibel, bedarf jedoch sicher weiterer experimenteller Bestatigung.

Festzuhalten bleibt, dal3 die weit verteilten Konnektionen der Insel zu mit verschiedenen
sensorischen Modalitdten und autonomen und limbischen Funktionen befallten Regionen eine
supramodale, integrative Funktion der Insel nahe legen. Die Insel mag somit
schmerzbezogene exterozeptive Information, u.a. aus S2 und Thalamus mit interozeptiver
Information integrieren. Diese integrierte Information konnte der Steuerung autonomer
Funktionen, liber die Projektionen zu den limbischen Strukturen des Temporallappens dem
schmerzbezogenen Lernen und der Gedichtnisbildung sowie einer einheitlichen

Selbstwahrnehmung des Korpers in der rechten vorderen Insel dienen (Craig, 2003).

Der vordere zinguldre Kortex (ACC)

Der Gyrus cinguli erstreckt sich entlang des Corpus callosum iiber weite Teile der medialen
Oberfliche beider Hemisphdren und 146t sich in vier architektonisch und funktionell
verschiedene Unterareale unterteilen (Vogt, 2005).

Die Beteiligung insbesondere der anterioren und mittleren Abschnitte des Gyrus cinguli an
der Schmerzwahrnehmung wird durch eine Vielzahl von Studien belegt. In
Einzelzellableitungen und Mikrostimulationen beim Menschen (Hutchison et al., 1999)
konnte in Ubereinstimmung mit tierexperimentellen Daten (Sikes und Vogt, 1992; Yamamura
et al., 1996; Koyama et al., 1998; Iwata et al., 2005; Kuo und Yen, 2005) direkt die Existenz
iiber mediale Thalamuskerne versorgter nozizeptiver Neurone mit groB3en und bilateralen
rezeptiven Feldern nachgewiesen werden. Entsprechend konnten in bildgebenden Studien
(Craig et al., 1996; Vogt et al., 1996; Davis et al., 1997; Rainville et al., 1997; Derbyshire et
al., 1998; Tolle et al., 1999; Kwan et al., 2000; Casey et al., 2001; Buchel et al., 2002) und
extra- (Schlereth et al., 2003) und intrakraniellen (Lenz et al., 1998b) neurophysiologischen

Ableitungen konsistent schmerzevozierte ACC-Aktivierungen gezeigt werden.
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Erste Hinweise auf die funktionelle Bedeutung des ACC gaben Liasionsstudien. So wurde bei
Patienten nach chirurgischer Lasion des zinguldren Kortex eine Verminderung insbesondere
der affektiven Komponente von Schmerz beobachtet (Foltz und White, 1962; Hurt und
Ballantine, 1974), ein Effekt, der tierexperimentell bestitigt werden konnte (Vaccarino und
Melzack, 1989; Johansen et al., 2001). In den letzten Jahren gelangen dann auch beim
Menschen liberzeugende experimentelle Belege fiir eine Kodierung des Schmerzaffektes im
ACC. Mittels Hypnose (Rainville et al., 1997) und auf Schmerzaffekt fokussierter
Aufmerksamkeit (Kulkarni et al., 2005) gelang eine selektive Modulation des Affektes ohne
Verdnderung der Intensitit der Schmerzsensation. Diese selektive Modulation des
Schmerzaffektes korrelierte in PET-Messungen direkt mit BlutfluBinderungen im ACC
(Rainville et al., 1997; Kulkarni et al., 2005). Umgekehrt geht eine voluntarische
biofeedbackartige Modulation der im real-time fMRI bestimmten Funktion des ACC mit einer
Anderung insbesondere des Schmerzaffektes einher (deCharms et al., 2005). Zudem weist der
ACC eine hohe Dichte an Opioidrezeptoren auf (Vogt et al., 1995), deren Belegung selektiv
mit Anderungen des Schmerzaffektes korreliert (Zubieta et al., 2001).

Die Beteiligung des ACC an der Verarbeitung und Wahrnehmung von Schmerz geht jedoch
tiber diese affektiven Aspekte hinaus. So ist der ACC auch an der Placebo-induzierten,
endogenen Modulation von Schmerz (Petrovic et al., 2002a; Wager et al., 2004; Bingel et al.,
2006) und an verschiedensten, nicht-schmerzbezogenen kognitiven,
aufmerksamkeitsbezogenen und motorischen Leistungen beteiligt (Bush et al., 2000; Paus,
2001; Vogt, 2005). Es ist daher wahrscheinlich, da3 schmerzevozierte Aktivierungen des
ACC neben schmerzspezifischen auch schmerzmodulatorische und unspezifische, mit
Aufmerksamkeit und motorischen Leistungen assoziierte Effekte widerspiegeln.
Entsprechend konnte eine teilweise Uberlappung, jedoch keine vollstindige
Ubereinstimmung motorischer, aufmerksamkeits- und schmerzbezogener ACC-Aktivierungen
gezeigt werden (Davis et al., 1997; Derbyshire et al., 1998; Kwan et al., 2000). Dariiber
hinaus scheint Schmerz mehrere Foci innerhalb des ACC zu aktivieren, deren
unterschiedliche Charakteristika das Nebeneinander verschiedener Partialfunktionen des ACC
nahelegen (Vogt et al., 1996; Derbyshire et al., 1998; Tolle et al., 1999; Buchel et al., 2002).
Unter den vielfiltigen Funktionen des ACC mag die rdumliche Ndhe der nozizeptiven,
motorischen und kognitiven Regionen des ACC die direkte Umsetzung von durch
Schmerzaffekt motivierten, kognitiv modulierten motorischen Reaktionen erlauben (Vogt,

2005).
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Erster und Zweiter Schmerz

Erster und Zweiter Schmerz sind das einzigartige perzeptuelle Phdnomen, daBl einzelne
schmerzhafte Reize zwei zeitlich aufeinanderfolgende, qualitativ unterschiedliche
Sensationen hervorrufen (Gad und Goldscheider, 1892; Lewis und Pochin, 1937; Bishop und
Landau, 1958; Price et al., 1977). Der Erste Schmerz ist kurz, stechend und kann gut
lokalisiert werden, wihrend der Zweite Schmerz ldnger anhaltend, brennend und von eher
diffuser Lokalisation ist. Die periphere neurale Grundlage dieses Phidnomens ist die
gleichzeitige Aktivierung von nozizeptiven Ad- und C-Fasern mit unterschiedlichen
Leitungsgeschwindigkeiten. Die biologischen Funktionen und die unterschiedlichen
kortikalen Korrelate beider Sensationen sind bisher kaum bekannt.

Der tiberwiegende Teil klinischer und experimenteller Studien 14t eine Differenzierung
beider Sensationen nicht zu oder bezieht sich lediglich auf die Korrelate Ersten Schmerzes. In
einigen EEG- und MEG-Arbeiten gelang es, C-Faser-vermittelte zentrale Korrelate Zweiten
Schmerzes zu zeigen (Bromm und Treede, 1987; Arendt-Nielsen, 1990; Bragard et al., 1996;
Towell et al., 1996; Magerl et al., 1999; Opsommer et al., 2001; Tran et al., 2002; Qiu et al.,
2004; Forss et al., 2005). Mit Zweitem Schmerz assoziierte Aktivierungen waren dabei
iiberwiegend in S2 und dem ACC lokalisiert (Opsommer et al., 2001; Tran et al., 2002; Qiu et
al., 2004; Forss et al., 2005). Entsprechend zeigten Einzelzellableitungen bei der Ratte spéte,
wahrscheinlich C-Faser-vermittelte Antworten auf Schmerzreize im ACC (Kuo und Yen,
2005).

Mit funktionell bildgebenden Verfahren ist eine direkte Darstellung der Korrelate Ersten und
Zweiten Schmerzes aufgrund der limitierten zeitlichen Auflosung nicht mdglich. Einige
Studien zeigten bei Applikation tonischer C-Faser-Reize Aktivierungen der wesentlichen mit
Schmerz assoziierten Areale S1, S2, Insel und ACC (Di Piero et al., 1994; Andersson et al.,
1997; ladarola et al., 1998; Petrovic et al., 2000). Eine direkte Gegeniiberstellung von Ao-
Faser- und C-Faser-vermittelten Aktivierungen gelang in bisher einer aktuellen fMRI-Studie.
Die Ergebnisse zeigten, dafl Aktivierungen des ACC und der vorderen Insel insbesondere bei
C-Faser-Reizung zu finden sind (Qiu et al., 2005).

Zusammenfassend finden sich somit Hinweise auf eine besondere Assoziation zwischen
Zweitem Schmerz und der Funktion des ACC. Eine direkte Darstellung der Sequenz von mit
Erstem und Zweiten Schmerz assoziierten zerebralen Aktivierungen gelang jedoch bis auf
eine Ausnahme (Ploner et al., 2002a) nicht. Die differentiellen kortikalen Représentationen
und biologischen Funktionen Ersten und Zweiten Schmerzes sind somit weitgehend

unbekannt.
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Schmerz und Aufmerksamkeit

Die alltdgliche wie klinische Erfahrung lehrt, dal Schmerz durch das Fokussieren von
Aufmerksamkeit auf oder die Distraktion von Schmerz erheblich moduliert werden kann.
Entsprechend belegen psychophysische Studien, dal Aufmerksamkeit erheblichen Einfluf auf
die sensorischen wie affektiven Aspekte von Schmerz ausiibt (Levine et al., 1982; Miron et
al., 1989; Spence et al., 2002). Diese attentionale Modulation der Wahrnehmung von Schmerz
geht mit Modulationen neuronaler Aktivitdt auf allen Ebenen des nozizeptiven Systems einher
(Petrovic und Ingvar, 2002; Bushnell et al., 2004). Auf kortikaler Ebene konnte gezeigt
werden, dall Aufmerksamkeit schmerzevozierte Aktivitit in allen wesentlich an der
Schmerzverarbeitung beteiligten kortikalen Arealen, namentlich in S1, S2, dem insuldren
Kortex und dem ACC, modulieren kann (Bushnell et al., 1999; Peyron et al., 1999; Petrovic et
al., 2000). Die neuralen Mechanismen dieser aufmerksamkeitsinduzierten Modulationen der
Schmerzwahrnehmung und -verarbeitung sind nur unvollstindig bekannt. Funktionell
bildgebende Arbeiten verweisen auf eine besondere Bedeutung des ACC und des
orbitofrontalen Kortex sowie des periaquiduktalen Grau fiir dieses Phdnomen (Petrovic et al.,
2000; Bantick et al., 2002; Tracey et al., 2002; Valet et al., 2004). Aktivierungen dieser
Areale gehen sowohl mit Reduktionen schmerzassoziierter kortikaler Aktivierungen als auch
mit Reduktionen der Schmerzwahrnehmung einher. Mdglicherweise steht die Aktivitét dieser
kortikalen schmerzmodulierenden Areale mit der Aktivitdt eines auf Hirnstamm- und
Riickenmarksebene gut charakterisierten Systems der deszendierenden Schmerzmodulation in
Verbindung (Fields et al., 2006). Dieses opioid-sensitive System umfalit insbesondere die
Amygdala und verschiedene Regionen des Hirnstamms, unter anderem das periaquidduktale
Grau. Es erscheint plausibel, daB dieses System bei der Vermittlung
aufmerksamkeitsinduzierter Modulationen von Schmerz unter Kontrolle des ACC und des
orbitofrontalen Kortex steht (Fields et al., 20006).

Neben diesen Effekten der Aufmerksamkeit auf Schmerz hat Schmerz umgekehrt auch
entscheidenden EinfluB auf Aufmerksamkeit. Schmerz zieht unwillkiirlich Aufmerksamkeit
auf sich und interferiert mit anderen behavioralen und kognitiven Abldufen (Eccleston und
Crombez, 1999; Grisart und Plaghki, 1999). Da Schmerz unter physiologischen Bedingungen
eine Bedrohung der physischen Unversehrtheit signalisiert, erscheint diese unwillkiirlich
durch Schmerz erregte Aufmerksamkeit erforderlich und sinnvoll. Unter pathologischen
Bedingungen kann diese schmerzbedingte Aufmerksamkeit jedoch abnorme Steigerungen

erfahren und scheint dann wesentlich zur Chronifizierung von Schmerz beizutragen (Crombez
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et al., 2005). Die neuralen Mechanismen dieser Form der Interaktion zwischen Schmerz und
Aufmerksamkeit sind bisher unbekannt.

Zusammenfassend konnten in den letzten Jahren entscheidende Fortschritte in der
Beschreibung der anatomischen und physiologischen Grundlagen des komplexen
Zusammenspiels zwischen Aufmerksamkeit und Schmerz erreicht werden. Jedoch erscheint
das Wissen beziiglich dieser zentralen Mechanismen der endogenen Modulation von Schmerz
insgesamt liickenhaft und bedarf weiterer Aufkldrung, dies insbesondere, da solche

Erkenntnisse entscheidende Einblicke in therapeutisch verwertbare Abldufe versprechen.

Zusammenfassung

Die vorangegangenen Ausfiihrungen lassen wesentliche Fortschritte in der Beschreibung der
zentralen Mechanismen der Schmerzverarbeitung erkennen. Ein kortikales Netzwerk der
Schmerzverarbeitung ist beschrieben und die Funktion einzelner Areale ist zu erkennen.
Zukiinftige Arbeiten versprechen eine weitere Prézisierung der Zuordnung zwischen
kortikaler Funktion und Wahrnehmung. Zudem bleiben auf physiologischer Ebene die
Interaktionen zwischen den beteiligten kortikalen Arealen und auf perzeptueller Ebene die
Interaktionen zwischen verschiedenen Aspekten von Schmerz zu kldren. Das Studium dieser
neuronalen und perzeptuellen Interaktionen verspricht dabei grundlegende Einblicke in das
Zusammenwirken neuronaler Funktion bei der Generierung eines individuellen Perzepts.
Dariiber hinaus konnte ein verbessertes Verstindnis der Effekte endogener und exogener
Modulation auf neuronale Aktivitdt und Schmerzwahrnehmung therapeutisch verwertbare

Information liefern.
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Eigene Arbeiten

Die vorliegenden Arbeiten beschéiftigen sich mit grundlegenden Fragen der Verarbeitung von
Schmerz im menschlichen Gehirn. Insbesondere wurden die Zeitverldufe und funktionellen
Charakteristika schmerzbezogener Aktivierungen einzelner Hirnareale néher untersucht. Ziel
der Arbeiten war, zur Kldrung der hierarchischen Organisation und funktionellen Bedeutung
einzelner Hirnareale bei der Verarbeitung und Wahrnehmung von Schmerz beizutragen.
Zudem sollten Einblicke in die zentralen Mechanismen der Modulation von Schmerz
gewonnen werden. Die Ergebnisse und Interpretationen der Studien sollen im Folgenden
ihrem inneren Zusammenhang nach zusammenfassend dargelegt werden. Vorangehen werden
kurze Einfilhrungen in die Verfahren der Magnetenzephalographie und der kutanen

Laserstimulation.

Magnetenzephalographie

Die vorliegenden Arbeiten wurden unter Verwendung der Magnetenzephalographie
durchgefiihrt und um klinische Beobachtungen ergédnzt. Die Magnetenzephalographie (MEG)
ist ein der Elektroenzephalographie verwandtes nichtinvasives neurophysiologisches
Verfahren. Es erlaubt die zeitlich und rdumlich hochaufgeldste Registrierung neuronaler
Aktivitdt. Prinzip der MEG ist die Messung von auf neuronaler Aktivitdt basierenden
Magnetfeldern. Diese Magnetfelder entstehen iiberwiegend durch mit Ionenstrémen
einhergehende  postsynaptische = Potentiale.  Die  durch  Aufsummierung  der
Aktivitat von Tausenden von Nervenzellen detektierbaren Magnetfelder sind duflerst schwach
und um sechs bis acht Gréenordnungen kleiner als das umgebende, vom Erdmagnetfeld und
Storquellen bestimmte Magnetfeld. Zur Messung der Signale werden daher hochempfindliche
SQUID-Sensoren verwendet. Moderne MEG-Systeme bestehen aus 100 bis 300 solcher
Sensoren, die in einer helmartigen Anordnung den Kopf umschlieBen. Zur Verminderung
externer Storsignale befindet sich das MEG-System in einer gesonderten Abschirmkammer.
Mit diesen Systemen ist grundsdtzlich die Detektion neuronaler Aktivitdt aus dem gesamten
Gehirn moglich, wobei die Sensitivitét fiir oberflachliche, kortikale Aktivitit besonders hoch
ist. Da die in der MEG gemessenen Signale durch Liquor, Hirnhdute, Knochen und Kopthaut
kaum verzerrt werden, geht die MEG mit einer hohen rdumlichen Aufldsung einher.

Die MEG ist somit besonders zur rdumlichen und zeitlichen Analyse neuronaler Aktivitit
geeignet und erginzt auf indirekten Parametern neuronaler Aktivitdt beruhende Verfahren der
funktionellen Bildgebung wie die Positronenemissionstomographie (PET) und die

funktionelle Magnetresonanztomographie (fMRI), die eine besonders hohe rdumliche

16



Auflosung bei im Vergleich zur MEG niedrigerer zeitlicher Auflosung aufweisen. Fiir
weitergehende Grundlagen sei auf entsprechende Ubersichtsarbeiten verwiesen (Himildinen

et al., 1993; Hari, 2005).

Kutane Laserstimulation

Die bei den Arbeiten verwendeten Schmerzreize wurden mittels der kutanen Laserstimulation
appliziert. Die kutane Laserstimulation ist ein experimentell (Kakigi et al., 2005) und klinisch
(Treede, 2003) genutztes Verfahren zur selektiven Untersuchung des nozizeptiven Systems.
Die kurzen, bis zu wenigen Millisekunden dauernden Laserreize bewirken einen steilen
intradermalen Temperaturanstieg, was zu einer selektiven Aktivierung nozizeptiver Ad- und
C-Fasern ohne begleitende Aktivierung nicht-nozizeptiver Afferenzen flihrt. Die kurze
Reizdauer und der steile Temperaturanstieg fithren zu einer hoch synchronen Aktivierung der
nozizeptiven Afferenzen, was ein zeitlich gut aufgelostes Studium der Abldufe im
nozizeptiven System erlaubt. Durch das Lasergerdt hervorgerufene Artefakte bei MEG-
Messungen erfordern eine Positionierung des Lasergerdtes auflerhalb der abgeschirmten
Aufnahmekammer. Der Laserstrahl wird durch eine Glasfaser vom Lasergerdt in die
Aufnahmekammer zum Probanden oder Patienten geleitet. Aufgrund der simultanen
Aktivierung der Ad- und C-Fasern und deren unterschiedlichen Leitungsgeschwindigkeiten ist
die durch den Laserreiz hervorgerufene Sensation eine doppelte. Zuerst verspiirt der Proband
einen kurzen, gut lokalisierten, nadelstichartigen Schmerz dem ein ldnger andauernder, diffus
lokalisierter brennender Schmerz folgt. Beide Sensationen entsprechen den oben

geschilderten Sensationen des Ersten und Zweiten Schmerzes.

Die parallele Organisation der Schmerzverarbeitung

In der Einleitung wurde die Beteiligung eines ausgedehnten kortikalen Netzwerks an der
Verarbeitung verschiedener Aspekte von Schmerz dargelegt. Die hierarchische Organisation
der beteiligten kortikalen Areale und der verschiedenen perzeptuellen Aspekte von Schmerz
ist jedoch weitgehend unklar. Auf physiologischer wie perzeptueller Ebene erscheint
einerseits eine parallele, weitgehend unabhingige Organisation verschiedener Aspekte von
Schmerzverarbeitung und -wahrnehmung mdglich. Andererseits ist eine eher hierarchische,
interdependente Organisation einzelner kortikaler Areale und verschiedener Aspekte von
Schmerz denkbar.

Auf physiologischer Ebene wurde dieser Frage in einer ersten MEG-Studie nachgegangen

(Ploner et al., 1999b). In dieser Studie wurden die Lokalisationen und Zeitverldufe
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schmerzevozierter ~Aktivierungen in den primdren (S1) und sekunddren (S2)
somatosensorischen Kortizes analysiert. Hierzu wurden bei gesunden Probanden leicht bis
miBig schmerzhafte kutane Laserreize auf den rechten Handriicken appliziert. Die Analyse
der schmerzevozierten neuromagnetischen Antworten zeigt Aktivierungen im kontralateralen
Gyrus postcentralis und im parietalen Operculum beider Hemisphdren (Abb. 2, links),
entsprechend dem kontralateralen SI1-Kortex und den bilateralen S2-Arealen. Das
entscheidende Ergebnis zeigen die Zeitverldufe der Aktivierungen (Abb. 2, rechts). Diese
lassen erkennen, daBl die selektiv nozizeptiven Schmerzreize zu einer simultanen

Aktivierung dieser Areale flihren.

Stimulus

400 0 100 200  300[ms]

Abb. 2. Lokalisationen und Zeitverldufe schmerzevozierter Aktivierungen in S1 und S2 (Ploner et al., 1999b)

Dies steht im Gegensatz zu der gut bekannten sequentiellen Aktivierung dieser Areale bei der
Verarbeitung von Beriihrung. Intrakranielle Ableitungen (Allison et al., 1989b; Allison et al.,
1989a) und MEG-Studien (Hari et al., 1993; Mauguiere et al., 1997; Ploner et al., 2000)
zeigen, dall Berlihrungsreize zunichst zu einer Aktivierung von S1 und erst nach einer
Verzogerung von ungefdhr 50 ms zu einer Aktivierung von S2 fithren. Diese sequentielle
Aktivierung von S1 und S2 spiegelt eine serielle Organisation dieser Areale bei der
Verarbeitung von Beriihrung wider (Pons et al., 1987; Garraghty et al., 1990). Eine solche
serielle Organisation von S1 und S2 findet sich jedoch nur bei héheren Primaten inklusive des
Menschen. Bei niederen Primaten und Nicht-Primaten (Garraghty et al., 1991; Turman et al.,
1992) herrscht auch bei bei der Beriihrungsverarbeitung eine parallele Organisation der
somatosensorischen Kortizes vor. Auf diesem Unterschied basierend wurde die Hypothese

eines evolutiondren shifts von einer basalen, parallelen Organisationsform zu einer mehr
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elaborierten, seriellen Organisation somatosensorischer Kortizes formuliert (Garraghty et al.,

1991; Kaas, 2004a) (Abb. 3).

Niedere Primaten Hf:@here Primaten
Nichtprimaten incl. Mensch

Abb. 3. Evolutionérer shift von paralleler zu serieller Organisation der somatosensorischen Kortizes

(nach (Garraghty et al., 1991))

Vor diesem Hintergrund legt der Befund einer simultanen schmerzevozierten Aktivierung von
S1 und S2 nahe, eine parallele Organisation von SI1 und S2 in der menschlichen
Schmerzverarbeitung  anzunehmen. Ein  hiermit  implizierter  direkter = Zugang
schmerzbezogener Information zu S2 findet mit dem Nachweis direkter nozizeptiver
Projektionen vom Nucleus ventralis posterior inferior des Thalamus zur S2-Region
tierexperimentelle Bestdtigung (Stevens et al., 1993; Disbrow et al., 2002). Im Kontext des
obengenannten evolutiondren shifts konnte die parallele Organisation von Schmerz als ein
evolutiondrer Erhalt dieser basalen Organisationsform interpretiert werden. Funktionell mag
dies die Tatsache widerspiegeln, dall verfeinerte sensorische Fahigkeiten in der
Wahrnehmung von Schmerz weniger entscheidend sind als in der Wahrnehmung von
Beriihrung. Stattdessen mag die parallele Organisation der Schmerzverarbeitung eine hohere
Robustheit, schnellere  Verarbeitungsabldufe und einen direkteren Zugang zu
gedichtnisrelevanten und motorischen Arealen ermoglichen.

Zusammenfassend legen die Ergebnisse dieser Studie eine parallele Organisation der
Schmerzverarbeitung in den somatosensorischen Kortizes des Menschen nahe. Diese basale
parallele Organisationsform unterscheidet die Verarbeitung von Schmerz grundlegend von

der seriellen Organisation taktiler Verarbeitung.
Die parallele Organisation der Wahrnehmung von Schmerz

Der Befund einer parallelen Organisation der Verarbeitung von Schmerz wird auf

Verhaltensebene durch eine klinische Beobachtung ergidnzt (Ploner et al., 1999a). Ein

19



57jéhriger Patient mit einer selektiven ischdmischen Lidsion der rechtshemisphirischen
Postzentralregion zeigte ein ungewohnliches und aufschluBreiches Muster sensorischer
Defizite. Die Lision des Patienten umfaflite mit dem Handareal des Gyrus postcentralis und

dem parietalen Operculum die S1- und S2-Areale (Abb. 4)

Abb. 4. MRT-Aufnahmen mit ischédmischer Lasion der rechtshemisphérischen Postzentralregion (Ploner et al.,

19992)

Beriihrungen des linken Armes wurden von dem Patienten nicht wahrgenommen. Wurden
jedoch tiiblicherweise schmerzhafte kutane Laserreize auf die linke Hand appliziert, so
berichtete der Patient iiber ein von ,irgendwo zwischen Schulter und Fingerspitzen*
herriihrendes, deutlich unangenehmes Gefiihl, das er zu meiden wiinschte. Ansonsten war der
kognitiv unbeeintriachtigte Patient nicht in der Lage, die Qualitit, Intensitét oder Lokalisation
der Sensation ndher zu beschreiben. Auch die vorgegebene Beschreibung ,,Schmerz* wurde
vom Patienten nicht bestatigt.

Dieser  Patient litt  offensichtlich unter einem  vollstindigen  Verlust der
Beriihrungswahrnehmung, wihrend die Wahrnehmung von Schmerz zwar beeintrachtigt, aber
nicht aufgehoben war. Zum einen wird somit deutlich, da3 das nozizeptive System weniger
vulnerabel zu sein scheint als das taktile System. Zum anderen zeigt sich, da} verschiedene
perzeptuelle Aspekte von Schmerz voneinander dissoziierbar sind. Die Lision der
Postzentralregion hat bei diesem Patienten zu einer schweren Beeintrichtigung sensorischer
und kognitiver Aspekte der Schmerzwahrnehmung bei erhaltenem Schmerzaffekt gefiihrt.
Diese ldsionsbedingte Dissoziation verschiedener Aspekte von Schmerz zeigt, dall diese
zumindest teilweise unabhingig voneinander reprédsentiert sein miissen. Auf der

Verhaltensebene ergénzt diese klinische Beobachtung somit den experimentellen Befund
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einer parallelen Organisation der Schmerzverarbeitung. Im Grundsatz dieser Beobachtung
entsprechend gelangen in den letzten Jahren auch experimentelle Dissoziationen der
Schmerzwahrnehmung (Rainville et al., 1997; Hotbauer et al., 2001). Diese Hypnose-
induzierten selektiven Modulationen sensorischer und affektiver Komponenten von Schmerz
verweisen ebenfalls auf eine zumindest teilweise unabhédngige Représentation dieser Aspekte.
Zusammenfassend belegt die aktuelle klinische Beobachtung, daB3 verschiedene Aspekte von
Schmerz voneinander dissoziierbar sind. Dies legt eine unabhdngige und somit parallele

Organisation und Représentation dieser Teilaspekte von Schmerz nahe.

Die Organisation der Schmerzverarbeitung innerhalb des SI1-Kortex

Der primire somatosensorische Kortex ist kein einheitliches Areal, sondern besteht aus vier in
anterior-posteriorer Ausrichtung aufeinanderfolgenden streifenformigen zytoarchitek-
tonischen Unterarealen entlang des Gyrus postcentralis, den Areae 3a, 3b, 1 und 2 (Kaas,
2004b). Die Organisation der Schmerzverarbeitung innerhalb dieser Unterareale wurde in
einer MEG-Studie ndher untersucht und mit der Organisation der Beriihrungsverarbeitung
verglichen (Ploner et al., 2000). Nozizeptive Afferenzen wurden mittels kutaner Laserreizung
und taktile Afferenzen mittels nichtschmerzhafter elektrischer Reizung aktiviert. Beide Reize
wurden auf die rechte Hand appliziert. Der direkte Vergleich der kortikalen Antworten auf
beide Reize deckte grundlegende Unterschiede der Organisation beider Modalitdten innerhalb

von S1 auf (Abb. 5).

O tactile Area 3b
30ms

O tactile Area 1 ® nociceptive Area 1

49 ms 161 ms

A tactile posterior parietal
68 ms

A

Abb. 5. Vergleich der Lokalisationen und Zeitverldufe beriihrungs- und schmerzevozierter Aktivierungen

(Ploner et al., 2000)
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Die taktile Reizung fiihrte zu einer sequentiellen Aktivierung zweier Quellen
neuromagnetischer Aktivitdt innerhalb von S1. Die Schmerzreize hingegen aktivierten nur
eine einzige Quelle innerhalb von S1. Die schmerzevozierte Aktivierung war im Mittel 10
mm weiter medial lokalisiert als die frithe berithrungsevozierte Aktivierung und entsprach der
Lokalisation der spiten beriihrungsevozierten Quelle.

Intra- und extrakranielle Ableitungen beim Affen (McCarthy et al.,, 1991) und Menschen
(Wood et al, 1985; Allison et al., 1989b) =zeigen, daB die ersten Komponenten
somatosensorisch evozierter Potentiale mit Latenzen um 20 und 30 ms in der Area 3b von S1
generiert werden. Somit ist anzunehmen, daf3 auch die in der vorliegenden Studie registrierten
frithen taktilen Antworten mit Latenzen um 30 ms aus der Area 3b rithren. Die mehr mediale
Lokalisation der spiteren taktilen S1-Antworten und der schmerzevozierten S1-Antworten
deutet hingegen auf Generatoren in der Area 1 hin. Ein mittlerer mediolateraler
Lokalisationsunterschied von 10 mm entspricht gut einem mediolateralen Unterschied in der
Lokalisation der Handareale der Areae 3b und 1 wie er in intrakraniellen Ableitungen (Wood
et al., 1988; Allison et al., 1989b; McCarthy et al., 1991) und anatomischen (Jones et al.,
1982) und funktionell bildgebenden Studien (Juliano und Whitsel, 1985; Burton et al., 1997)
gezeigt wurde.

Der Befund einer Generierung schmerzevozierter S1-Antworten in der Area 1 wird von
tierexperimentellen Studien gestiitzt. Einzelzellableitungen bei Affen zeigten, daf die meisten
nozizeptiven S1-Neurone in der Area 1 lokalisiert sind (Kenshalo und Isensee, 1983; Chudler
et al., 1990; Kenshalo et al., 2000). Auch einige funktionell bildgebende Studien zeigten im
direkten = Vergleich, dal  schmerzevozierte  S1-Antworten weiter medial als
beriihrungsevozierte S1-Antworten lokalisiert sind (Coghill et al., 1994; Iadarola et al., 1998).
Eine folgende MEG-Arbeit einer anderen Gruppe bestétigte direkt den vorliegenden Befund
einer Lokalisation schmerzbedingter Antworten in der Area 1 (Inui et al., 2003).

Das Ergebnis einer sequentiellen Aktivierung taktiler S1-Quellen spiegelt eine zumindest
partiell seriell organisierte Verarbeitung von Beriihrung innerhalb des S1-Kortex wider (Kaas,
2004b). Die ausschlieBliche Generierung nozizeptiver Antworten in der Area 1 zeigt
hingegen, dal auch innerhalb von S1 grundlegende Unterschiede zwischen taktiler und
nozizeptiver Verarbeitung bestehen. Die Verarbeitung von Schmerz teilt offensichtlich nicht
die komplexe und hierarchische Organisation der Beriihrungsverarbeitung, die sich
evolutiondr mit einer Verfeinerung sensorischer Fahigkeiten entwickelte (Kaas, 2004a).
Stattdessen mag die einfachere Organisation der Schmerzverarbeitung eine rasche Integration

schmerzbezogener Information in motorische und kognitive Abldufe ermoglichen.
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Teleologisch erscheint dies durchaus sinnvoll, da bei der Wahrnehmung von Schmerz
schnelle und effektive Reaktionen auf und die kiinftige Meidung von schmerzhaften
Ereignissen von entscheidenderer Bedeutung sind als elaborierte Objektdiskriminationen und

-manipulationen.

Die Funktion der somatosensorischen Kortizes in der Wahrnehmung von Schmerz

Zur Frage der funktionellen Bedeutung der somatosensorischen Kortizes in der Verarbeitung
und Wahrnehmung von Schmerz wurde in einer weiteren MEG-Studie der Effekt der
Reizintensitit auf Schmerzwahrnehmung und -verarbeitung untersucht (Timmermann et al.,
2001). Bei gesunden Probanden wurden randomisiert Reize in vier unterschiedlichen
Reizstirken auf den Handriicken appliziert. Die Probanden wurden gebeten, die Intensitit der
Wahrnehmung eines jeden Reizes auf einer Skala zwischen 0 (kein Schmerz) und 100
(schlimmster  vorstellbarer ~ Schmerz) einzuschitzen.  Gleichzeitig  wurden  die
neuromagnetischen Antworten auf die Reize registriert und die Amplituden der S1- und S2-
Antworten auf jede der vier Reizstirken bestimmt. Abbildung 6 zeigt das wesentliche

Ergebnis dieser Studie.
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Abb. 6. Effekt der Reizintensitit auf Schmerzintensitét und Amplituden von S1- und S2-Antworten

(Timmermann et al., 2001)

Die Ergebnisse zeigen, dal es mit steigender Reizintensitit zu Anstiegen von
Schmerzintensitit und Antwortamplituden in S1 und S2 kommt. Die Abhidngigkeit der
Antwortamplituden von der Reizintensitdt unterschied sich jedoch zwischen S1 und S2. Das
Verhiltnis zwischen S1-Aktivitidt und Reizintensitdt zeigte eine Exponentialfunktion, wobei
sich Anstiege von S1-Amplituden und Schmerzintensitét glichen. Fiir das S2-Areal zeigte sich

hingegen eine S-formige Kurve mit einem steilen Anstieg der Amplitude nach Uberschreiten
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der Schmerzschwelle. Der Anstieg der S2-Amplitude zeigte eine weniger getreue Abbildung
der Schmerzintensitit. Die enge Entsprechung zwischen Anstieg der SI1-Amplitude und
Anstieg der Schmerzintensitit 146t S1 als prédestiniert filir sensorisch-diskriminative
Leistungen in der Schmerzwahrnehmung erscheinen. Hingegen verweist das Alles-oder-
nichts-Muster der schmerzevozierten S2-Aktivierung eher auf eine nicht-diskriminative
Funktion des S2-Areals.

Unterstiitzung findet die Assoziation zwischen sensorischen Aspekten von Schmerz und der
Funktion von S1 durch den zuvor beschriebenen Fallbericht (Ploner et al., 1999a). Bei dem
geschilderten Patienten kam es durch eine Lasion, die im wesentlichen die S1- und S2-Areale
umfaflite, zu einem Verlust sensorischer Fdhigkeiten der Schmerzwahrnehmung. Weitere
Unterstiitzung findet diese Assoziation zwischen sensorischer Schmerzkomponente und der
Funktion von S1 durch tierexperimentelle Studien, die eine somatotope Anordnung von
nozizeptiven S1-Neuronen, kleine rezeptive Felder und eine gute Kodierung von Intensitét
und Dauer von Schmerzreizen zeigten (Kenshalo und Isensee, 1983; Lamour et al., 1983;
Kenshalo et al., 1988; Chudler et al., 1990; Kenshalo et al., 2000). Auch Studien der
funktionellen Bildgebung verweisen auf eine solche Assoziation (Porro et al., 1998; Hofbauer
et al., 2001; Bornhovd et al., 2002; Bingel et al., 2004; Moulton et al., 2005).

Beziiglich der Funktion von S2 148t das oben geschilderte Aktivierungsmuster eher nicht-
diskriminative Funktionen vermuten. Welche dies sind, ist bis heute vergleichsweise wenig
bekannt. Beziiglich der Verarbeitung von Berithrung wurde eine Beteiligung von S2 an
kognitiven Funktionen postuliert (Friedman et al., 1986). Dies beruhte auf Beobachtungen
von Lisionseffekten in S2 (Ridley und Ettlinger, 1976, 1978; Murray und Mishkin, 1984;
Caselli, 1993) und auf anatomischen Studien, die Projektionen von S2 {iber den insuldren
Kortex zu den gedéchtnisrelevanten Arealen des medialen Temporallappens zeigten
(Friedman et al., 1986; Shi und Cassell, 1998). Analog zu dieser Einbindung von S2 in taktile
Gedichtnisfunktionen wurde eine Bedeutung von S2 fiir schmerzbezogene Gedichtnis- und
Lernfunktionen vorgeschlagen (Dong et al., 1989; Lenz et al., 1997). Eine solche Assoziation
zwischen der Funktion von S2 und kognitiven Aspekten von Schmerz wiére gut mit dem
gegenwirtigen Befund des Antwortmusters von S2 auf Schmerzreize hin und der
Beeintriachtigung der Erkennung von Schmerz bei dem geschilderten Fallbericht vereinbar.
Zusammenfassend belegen die erhobenen Befunde somit eine Beteiligung des S1-Kortex an
sensorischen Aspekten von Schmerz und lassen eine Assoziation zwischen S2 und kognitiven

Aspekten von Schmerz plausibel erscheinen.
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Die kortikale Reprdsentation von Schmerz unterschiedlicher Korpergewebe

Schmerz kann oberfldchlich oder tief in Muskeln, Gelenken, Eingeweiden oder Gefdlen
wahrgenommen werden. In einer eigenen Studie wurde der Frage nachgegangen, ob sich die
kortikale Verarbeitung von Schmerz unterschiedlicher Gewebetypen unterscheidet. Hierfiir
wurden bei gesunden Probanden Laserreize auf die Haut und in Blutgefa3e des Handriickens
appliziert. Die intravendse Applikation gelang mittels Einfiihrung einer sterilen Glasfaser
durch einen Venenverweilkatheter, womit der Laserreciz durch die Glasfaser auf die
Venenwand appliziert werden konnte. Kortikale Antworten auf beide Reize wurden

magnetenzephalographisch registriert und miteinander verglichen.

— cutaneous
— venous

O cutaneous
O venous

V100 200\
Abb. 7. Lokalisationen und Zeitverldufe schmerzevozierter Aktivierungen aus vendsem und kutanem Gewebe

(Ploner et al., 2002b)

Abbildung 7 zeigt, dal beide Reiztypen das kontralaterale S1-Areal und die bilateralen S2-
Areale aktivieren. Es zeigte sich kein Unterschied der Antwortlokalisationen auf beide Reize.
Auch das Aktivierungsmuster stimmte zwischen beiden Konditionen {iberein, beide Reize
aktivierten nahezu simultan die S1- und S2-Areale. Jedoch fiihrte die intravendse Stimulation
in allen Arealen im Mittel zu 50 ms fritheren Aktivierungen als die kutane Stimulation. Diese
Ergebnisse zeigen, dal auf Ebene der somatosensorischen Kortizes kein grundsitzlicher
Unterschied zwischen der kortikalen Verarbeitung von kutanem Schmerz und von Schmerz
aus der Gefdlwand besteht. Der generelle Latenzunterschied zwischen beiden Konditionen
verweist jedoch auf Unterschiede in der peripheren Verarbeitung beider Reize. Mogliche
systematische Unterschiede der Lokalisation beider Reize oder der Latenz der
Rezeptoraktivierung konnen rechnerisch kaum eine Latenzdifferenz von 50 ms erklédren, so
dafl der Latenzunterschied am ehesten auf Unterschiede der Leitungsgeschwindigkeiten

zwischen kutanen und vendsen nozizeptiven Afferenzen zuriickzufiihren ist. Moglicherweise
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spiegelt der Latenzunterschied somit die Aktivierung unterschiedlicher Populationen
nozizeptiver Ad-Fasern wider, wie sie vom Affen bekannt sind (Treede et al., 1995; Treede et
al., 1998).

Zieht man die mesodermale Herkunft der Venen in Betracht, so liegt es nahe, die
vorliegenden Befunde mit Arbeiten zur kortikalen Schmerzverarbeitung anderer Gewebe
mesodermalen Ursprungs, wie z.B. des Muskels zu vergleichen. Diese Studien zeigten keinen
grundlegenden Unterschied zwischen kutanem und muskuldrem Schmerz (Svensson et al.,
1997; Niddam et al., 2002; Chang et al., 2004). Die in den eigenen Arbeiten erhobenen
Befunde zur Verarbeitung kutanen Schmerzes erscheinen somit iibertragbar auf Schmerz

mesodermalen Gewebes.

Die kortikale Reprdsentation Ersten und Zweiten Schmerzes

Es ist ein einzigartiges perzeptuelles Phidnomen, daB einzelne Schmerzreize zwei
aufeinanderfolgende und qualitativ unterschiedliche Sensationen hervorrufen. Diese
Sensationen werden als Erster Schmerz und Zweiter Schmerz bezeichnet. Die periphere
Grundlage dieses Phinomens ist die gleichzeitige Aktivierung zweier Typen nozizeptiver
Fasern mit unterschiedlichen Leitungsgeschwindigkeiten (Ad- und C-Fasern, ~10 m/s und ~1
m/s). Die zentralen Korrelate und die biologische Funktion beider Sensationen sind bisher
weitgehend unbekannt. In einer eigenen Studie wurden die zentralen Korrelate Ersten und
Zweiten Schmerzes daher ndher untersucht (Ploner et al., 2002a).

In einem ersten Schritt wurden gesunde Probanden gebeten, den Zeitverlauf der
Wahrnehmung der schmerzhaften Laserreize mit der Fingerspanne von Daumen und
Zeigefinger der linken Hand widerzugeben. Die Schmerzreize wurden auf den rechten
Handriicken appliziert. Der Zeitverlauf dieser Ratingprozedur wurde mittels eines
ultraschallbasierten BewegungsmeBsystems aufgezeichnet. Die Ergebnisse zeigen, dal3 der
duBerst kurze Reiz von 1 ms Dauer ein langanhaltendes Perzept von 2 bis 3 sec Dauer
hervorruft (Abb. 8, links). Entsprechend zeigt der Zeitverlauf der globalen schmerzevozierten
neuromagnetischen Aktivitdt, da der kurze Laserreiz zu einer langanhaltenden kortikalen
Aktivierung von 2 bis 3 sec Dauer flihrt (Abb. 8, rechts). Wahrnehmung wie assoziierte
kortikale Aktivitdt zeigen initial einen steilen Anstieg, einen ersten Gipfel und nachfolgend
einen steilen Abfall, was der Wahrnehmung Ersten Schmerzes entspricht. AnschlieBend findet
sich eine langanhaltende, langsam abebbende Sensation und kortikale Aktivitdt entsprechend

der Wahrnehmung Zweiten Schmerzes.
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Abb 8. Zeitverldufe von Schmerzwahrnehmung und globaler schmerzevozierter kortikaler Aktivitét auf

kurzdauernde Laserreize von 1 ms Dauer (Ploner et al., 2002a)

Im néchsten Schritt wurden die Lokalisationen und Zeitverldufe schmerzevozierter kortikaler
Aktivitdt bestimmt. Im Vergleich zu den vorangegangenen Studien wurde hierzu das
Zeitfenster von 300 ms auf 3000 ms verldangert. Abbildung 9 zeigt auf der linken Seite die

Lokalisationen schmerzevozierter Aktivierungen.

early late

S2
cl &il

ACC

Abb. 9. Lokalisationen und Zeitverldufe schmerzevozierter kortikaler Aktivitit. Die grau hinterlegten Abschnitte
geben Zeitrdume Ad-Faser-vermittelter, mit Erstem Schmerz assoziierter und C-Faser vermittelter, mit Zweitem

Schmerz assoziierter Aktivitat wider. (Ploner et al., 2002a)
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Es finden sich die bekannten schmerzevozierten Aktivierungen in S1 und S2. Zusétzlich zeigt
sich eine Aktivierung im vorderen zinguldren Kortex (ACC). Die rechte Seite der Abbildung
zeigt die Zeitverldufe der Aktivierungen in diesen Arealen. Mit grauen Hinterlegungen
wurden Latenzbereiche mit Ad-Faser-vermittelter, mit Erstem Schmerz assoziierter und C-
Faser-vermittelter, mit Zweitem Schmerz assoziierter Aktivitit markiert. Die Zeitverldufe
lassen grundlegende Unterschiede zwischen den Arealen erkennen. S1 wird nur im frithen
Zeitfenster signifikant aktiviert, im spéten Zeitfenster findet sich hier keine signifikante
Aktivitdit. Der ACC zeigt ein umgekehrtes Aktivierungsmuster. Es findet sich eine starke
Aktivierung im spiten Zeitfenster und eine vergleichsweise schwache, aber signifikante
Aktivierung im frithen Zeitfenster. Die Amplituden der S2-Aktivierungen erscheinen
ausgeglichen zwischen den Zeitfenstern. Diese Befunde zeigen, dal Erster Schmerz
insbesondere mit der Aktivierung des S1-Areals einhergeht, wahrend Zweiter Schmerz eng
mit der Aktivierung des ACC assoziiert ist. Beide Sensationen sind mit bilateraler
Aktivierung des S2-Areals verbunden.

Die vorliegenden Ergebnisse zeigen erstmals direkt die kortikalen Korrelate der zeitlichen
Sequenz Ersten und Zweiten Schmerzes. Wéhrend die Korrelate Ersten Schmerzes in den
vorangegangenen eigenen und anderen Arbeiten ausgiebig analysiert werden konnten (Kakigi
et al., 2005), haben zentrale Korrelate Zweiten Schmerzes in nur vergleichsweise wenigen
neurophysiologischen Studien gezeigt werden konnen (Bromm und Treede, 1987; Arendt-
Nielsen, 1990; Bragard et al., 1996; Towell et al., 1996; Magerl et al., 1999; Opsommer et al.,
2001; Tran et al., 2002; Qiu et al., 2004; Forss et al., 2005). Die Lokalisierung gelang in nur
wenigen Studien (Opsommer et al., 2001; Tran et al., 2002; Qiu et al., 2004; Forss et al.,
2005). Uberwiegend waren mit Zweitem Schmerz assoziierte Aktivierungen dabei in S2 und
dem ACC lokalisiert. Auch auf die vorliegende Arbeit folgende Einzelzellableitungen bei der
Ratte (Kuo und Yen, 2005) und eine fMRI-Studie (Qiu et al., 2005) stiitzen eine Assoziation
zwischen der Funktion des ACC und C-Faser-Reizung bzw. Zweitem Schmerz.

Funktionell spiegelt der aktuelle Befund einer unterschiedlichen Représentation Ersten und
Zweiten Schmerzes wahrscheinlich die unterschiedlichen perzeptuellen Charakteristika und
biologischen Funktionen beider Sensationen wider. Erster Schmerz signalisiert Bedrohung
und versorgt das Individuum mit ausreichend sensorischer Information fiir eine schnelle und
angemessene motorische Antwort, d.h. eine rasche Fluchtreaktion. Erster Schmerz dient damit
der umgehenden Beendigung einer Gefahrensituation. Zweiter Schmerz mit seiner starken
affektiven =~ Komponente bindet ldngeranhaltend  Aufmerksamkeit und initiiert

Verhaltensweisen zur Begrenzung des Schadens und zur Optimierung der Erholung. Zweiter
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Schmerz vermittelt somit eine erholungsfordernde und heilende Funktion von Schmerz (Wall,

1979).

Schmerzinduzierte Modulationen kortikaler Erregbarkeit

Schmerz und Beriihrung sind eng miteinander verbundene Modalititen. Die alltdgliche
Erfahrung lehrt, daB schmerzhafte Reize und Reaktionen auf diese Reize meist mit
Berithrungswahrnehmungen einhergehen. Interaktionen zwischen beiden Modalitdten sind auf
der Verhaltensebene wiederholt beschrieben worden (Melzack und Wall, 1965; Apkarian et
al., 1994; Hollins et al., 1996; Bolanowski et al., 2000) und lassen sich teils therapeutisch
nutzen, man bedenke die transkutane elektrische Nervenstimulation (TENS) (Hansson und
Lundeberg, 1999). Entsprechend dieser engen Assoziation findet sich eine betrichtliche
Uberlappung der kortikalen Reprisentationen beider Modalititen, was insbesondere die
somatosensorischen Kortizes betrifft. Interaktionen zwischen beiden Modalititen auf
kortikaler Ebene sind jedoch nur unvollstindig bekannt (Tommerdahl et al., 1996; Rossi et
al., 1998; Dowman, 1999; Tran et al., 2003). In einer weiteren Studie wurden diese
Interaktionen daher néher charakterisiert (Ploner et al., 2004).

Unter Verwendung eines Konditionierungs-Test-Stimulus-Paradigmas wurde der Effekt von

Schmerzreizen auf die Verarbeitung von Beriihrung untersucht (Abb. 10).

S1cl
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conditioning stimulus
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Abb. 10. Lokalisationen und Zeitverldufe berithrungsevozierter kortikaler Aktivitit. Der Effekt schmerzhafter
konditionierender Reize zeigt sich im Vergleich zwischen gepunkteten und durchgezogenen Verldufen. (Ploner

et al., 2004)
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Konkret wurde hierfiir ein schmerzhafter Laserreiz auf den rechten Handriicken gesunder
Probanden appliziert. 500 ms nach diesem schmerzhaften Reiz wurde eine nicht-schmerzhafte
taktile Reizung appliziert und es wurde der modulierende Effekt des konditionierenden
Schmerzreizes auf die Verarbeitung des taktilen Testreizes untersucht.

Es 14t sich erkennen, dal} der schmerzhafte konditionierende Reiz keinen wesentlichen
Einfluf} auf die erste kortikale Verarbeitungsstufe des taktilen Testreizes im S1-Areal hat. In
spéteren Verarbeitungsstufen innerhalb des S1-Areals und in den beiderseitigen S2-Arealen
findet sich jedoch eine schmerzbedingt signifikante Erhdhung der Amplituden auf die taktilen
Testreize hin. Ein Kontrollexperiment zeigt, daf diese Fazilitierung nicht raumlich spezifisch
ist. Das heilit, da3 schmerzhafte konditionierende Reize auf der linken Hand ebenfalls zu
einer Fazilitierung der Verarbeitung taktiler Reize an der rechten Hand fiihren. Kurze
schmerzhafte Reize fithren somit zu einer rdaumlich unspezifischen, globalen Fazilitierung
taktiler Verarbeitung in den somatosensorischen Kortizes. Dieser fazilitierende Effekt von
Schmerz auf die Verarbeitung von Beriihrung war zuvor nicht bekannt.

Beziiglich der funktionellen Bedeutung dieses fazilitierenden Effekts fallt auf, dafl der Effekt
phédnomenologisch attentionalen Effekten auf die Verarbeitung von Beriihrung &hnelt.
Wiederholt  wurde  gezeigt, daBl  Aufmerksamkeit die ersten Komponenten
beriihrungsevozierter Potentiale mit Latenzen unter 40 ms unbeeinfluflt 14B3t, wihrend spéatere
Verarbeitungsstufen in S1 und S2 mit Latenzen iiber 40 ms fazilitiert werden (Josiassen et al.,
1982; Michie et al., 1987; Desmedt und Tomberg, 1989; Mima et al., 1998; Eimer und
Forster, 2003). Jedoch sind diese attentionalen Effekte rdumlich spezifisch und entsprechen
wahrscheinlich der von Posner beschrieben ,orienting“-Funktion der Aufmerksamkeit
(Posner und Petersen, 1990). Vor diesem Hintergrund mag der aktuelle Befund einer rdumlich
unspezifischen Fazilitierung eher die ,,alerting*“-Funktion von Aufmerksamkeit reprdsentieren
(Posner und Petersen, 1990; Corbetta und Shulman, 2002). Diese folgt unwillkiirlich auf
relevante und/oder neue Reize und wird wahrscheinlich von einem kortiko-subkortikalen
Netzwerk unter EinschluBl der rechtsseitigen frontalen, parietalen und zinguldren Kortizes
vermittelt (Corbetta und Shulman, 2002; Downar et al., 2002; Downar et al., 2003). Die
,alerting*“-Funktion geht mit einer Anderung des behavioralen Status zur Vorbereitung auf die
Verarbeitung besonders relevanter Reize einher (Posner und Petersen, 1990). Dies trifft
insbesondere auf den Schmerz zu, der eine existentielle Bedrohung signalisiert und das
Individuum zur Meidung weiteren Schadens anhilt.

Zusammenfassend konnte in der vorgelegten Studie erstmals eine schmerzbedingte

Fazilitierung taktiler Verarbeitung gezeigt werden. Es erscheint plausibel, dies als ein
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physiologisches Korrelat unwillkiirlicher schmerzbedingter attentionaler Effekte aufzufassen.
Da eine pathologisch vermehrte schmerzbedingte Aufmerksamkeit wesentlich fiir die
Chronifizierung von Schmerz zu sein scheint (Crombez et al., 2005), verspricht die nihere
Charakterisierung dieses Effektes bei Gesunden und Schmerzkranken Einblicke in die

Entstehung chronischen Schmerzes.

Schmerzinduzierte Modulationen spontaner oszillatorischer Aktivitdt

In einer folgenden Arbeit wurde der Effekt von Schmerz auf spontane oszillatorische
Aktivitdt untersucht (Ploner et al., 2006a). Spontane Oszillationen sind ein wesentliches
Charakteristikum der neuronalen Aktivitdt des ruhenden Gehirns (Hari und Salmelin, 1997;
Niedermeyer, 2005; Pfurtscheller und Lopes da Silva, 2005). Solche spontanen Oszillationen
oder Hirnrhythmen werden vor allem iiber primér sensorischen und motorischen Kortizes
beobachtet und finden sich liberwiegend in Frequenzbereichen um 10 Hz (a-Band) und 20 Hz
(B-Band). Die regionale Ausprigung der oszillatorischen Aktivitdit spiegelt den
Funktionszustand des jeweiligen sensorischen oder motorischen Systems wider. Eine hohere
Amplitude oszillatorischer Aktivitit geht mit einem Ruhezustand einher, wiahrend niedrigere
Amplituden eine exogene oder endogene Aktivierung des Systems signalisieren. Dariiber
hinaus wird vermutet, da3 eine Suppression oszillatorischer Aktivitdt mit einer vermehrten
kortikalen Exzitabilitdt einhergeht (Steriade und Llinas, 1988).

Einige wenige Studien der letzten Jahre beschiftigen sich mit den Effekten von Schmerz auf
spontane oszillatorische Aktivitdt (Mouraux et al., 2003; Ohara et al., 2004a; Raij et al.,
2004). Diese Studien zeigten, daB Schmerz spontane Oszillationen {iber dem
sensomotorischen Kortex der kontralateralen Hemisphire supprimiert, was im Grunde dem
Effekt taktiler Reize entspricht. Zieht man jedoch die breite Interaktion von Schmerz mit
sensorischen, motorischen und kognitiven Prozessen in Betracht (Melzack und Casey, 1968;
Eccleston und Crombez, 1999), so erscheint eine iiber das sensomotorische System
hinausgehende, globale Modulation kortikaler Systeme moglich. Dieser Frage wurde in der
vorliegenden Studie nachgegangen.

Hierzu wurden bei gesunden Probanden schmerzhafte kutane Laserreize auf den rechten
Handriicken appliziert und der Effekt dieser Reize auf spontane oszillatorische Aktivitét
analysiert. Diese schmerzbedingten Effekte wurden mit den Effekten taktiler Reize
verglichen. Zundchst wurde eine globale Zeit-Frequenz-Reprisentation (TFR) berechnet.

Diese zeigt Verdnderungen neuronaler Aktivitit in Abhdngigkeit von Frequenz und Zeit
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relativ zu einer Prastimulus-baseline. Abbildung 11 zeigt eine solche globale TFR gemittelt

uber alle 122 MEG-Sensoren und tiber alle Probanden.

[Hz]

t [sec]

Abb. 11. Globale Zeit-Frequenz-Reprisentation schmerzinduzierter Modulationen spontaner oszillatorischer

Aktivitdt gemittelt iiber alle Epochen, Sensoren und Probanden.(Ploner et al., 2006a)

Die Abbildung zeigt zunichst eine schmerzbedingte Zunahme (in rot kodiert) neuronaler
Aktivitdt unterhalb von 10 Hz, was den in den vorangegangenen Studien analysierten
schmerzevozierten Antworten entspricht. Anschlieend findet sich eine langanhaltende, bis
mindestens 2 sec dauernde Suppression (in blau kodiert) neuronaler Aktivitdt im o- und [3-
Band.

In einem ndchsten Analyseschritt wurden die schmerzinduzierten Suppressionen

oszillatorischer neuronaler Aktivitit lokalisiert (Abb. 12).

pain —

tactile ——

Abb. 12. Lokalisationen und Zeitverldaufe schmerzinduzierter Modulationen spontaner oszillatorischer Aktivitét.

Modulationen im a-Band sind in rot, im -Band in griin kodiert. (Ploner et al., 2006a)
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Lokale Maxima fanden sich in den beiderseitigen primdr motorischen und
somatosensorischen Arealen und iiber den visuellen Kortizes. Neben den Lokalisationen zeigt
die Abbildung die Zeitverldufe oszillatorischer Aktivitit im a- und f-Band in den jeweiligen
Arealen. Es 14Bt sich entnehmen, dafl die kurzdauernden Schmerzreize in allen Arealen zu
einer langanhaltenden Suppression spontaner oszillatorischer Aktivitat fithren. Entsprechend
der funktionellen Assoziation einer solchen Suppression kann dies als eine schmerzinduziert
globale Aktivierung sensorischer und motorischer Systeme interpretiert werden. Zieht man
die Ergebnisse der vorangegangenen Studie in Betracht, so zeigt sich hier ein weiteres
mogliches Korrelat eines globalen attentionalen Effektes von Schmerz im Sinne eines

»alerting“-Effekts.

Spontane oszillatorische Aktivitit und Exzitabilitdt der somatosensorischen Kortizes

In den beiden vorangegangenen Studien wurden die schmerzinduzierten Phinomene einer
vermehrten Erregbarkeit des somatosensorischen Systems und einer globalen Suppression
spontaner oszillatorischer Aktivitdt beschrieben. Vor dem Hintergrund des Postulates einer
Assoziation zwischen kortikaler Exzitabilitdt und oszillatorischer Aktivitit (Steriade und
Llinas, 1988) erscheint es moglich, dal beide Phinomene in enger Beziehung zueinander
stehen. Dieser Hypothese wurde in einer weiteren Studie nachgegangen (Ploner et al.,
2006b).

In dieser Studie wurde das zuvor eingefiihrte Konitionierungs-Test-Stimulus-Paradigma
verwendet (Ploner et al., 2004). Der konditionierende Schmerzreiz sollte oszillatorische
Aktivitdt supprimieren und die kortikale Exzitabilitét erhhen. Die kortikalen Antworten auf
den taktilen Testreiz dienten als Mal} der Exzitabilitit der somatosensorischen Kortizes. Auf
der Auswertung einzelner trials basierend wurde die schmerzbedingte Modulation spontaner
oszillatorischer Aktivitit mit der Modulation der Exzitabilitit in Beziehung gesetzt.
Abbildung 13 zeigt die Ergebnisse. Es 148t sich eine signifikante negative Korrelation
zwischen der Ausprigung oszillatorischer Aktivitit, vor allem im o-Band, und kortikaler
Exzitabilitdt erkennen. Die insgesamt vergleichsweise niedrigen Korrelationskoeffizienten
resultieren dabei aus der single-trial basierten Analyse. Bei solchen Analysen sind die
MeBwerte naturgemiB stark von Stdrsignalen geprigt. Sie eignen sich daher nicht zur
Aufkliarung der maximalen Varianz der MeBwerte, sind jedoch besonders sensitiv filir das

Aufdecken subtiler Zusammenhénge.
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Abb. 13. Korrelation zwischen schmerzbedingten Modulationen oszillatorischer Aktivitit (x-Achse) iiber dem
primédren sensomotorischen Kortex und schmerzbedingten Modulationen kortikaler Exzitabilitit (y-Achse) in S1

und S2. (Ploner et al., 2006b)

Die signifikante negative Korrelation zwischen oszillatorischer Aktivitdt und Exzitabilitit von
S1 und S2 legt nahe, da3 beide Phinomene tatsidchlich in einer engen Beziehung zueinander
stehen. Dieser Befund stiitzt somit das grundlegende Postulat einer Assoziation zwischen
oszillatorischer Aktivitdt und neuronaler Exzitabilitit (Steriade und Llinas, 1988). Dariiber
hinaus weisen die Ergebnisse darauf hin, da die Phdnomene der schmerzinduzierten
Fazilitierung sensorischer Verarbeitung und der schmerzinduzierten Suppression spontaner
oszillatorischer Aktivitit in engem Zusammenhang miteinander stehen. Moglicherweise
handelt es sich bei beiden Phdnomenen um physiologische Korrelate der ,,alerting*“-Funktion
von Schmerz.

Uber die beiden Phinomenen zugrundeliegenden neuralen Mechanismen 4Bt sich aufgrund
der vorliegenden Daten nur spekulieren. Plausibel erscheint jedoch das oben bereits
angerissene Modell von Corbetta (Corbetta und Shulman, 2002). Diese Modell postuliert eine
behavioral relevante Reize detektierende globale ,,alerting“-Funktion von Aufmerksamkeit,
die von einem rechtslateralisierten kortiko-subkortikalen Netzwerk vermittelt wird. Auf
kortikaler Ebene sind der zingulire und der inferior frontale Kortex sowie der

temporoparietale  Ubergang  wesentliche  Bestandteile  dieses Netzwerkes.  Auf
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Hirnstammebene wurde der Locus coeruleus mit seinen noradrenergen Projektionen als
wesentlich flir diese Funktion postuliert. Eine solche Assoziation zwischen korrelierten
Modulationen oszillatorischer Aktivitdt und kortikaler Exzitabilitit, einer Aktivierung des
Locus coeruleus mit seinen noradrenergen Projektionen und einer alerting-Funktion wird
durch verschiedene Befunde gestiitzt. Eine Aktivierung des Locus coeruleus supprimiert
oszillatorische Aktivitit in Thalamus und Kortex, vermehrt thalamische und kortikale
Exzitabilitdt und ist mit Reizrelevanz und Aufmerksamkeit assoziiert (McCormick et al.,
1991; Aston-Jones et al., 2000; Berridge und Waterhouse, 2003; Coull, 2005). Dariiber hinaus
konnte gezeigt werden, dal Schmerz zum somatosensorischen Thalamus projizierende
Neurone des Locus coeruleus aktiviert (Voisin et al., 2005). Moglicherweise sind die in den
eigenen Studien beobachteten schmerzinduzierten Phinomene mit diesem rechtslateralisierten
kortikosubkortikalen Netzwerk unter Beteiligung des Locus coeruleus und entsprechenden
noradrenergen Projektionen assoziiert. Dieses Netzwerk konnte der Optimierung der Funktion
sensorischer und motorischer Systeme dienen, um das Individuum auf die Verarbeitung von
und Reaktion auf Reize existentieller Relevanz vorzubereiten. Auf Verhaltensebene mag dies
mit einer Optimierung sensorischer und motorischer Leistungen einhergehen (Linkenkaer-

Hansen et al., 2004; Raij et al., 2004).
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Zusammenfassung und Ausblick

Schmerz ist eine komplexe sensorische, kognitive und affektive Erfahrung. Schmerz wird
entscheidend von vorangegangenen Erfahrungen und der aktuellen Situation geprigt und ist
somit stets subjektiv. In seiner physiologischen Funktion ist er unverzichtbar fiir den Erhalt
der physischen Unversehrtheit, von seiner physiologischen Funktion gelost stellt er als
chronischer Schmerz ein entscheidendes medizinisches Problem dar.

In einer Reihe neurophysiologischer Studien unter Verwendung der Magnetenzephalographie
und der kutanen Laserstimulation wurden die zentralnervosen Mechanismen der Verarbeitung
und Wahrnehmung von Schmerz néher charakterisiert. Insbesondere wurden die Zeitverldufe
und funktionellen Charakteristika schmerzbezogener kortikaler Aktivierungen untersucht, um
so Einblicke in die hierarchische Organisation und die funktionelle Bedeutung einzelner
Hirnareale fiir die Schmerzwahrnehmung zu erlangen.

Die Arbeiten zeigen, dal} die kortikale Verarbeitung von Schmerz sowohl zwischen als auch
innerhalb verschiedener kortikaler Areale teilweise parallel organisiert ist. Dies gilt fiir
Schmerz aus oberflachlichen wie tiefen Korpergeweben. Auf Verhaltensebene findet sich dies
mit einer Dissoziierbarkeit und somit Unabhdngigkeit verschiedener perzeptueller Aspekte
von Schmerz wieder. Die parallele Organisation der Schmerzverarbeitung entspricht einer
basalen, evolutiondr alten Organisationsform und unterscheidet Schmerz von anderen
Modalititen. Funktionell mag die parallele Organisation von Schmerz eine hohere Robustheit,
schnellere Verarbeitungsabldufe und einen direkteren Zugang zu motorischen und
gedichtnisrelevanten Arealen ermoglichen.

Die vorgelegten Arbeiten legen nahe, dal die einzelnen an der Schmerzverarbeitung
beteiligten kortikalen Areale unterschiedliche Teilfunktionen versehen. Der primére
somatosensorische Kortex (S1) ist pradestiniert flir sensorische Funktionen. Der sekundére
somatosensorische Kortex (S2) mag mit kognitiven und sensomotorisch integrativen
Funktionen befallt sein, wihrend der vordere zingulidre Kortex (ACC) mit der affektiven
Komponente von Schmerz assoziiert ist. Die genannten Areale sind unterschiedlich an der
Generierung der Sensationen Ersten und Zweiten Schmerzes beteiligt. Erster Schmerz ist eng
mit der Aktivierung von S1 verbunden, wiahrend Zweiter Schmerz insbesondere mit einer
Aktivierung des ACC einhergeht. Dies mag die unterschiedlichen biologischen Funktionen
beider Sensationen widerspiegeln. Erster Schmerz signalisiert Bedrohung, versorgt das
Individuum mit ausreichend sensorischer Information fiir eine schnelle und angemessene
motorische Antwort und dient damit der umgehenden Beendigung einer Gefahrensituation.

Zweiter Schmerz mit einer starken affektiven Komponente bindet ldngeranhaltend

36



Aufmerksamkeit, initiiert Verhaltensweisen zur Schadensbegrenzung und Heilung und
vermittelt eine erholungsfordernde und heilende Funktion von Schmerz.

Weitere Studien zeigen, daB die Effekte von Schmerz iiber die direkte Aktivierung
umschriebener Hirnareale hinausgehen. Entsprechend wunserer alltdglichen Erfahrung
moduliert Schmerz global den Funktionszustand und die Erregbarkeit sensorischer und
motorischer Systeme. Dies entspricht wahrscheinlich einem globalen Aufmerksamkeitseffekt
im Sinne einer ,,alerting“-Funktion von Schmerz. Diese ,alerting“-Funktion optimiert die
Funktion sensorischer und motorischer Systeme, um das Individuum auf die Verarbeitung von
und Reaktion auf existentiell relevante Reize vorzubereiten. Eine pathologische Vermehrung
einer solchen schmerzbezogenen Aufmerksamkeit scheint wesentlich an der Chronifizierung
von Schmerz beteiligt.

Eine auf den eigenen Befunden basierende schematische Ubersicht iiber die Organisation der
Schmerzverarbeitung zeigt Abbildung 14. Zusammenfassend konnten die vorgelegten Studien
zum Wissen Uber die physiologischen Grundlagen der zentralen Schmerzverarbeitung
beitragen. Es gelangen Einblicke in die hierarchische Organisation des kortikalen Netzwerks
der Schmerzverarbeitung sowie Zuordnungen zwischen der Funktion einzelner kortikaler
Areale und verschiedenen Aspekten der Schmerzwahrnehmung. Dariliber hinaus konnten

globale attentionale Effekte von Schmerz beschrieben werden.
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Schutz Vermeidung

/
N\

sensorisch-  kognitiv- affektiv-
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N\
/
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Schmerz Schmerz
motorische/  S1 S2/Insula ACC
sensorische
Systeme
laterale mediale
Thalamuskerne Thalamuskerne
Ad-Fasern C-Fasern

/
\
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Abb. 14. Die Organisation der Schmerzverarbeitung. S1, primérer somatosensorischer Kortex; S2, sekundirer

somatosensorischer Kortex, ACC, vorderer zinguldrer Kortex;
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Wesentliche Fragen fiir die weitere Arbeit sind das Zusammenspiel der verschiedenen
kortikalen Areale in der Generierung eines individuellen Perzepts. Auch die exogene und
endogene z.B. attentionale Modulation der Schmerzwahrnehmung werden aktuell intensiv
untersucht, sind aber noch nicht ausreichend verstanden. Ein verbessertes Verstdndnis dieser
Mechanismen verspricht dabei Einblicke in die Entstehung und Linderung von Schmerz. Die
Ubertragung der experimentellen Paradigmen und beobachteten Phiinomene der vorgelegten
Arbeiten auf chronisch schmerzkranke Patienten kdnnte somit therapeutisch verwertbare

Einblicke in die Entstehung chronischen Schmerzes liefern.
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RAPID COMMUNICATION

Parallel Activation of Primary and Secondary Somatosensory
Cortices in Human Pain Processing

MARKUS PLONER, FRANK SCHMITZ, HANS-JOACHIM FREUND, AND ALFONS SCHNITZLER
Department of Neurology, Heinrich-Heine University, D-40225 Dusseldorf, Germany

Ploner, Markus, Frank Schmitz, Hans-Joachim Freund, and Al- (MEG) to investigate the time course of cortical responses in Sl
fons Schnitzler. Parallel activation of primary and secondary somatgand Sli to selective nociceptive cutaneous laser stimuli.
sensory cortices in human pain processidg.Neurophysiol.81:

3100-3104, 1999. Cerebral processing of pain has been shown to

involve primary (SI) and secondary (SIl) somatosensory corticddETHODS

However, the temporal activation pattern of these cortices in nocicep-gix healthy right-handed male volunteers aged 2838 yr (mean 33
tive processing has not been demonstrated so far. We therefore UggQaricipated in the study. All subjects gave informed consent before

whole-head magnetoencephalography to record cortical responseghé experiment. The procedure was approved by the local ethical
cutaneous laser stimuli in six healthy human subjects. By usiBgmmittee.

selective nociceptive stimuli our results confirm involvement of con-

tralateral Sl and bilateral Sll in human pain processing. Beyond they. .

show for the first time simultaneous activation onset of contralater%&f'mulat'On procedure

Sl and SII after~130 ms, indicating parallel thalamocortical distri- |, » subsequent runs, 40 selective nociceptive cutaneous laser
bution of nociceptive information. This contrasts to the serial corticgl;nii (Bromm and Treede 1984) were applied to the dorsum of each
organization of tactile processing in higher primates and instegd,q with a Tm:YAG laser (Baasel Lasertech) with a wavelength of
corres_ponds to the paralle_l cc_)rtical organization in Iovyer primates aB%00 nm, a pulse duration of 1 ms, and a spot diameter of 6 mm.
nonprimates. Thus our finding suggests preservation of the bagi stimulus intervals were randomly varied between 10 and 14 s,
mammalian parallel organizational scheme in human pain processifgy stimylation site was slightly changed within an area f @ cm
whereas in t_he tactile modallty parallel organization appears to %ﬁer each stimulus. Before the recordings individual pain thresholds
abandoned in favor of a serial processing scheme. Functiona{iyare determined with increasing and decreasing stimulus intensities at
preservation of direct access to Sll underscores the relevance of &4Sm 5 steps. Threshold was defined as intensity that elicited painful
area in human pain processing, probably reflecting an important rQlgsations in at least three of five applications. Stimulation intensity
of Sll in nociceptive learmning and memory. was adjusted to twofold pain threshold intensity, i.e., between 600-
and 700-mJ pulse energy. After the recordings, subjects were asked to
rate mean stimulus intensity on a category scale, including “mild,”
INTRODUCTION “mild to moderate,” “moderate,” “moderate to severe,” and “severe”

From Head's statement that “pure cortical lesions cause A" NO tactile sensation was evoked at any intensity.

increase or decrease of sensibility to measured painful stimuli” o )
(Head and Holmes 1911) it was inferred for decades that tRéta acquisition and analysis

cerebral_corte_x'ls not Involve'd In huma}n pain processing. cortical responses were recorded with a Neuromag-122 whole-
Converging clinical and experimental evidence has substafad neuromagnetometer (Ahonen et al. 1993) in a magnetically
tially modified this view over the past years. In particularshielded room. The laser beam was led through an optical fiber from
participation of primary (SI) and secondary (SlIl) somatosesutside into the recording room. Signals were digitized at 483 Hz,
sory cortices has been confirmed by data from experimenbahd-pass filtered between 0.03 and 40 Hz, and averaged with respect
animal, human lesion (for reviews see Kenshalo and Willte laser stimuli. Simultaneous recordings of vertical and horizontal
1991; Sweet 1982), and functional imaging studies (Casey&gctrooculogram were used to reject epochs contaminated by blink
al. 1996; Coghill et al. 1994; Craig et al. 1996; Talbot et ap_rtlfact.s. and eye movements. AnaIyS|s was focused on an epoch
1991). However, the temporal characteristics of nocicepti mprising 100 ms prestimulus baseline and 300 ms after stimulation.

L . s urces of evoked responses were modeled as equivalent current
processing in these cortices have remained largely unknov& oles identified during clearly dipolar field patterns. Only sources

Especially it is unknown whether Sl and Sil are activated in &c,nting for>85% of the local field variance (goodness of fit) were

serial or a parallel mode. Serial processing of tactile informgecepted. Dipole location, orientation, and strength were estimated
tion in higher primates (Garraghty et al. 1990; Pons et al. 198ithin a spherical conductor model of each subject’s head determined
1992), including humans (Allison et al. 1989a,b; Hari et alrom the individual magnetic resonance images (MRI) acquired on a
1993; Mima et al. 1998), may suggest a corresponding sequér T Siemens-Magnetom. The final spatiotemporal source model
tial activation of SI and SlI to nociceptive stimuli, although neonsisted of two or three dipoles with fixed locations and orientations.
direct evidence for this has been presented so far. Dipole strength was allowed to vary over time to provide the best fit

We therefore used whole-head magnetoencephalograﬁ)‘Pf he reco_rded de}ta"(f'c.)_r further details concerning da;a acquisition
and analysis see 'H#ainen et al. 1993). The resulting source

The costs of publication of this article were defrayed in part by the payme®r€ngth waveforms as a function of time were used for determination

of page charges. The article must therefore be hereby magdwtftisemerit Of peak and onset latencies. On the basis of fiducial point markers
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. =~ MRI and MEG coordinate systems were aligned, and source locations
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were superposed on the individual MRI scans. To quantify location of
sources MRI scans were adjusted to the Talairach coordinate system
(Talairach and Tournoux 1988). In each individual, distances of SlI
sources were determined along the medial-latesatis to the circu-

lar insular sulcus and along the anterior—posteyiaxis to the verti-
cofrontal plane passing through the anterior commissure (VCA).
Source locations were also calculated in standardized Talairach coor-
dinates.

Stimulus

Sl contra

RESULTS

In all subjects, stimuli elicited at least moderately painful,
“pinprick-like” sensations. Field patterns of pain-evoked neu-
romagnetic responses indicated temporally overlapping activ-
ity of two almost orthogonally oriented cortical sources in the
contralateral and one source in the ipsilateral hemisphere (Fig.
1la). Precise determination of activation sites and subsequent
superposition on individual MRI scans revealed a contralateral
source with an anterior—posterior current direction in the post-
central hand area and bilateral sources with inferior—superior : ~
orientations in the upper banks of the Sylvian fissures thus f T T T 1
corresponding to contralateral SI and bilateral Sll cortices, | -100 0 100 200 300 [ms]
respectively (Fig. f); 95% confidence limits for localization
of Sl sources in each direction were42 mm (meant SD) FIG. 2. Mean source strengths as a function of time across left and right
in both hemispheres and of Sl sources=522 mm in the left hand stimulation of all subjects. Shaded areas depBE. contra, contralat-
and 5= 3 mm in the right hemisphere. Absolute medial-latera&ral; ipsi, ipsilateral.

distances between SlI sources and circular insular sulcus were
13 = 5 mm in the left hemisphere and 44 mm in the right
hemisphere. Distances of SlI sources to the VCA welé& +

8 mm and -6 = 3 mm, respectively. Mean standardized
Talaraich coordinatex(y, z) were—21, —33, 59 (left SI); 24,
—30, 58 (right Sl);—51, —15, 18 (left Sll); 52,—6, 17 (right

SlI). Figure X shows the time course of source activations in
a single subject, and Fig. 2 illustrates the group mea8K)
activities across left- and right-hand stimulations of all sub-
jects. Onset latencies of contralateral SI (1817 ms) and
contralateral Sll (126= 4 ms) were not statistically different
(two-tailed Wilcoxon signed rank tesB = 0.33). Slightly
steeper slopes most likely reflecting a higher degree of neuro-
nal synchronization caused shorter peak latencies in contralat-
eral Sl (163+ 4 ms) than in SI (174- 3 ms) @ = 0.013).
Onsets and peaks of contralateral Sll preceded ipsilateral Sll

C stimulus by 12 ms P = 0.008) and 18 msKR = 0.005), respectively.
SIL: N\ Table 1 gives individual and mean onset and peak latencies of
e P e all stimulation conditions.
f- By using selective nociceptive stimuli our results confirm
SR ] \ [20 nAm previous observations of Sl and SlI involvement in human pain
: processing (Casey et al. 1996; Coghill et al. 1994; Craig et al.
-100 0 100 200 300[ms] 1996; Greenspan and Winfield 1992; Kenshalo and Willis

1991; Lenz et al. 1998; Sweet 1982; Talbot et al. 1991). In
Fic. 1. Cortical responses to cutaneous laser stimuli applied to right hagdiqition. we show for the first time the temporal aspects of

in a representative subjed: magnetic field patterns at 176 ms after stimulus_ _ . . . . .
application displayed over the helmet-shaped sensor array viewed from %C'Cept've processing In human somatosensory cortices.

left, top, and the right. Squares show locations of 61 sensor pairs. Shaded aredg8reVvious neU"QthSiO.lOgiC.al fePOFQiHQS of cortical re-
indicate fields directed into the head; isocontours are seperated by 45 $ponses to selective nociceptive stimuli either could not dem-
Arrows represent location and direction of cortical sourd&slocation of gnstrate S| activation (Bromm and Chen 1995; Hari et al. 1983,

cortical sources superposed on magnetic resonance imaging keénaxial . . i . oA
slice through SI hand areaiddle andright: coronal and axial slice through 1997; Huttunen et al. 1986; Kaklgl etal. 1995; Valeriani et al.

SIl. C: source strengths as a function of time. SI, primary somatosenscky96; Watanabe et al. 1998) or did not provide sufficient
cortex; SlI, secondary somatosensory cortex; L, left; R, right. spatial resolution to localize sources (Spiegel et al. 1996;
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TABLE 1. Latencies of cortical responses to cutaneous laser stimuli

S| Contralateral Sl Contralateral Sl Ipsilateral
Subject Hand Onset (131* 7) Peak (174+ 3) Onset (126+ 4) Peak (163* 4) Onset (138+ 4) Peak (181* 4)
1 r 126 175 140 174 — —
| 150 186 148 183 153 195
2 r 126 168 121 158 116 160
| — — 120 162 155 183
3 r 145 187 133 176 144 180
| 152 178 134 175 140 175
4 r 96 160 104 156 120 167
| 84 172 106 138 126 188
5 r 120 168 121 173 135 174
| 153 184 138 163 143 195
6 r 142 173 132 157 134 165
| 143 168 113 138 151 206

Values in parentheses represent mea8E. Latencies are given in ms. No ipsilateral Sll source could be identified to right hand stimuli in subject 1 and no
contralateral Sl source could be identified to left hand stimuli in subject 2. SI, primary somatosensory cortex; Sll, secondary somatosensprighohand;
I, left hand.

Tarkka and Treede 1993). The failure to detect Sl activation ot be ruled out in this study, and virtually all of the anatomic
some studies might have been due to the paucity of nociceptauad electrophysiological work in macaques clearly supports a
neurons in Sl as revealed in experimental animal studies (Kgmedominantly serial relay of tactile information from Sl to Sll
shalo and Willis 1991) and to different stimulus characteristi¢®ons 1996). By contrast, ablation experiments in lower pri-
possibly activating different fiber populations. In our studymates and nonprimates revealed independent activation of Sl
very short laser pulses of relatively high energies probabénd Sli via parallel thalamocortical pathways (Garraghty et al.
yielded a higher degree of neuronal synchronization and thel®91; Turman et al. 1992). Thus for tactile processing in higher
fore could well account for larger responses. The latency of themates an evolutionary shift from the basic mammalian par-
Sl response is inconsistent with conduction viggAibers but allel cortical organization to serial organization of somatosen-
agrees well with activation of A-fibers. Selectivity of cuta- sory cortices has been proposed. Our results strongly suggest
neous laser stimulation is further corroborated by the absenbat the parallel mode of cortical organization also applies to
of any tactile sensations in our study and by results of micrbuman pain processing, whereas in the tactile modality parallel
neurographic recordings (Bromm and Treede 1984). organization appears to be abandoned in favor of a serial
The locations and orientations of our Sl sources are processing scheme. Anatomically, parallel nociceptive pro-
accordance with previous MEG and functional imaging studiegssing is likely to be subserved by distinct spinothalamocor-
on tactile (Coghill et al. 1994; Hari et al. 1993; Ledberg et atical pathways via the ventroposterior inferior thalamic nucleus
1995; Mima et al. 1998; Schnitzler et al. 1999) and nociceptig§¢Pl) to Sl (Friedman and Murray 1986; Stevens et al. 1993)
(Casey et al.1996; Coghill et al. 1994, Craig et al. 1996; Haaind via the ventroposterior lateral thalamic nucleus (VPL) to Sl
et al. 1983, 1997; Kakigi et al. 1995; Talbot et al. 1991(Gingold et al. 1991). Differences in spinal input, response
Watanabe et al. 1998) processing. The inferior—superior croperties, and receptive field sizes of nociceptive neurons
rent flow and the distances of SlI sources to the insula and tideng VPL-SI and VPI-SII projections (Apkarian and Hodge
VCA rule out a significant contribution of insular activity to the1989; Apkarian and Shi 1994; Dong et al. 1989; Kenshalo and
identified sources. Failure to detect activation of insular corteWillis 1991) indicate an anatomic and functional segregation
which was also shown to participate in nociceptive processiofjboth pathways from the spinal cord to cortex.
(Casey et al. 1996; Coghill et al. 1994; Craig et al. 1996), may Functionally, serial processing implies greater synaptic dis-
be due to possible cancellation of currents in the opposite waligce between Sl and the periphery and some loss of process-
of the insula and to mainly radially oriented insular sourcieg speed in exchange for preferential use of Sl (Garraghty et
currents not detected by MEG. al. 1991). Given restricted receptive field sizes, somatotopical
Our finding of simultaneous activation of Sl and SlI tarrangement, and accuracy of intensity coding of both SI and
selective nociceptive stimuli contrasts to the temporal activeiPL neurons (Apkarian and Shi 1994; Kenshalo and Willis
tion pattern of tactile processing. Intracranial and magnetoet891), we conclude that discriminative capabilities mediated
cephalographic recordings in humans revealed sequential algi-SI are less important in pain than in tactile perception.
vation of Sl peaking at 20-50 ms and Sll peaking-dt00— Instead preserved direct access of nociceptive information to
130 ms (Allison et al. 1989a,b; Hari et al. 1993; Mima et alSIl indicates crucial importance of this area in human pain
1998; Schnitzler et al. 1999). Accordingly, ablation experprocessing. Direct corticolimbic projections from SlI to the
ments in higher primates showed a dependence of Sl temporal lobe limbic structures have been proposed to subserve
sponses on the integrity of Sl, indicating serial processing t#ctile learning and memory (Friedman et al. 1986; Mishkin
tactile information (Garraghty et al. 1990; Pons et al. 19871979). Similarly, SIl may play a key role in relaying nocicep-
1992). Results of a single study (Zhang et al. 1996) witiive information to the temporal lobe limbic structures (Dong et
cortical cooling of Sl were interpreted as indication for al. 1989; Lenz et al. 1997). Thus direct thalamocortical pro-
possible parallel activation of tactile pathways to Sl and Sl ilection to SlI provides fast and effective access of nociceptive
higher primates. However, incomplete deactivation of Sl casignals to the anatomic substrates of pain-related learning and
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memory. For obvious reasons, physical integrity and surviv@hcoLp, S. I, GREensPAN J. D.,AND APKARIAN, A. V. Anatomic evidence of
of the individual are heavily dependent on efficient and suc-nociceptive inputs to primary somatosensory cortex: relationship between
cessful reaction to and avoidance of harmful events. Therefor pinothalamic terminals and thalamocortical cells in squirrel monkeys.

h thesize that the fund tal rel f pai . Comp. Neurol308: 467—490, 1991.
we hypothesize that the Tundamental relevance Or pain-assQglze\spay J. D. anp WiNFiELD, J. A. Reversible pain and tactile deficits

ated !eaming and_ memory accounts for the evolutionary presassociated with a cerebral tumor compressing the posterior insula and
ervation of the direct thalamic input to Sll. Conversely, the parietal operculumPain 58: 29-39, 1992.

involvement of learning and memory mechanisms in chronif#mALANEN, M., HARI, R., ILMONIEMI, R. J., KNUUTILA, J.,AND LOUNASMAA,
cation of pain (Fordyce 1986) opens novel approaches foP- V. Magnetoencephalography—theory, instrumentation, and application

exploring the role of SlI in chronic pain syndromes. Lolgfzg‘;’afg’ge;t“dies of the working human braev. Mod. Phys65:

) ) HaRrI, R., HAMALAINEN, M., KNUUTILA, J., S\LONEN, O., SAMS, M., AND
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Clinical Note

Pain affect without pain sensation in a patient with a postcentral lesion

M. Ploner, H.-J. Freund, A. Schnitzler*
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Abstract

We report findings from clinical examination and cutaneous laser stimulation in a 57-year-old male, who suffered from a right-side:
postcentral stroke. In this patient, we were able to demonstrate (i) a dissociation of discriminative and affective components of pa
perception and, for the first time in humans, (ii) the dependence of sensory-discriminative pain component and first pain sensation on |
integrity of the lateral pain system.dJ 1999 International Association for the Study of Pain. Published by Elsevier Science B.V.

Keywords:Pain perception; Somatosensory cortex

1. Introduction following single painful stimuli. Peripherally, the neural
basis of this phenomenon is a dual pathway for pain with
Cerebral structures involved in pain processing are com- Aj-fibers mediating pricking first pain and C-fibers mediat-
monly divided into a lateral and a medial pain system (Albe- ing dull second pain (Bishop and Landau, 1958). Centrally,
Fessard et al., 1985). These two systems diverge at thea representation of first pain in the lateral pain system has
thalamic level. The main constituents of the lateral pain been suggested (Hassler, 1976), but no direct evidence for
system are the lateral thalamic nuclei and the primary (Sl) this has been presented so far.
and secondary (Sll) somatosensory cortices (Kenshalo and Here, we report findings from clinical examination, cuta-
Willis, 1991). The medial pain system essentially consists neous laser stimulation and magnetic resonance imaging
of the medial thalamic nuclei and the anterior cingulate (MRI) of a patient with a selective ischemic lesion of the
cortex (Vogt et al., 1993). right SI and Sl cortices. This patient offered the unique
These anatomically segregated systems are supposed tpossibility to study possible dissociations between sen-
subserve functionally different components of pain percep- sory-discriminative and motivational-affective components
tion. Experimental and lesion data in humans indicate a of pain perception and between first and second pain. Our
close association between motivational-affective aspectsresults demonstrate, for the first time in humans, a loss of
of pain and the medial pain system (Vogt et al., 1993; pain sensation with preserved pain affect, and provide clear
Craig et al., 1996; Rainville et al., 1997). However, an asso- evidence for the crucial role of the lateral pain system in the
ciation between the sensory-discriminative component of sensory-discriminative pain component and in first pain sen-
pain perception and the lateral pain system, as deducedsation.
from neurophysiological experiments in monkeys (Ken-
shalo and Willis, 1991), has not yet unequivocally been
proven in humans. 2. Case report
A further characteristic of pain perception is the appear-
ance of two subsequent and qualitatively distinct sensations2.1. Case history

* Corresponding author. Tel.: +49-211-811-7893; fax: +49-211-811- A 57-year-old male with no history of previous neurolo-
9033; e-mail: schnitz@neurologie.uni-duesseldorf.de gical diseases suffered from a cardioembolic stroke in the

0304-3959/99/$20.000 1999 International Association for the Study of Pain. Published by Elsevier Science B.V.
PIl: S0304-3959(99)00012-3
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territory of the right middle cerebral artery. While initial left marginal left-sided pronation when maintenance of arms
hemiparesis resolved within the first few hours left-sided against gravity was examined without any further motor
sensory deficits persisted. MRI performed 3 days after deficit. These deficits remained stable and unchanged across
stroke showed a lesion confined to the right postcentral the two examinations.

gyrus and the parietal operculum extending from 12 mm

to 54 mm above the anterior commissure-posterior commis- 2.3. Cutaneous laser stimulation

sure-line, thus comprising the hand area of Sl and Sl (Fig.

1). No other lesions were visible on the scans studied. Pre- Controlled, selective thermonociceptive stimuli were
served median nerve somatosensory evoked short-latencyapplied by means of cutaneous laser stimulation (Bromm
potentials and diminished long latency potentials suggestedand Treede, 1991) using a Tm:YAG-Laser (Baasel Laser-
integrity of peripheral somatosensory pathways and partial tech) with a wavelength of 2000 nm, a pulse duration of 1

lesion of SI. ms and a spotdiameter of 6 mm. Twelve days after stroke,
pain thresholds on the dorsum of feet and hands were deter-
2.2. Clinical examination mined with increasing and decreasing stimulus intensities at

50 mJ steps (actual output intensity can vary up to 5% from
Evaluation of the patient’s deficits 5 and 12 days after demanded intensity). The threshold was defined as intensity
stroke was based on extensive clinical examination includ- that elicited painful sensations in at least three of five appli-
ing light touch, static tactile thresholds with von Frey-hair cations. Reaction times to 20 painful laser stimuli (stimulus
stimuli, two-point and sharp-dull discrimination, sense of intensity 450 mJ) applied to the dorsum of each hand were
movement, graphaesthesia, stereognosia thermaesthesimeasured in two subsequent runs. Stimulation site was
(test tubes filled with hot and cold water), pallaesthesia slightly changed between successive stimuli, interstimulus
and motor testing. intervals varied randomly between 10 and 14 s. The patient
While sensory examination of the patient’s right side was was instructed to lift the index finger contralateral to stimu-
within normal limits, left-sided examination revealed lation as soon as any sensation was perceived. Finger lift
hypaesthesia of foot, leg and face and anaesthesia of handvas detected by a photoelectric barrier. Due to the failure to
and arm, in all the above mentioned tests except for nearly correctly place the index finger of the proprioceptively
normal pallaesthesia (Table 1). In particular, thermal stimuli impaired left hand into the photoelectric barrier motor reac-
did not evoke any sensation. Motor testing showed only tions of the sensory impaired left hand could not be recorded

Fig. 1. Transaxial MRI-slices at 42 mm (left) and 18 mm (right) parallel above the anterior commissure-posterior commissure-line. Scalesigatesword
mm according to the Talairach frame of reference (Talairach and Tournoux, 1988). Markers (*) indicate the central sulcus.
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Table 1
Sensory testing

Right hand Left hand
von Frey-hair stimuli (mN) 2.83 >6.65
Two-point-discrimination (mm) 12 -
Sharp-dull-discriminatich 5/5 0/5
Sense of mcp joint movemént 5/5 0/5
Graphaesthedia 5/5 0/5
Stereognosfa 5/5 0/5
Pallaesthesia (tuning fork) 100% 75%
Pain threshold (mJ) 200 b_

*Number of correct trials.
PAt 350 mJ and more the patient described a ‘clearly unpleasant’ feeling.
mcp, metacarpophalangeal; —, no sensation.

and thus reaction times could not be determined for six
stimuli to the normal right hand. In two prior control runs
mean reaction times to binaural acoustic stimuli had been
300 ms (SD= 67 ms) for right index finger lift and 246 ms
(SD =64 ms) for left index finger lift, so that prolonged
reaction times due to accompanying left-sided motor defi-
cits could reliably be excluded.

Pain thresholds were 200 mJ for right hand and both feet.
Evoked pain sensations were characterized as ‘pinprick-
like’ and were well localized within 2—3 cm. For left

213

contrast, detection of and reaction to painful stimuli as
well as pain affect do obviously not require integrity of Si
and SlI. Nevertheless, damage to Sl and SlI produced hypal-
gesia in our patient, suggesting interaction between medial
and lateral pain system in normal pain experience.

Most previous lesion studies in humans agreed on the
crucial importance of the postcentral gyrus and/or the par-
ietal operculum in pain perception (Sweet, 1982; Boivie et
al., 1989; Greenspan and Winfield, 1992). Although these
studies are clinically well documented, the partial lack of
information about lesion extent, presence of additional
lesions and manifold, and ambiguous clinical presentations
interfered with a consistent concept of these structures in
human pain perception. Moreover, clinical examination of
pain perception was carried out with non-selective pain-
evoking stimuli. Thus, activation of pain afferents was
always contaminated by activation of tactile pathways.
Cutaneous laser stimulation, as applied in our study, over-
comes this limitation by selective activation of thermonoci-
ceptive afferents (Bromm and Treede, 1991). Thus, our
findings refer to cutaneous but not necessarily to deep noci-
ception.

More recent evidence for an involvement of Sl and Sll in
pain processing comes from functional imaging studies.
Most of them showed pain associated increases of cerebral

hand, up to an intensity of 600 mJ, no pain sensation blood flow in contralateral Sl and SlI (Talbot et al., 1991;
could be elicited. However, at intensities of 350 mJ and Coghill et al., 1994; Casey et al., 1996; Craig et al., 1996;
more, the patient spontaneously described a ‘clearly unplea-Andersson et al., 1997; Derbyshire et al., 1997; Rainville et
sant’ intensity dependent feeling emerging from an ill-loca- al., 1997). According to the Talairach-coordinates (Talair-
lized and extended area ‘somewhere between fingertips andach and Tournoux, 1988), activation foci were located in
shoulder’, that he wanted to avoid. The fully cooperative regions corresponding to our patient’'s lesion. But again,
and eloquent patient was completely unable to further
describe quality, localization and intensity of the perceived
stimulus. Suggestions from a given word list containing
‘warm’, ‘hot’, ‘cold’, ‘touch’, ‘burning’, ‘pinprick-like’,
‘slight pain’, ‘moderate pain’ and ‘intense pain’ were denied
nor did the patient report any kind of paraesthesias (all
descriptions translated from German). Reaction times to
laser stimuli on the right hand showed a bimodal distribu-
tion with medians at 400 ms and 1000 ms. By contrast,
stimulation of the left hand yielded exclusive long-latency
responses with a median at 1426 ms (Fig. 2).

2000+

[ms]
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3. Discussion

In the patient reported here, clinical examination and
cutaneous laser stimulation revealed prolonged reaction
times to painful laser stimuli, an elevated pain threshold,
loss of sensory-discriminative pain component and pre-
served motivational-affective dimension of pain. This
clear perceptual dissociation was paralleled by an anatomi- . .
cal dissociation between affected lateral pain system and Right hand Left hand
spared medial pain system. This pattern of impairment stimulation stimulation
shows the essential role of SI and/or SlI for the sensory- fig 2. Reaction times to cutaneous laser stimulation of the normal right
discriminative aspects of pain perception in humans. By (N = 14) and the affected leff\ = 20) hand.

500
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Differential Organization of Touch and Pain in Human Primary
Somatosensory Cortex
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Ploner, Markus, Frank Schmitz, Hans-Joachim Freund, and Al- posterior parietal cortex, and the secondary somatosensory
fo_ns Schnitzler.Differential organization of tou_ch and pain in humancortex (Burton and Fabri 1995; Burton et al. 1995; Jones et al.
primary somatosensory cortex. Neurophysiol.83: 1770-1776, 1978). Anatomic (Burton and Fabri 1995; Felleman and Van
2000. Processing of tactile stimuli within somatosensory cortices Ssen 1991 Jones 1986) and physiologic studies (Garraghty et
been shown to be complex and hierarchically organized. However, 1990: Hy,\'/'ainen and Poranen 1978: lwamura et al. 1993

precise organization of nociceptive processing within these cortices ; L h ;
has remained largely unknown. We used whole-head magnetot%-as et al. 1979; Pons et al. 1992) indicate a partially hierar-

cephalography to directly compare cortical responses to stimulation@tiCal organization of these areas with area 3b representing the
tactile and nociceptive afferents of the dorsum of the hand in humafgSt cortical stage of tactile processing (for review see Iwamura
Within the primary somatosensory cortex (Sl), nociceptive stimufi998).

activated a single source whereas tactile stimuli activated two sequenAccordingly, neurophysiological recordings in monkeys and
tially peaking sources. Along the postcentral gyrus, the nociceptive lilimans have revealed that the earliest cortical components of
source was located 10 mm more medially than the early tactile §&matosensory evoked potentials and fields originate from area
response arising from cytoarchitectonical area 3b and correspondgf|gcated in the rostral bank of the postcentral gyrus (Allison
spatially to the later tactile Sl response. Considering a mediolateéql al. 1989a; McCarthy et al. 1991; Wood et al. 1985, 1988).
location difference between the hand representations of cytoarchit 'gsequent’responses are genera'ted in the caudally’ adjoining

tonical areas 3b and 1, the present results suggest generation o ) - . :
single nociceptive response in area 1, whereas tactile stimuli activ@léd 1 and later in the posterior parietal cortex and SlI (Allison

sequentially peaking sources in areas 3b and 1. Thus nocicepfledl- 1989a,b; Forss et al. 1994; Hari et al. 1993; McCarthy et
processing apparently does not share the complex and hierarchal1991; Wood et al. 1985, 1988).
organization of tactile processing subserving elaborated sensory caBy contrast, a recent study in humans demonstrated simul-
pacities. This difference in the organization of both modalities maganeous activation of Sl and Sll to nociceptive stimuli suggest-
reflect that pain perception rather requires reactions to and avoidaimg a parallel activation pattern (Ploner et al. 1999). However,
of harmful stimuli than sophisticated sensory capacities. within SI, the organization of nociceptive processing has re-
mained largely unknown. Thus it is unclear whether the com-
plex and hierarchical organization of tactile processing sub-
INTRODUCTION serving elaborated sensory capacities also applies to human
) o ) pain processing. We therefore used whole-head magnetoen-
The primary somatosensory cortex (Sl) participates in Cefaphalography (MEG) to record cortical responses to tactile
tral processing of both tactile and nociceptive stimuli (fogng nociceptive stimuli in healthy human subjects. By directly
reviews see Kaas 1990; Kenshalo and Willis 1991). Howevemparing cortical responses to both stimuliin the same sub-

Sl is not a homogeneous area but consists of four cytoarcfiets we investigated whether nociceptive processing shares the

tectonically distinct fields arranged from rostral to caudal arl:?rganization of tactile processing within SI.

referred to as areas 3a, 3b, 1, and 2 (Brodmann 1909; Vogt an

Vogt 1919). These areas each contain a separate body "N €T hons

sentation (Kaas et al. 1979) characterized by a distinct connec-

tivity (Burton and Fabri 1995; Felleman and Van Essen 1991;Six healthy male right-handed volunteers with a mean age of 33 yr

Jones 1984, 1986), submodality distribution (Iwamura et dlange, 28-38 yr) participated in the experiment. All subjects were

1993; Kaas et al. 1979; Powell and Mountcastle 1959), a aperlencec_i in pain experiments and gave their informed cons_ent

receptive field configuration (Hywvimen and Poranen 1978; efore participation. The study was approved by the local ethics

Iwamura et al. 1993; Kaas et al. 1979).
Cutaneous information is predominantly processed in areas .

3b and 1 whereas areas 3a and 2 mainly receive informati‘gwmﬂ"j‘“On

from the deep body tissues (Hyrgen and Poranen 1978; Tactile and nociceptive afferents of the hands were stimulated by

Iwamura et al. 1993; Powell and Mountcastle 1959). Th&ing electrical sensory nerve and cutaneous laser stimulation, respec-

cutaneous fields areas 3b and 1 are connected with area 2 fitledy. For the nociceptive stimulations data of three subjects from our

previous study (Ploner et al. 1999) were included.

The costs of publication of this article were defrayed in part by the payment IN Separate runsz40 selective nociceptive cutaneous laser stimuli
of page charges. The article must therefore be hereby magdtttisemerit (Bromm and Treede 1984) were delivered to the dorsum of each hand

in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.  in the territory of the superficial branch of the radial nerve. Right and

committee.

1770 0022-3077/00 $5.00 Copyright © 2000 The American Physiological Society



DIFFERENTIAL ORGANIZATION OF TOUCH AND PAIN IN SI 1771

left hand were stimulated in subsequent runs. The laser device waggponses to tactile stimulation were explained by a single
Tm:YAG-laser (Baasel Lasertech) with a wavelength of 2000 nm,dinole, fitted around 30 ms, in the contralateral postcentral
pulse duration of 1 ms, and a spot diameter of 6 mm. Interstimul rus corresponding to the hand area of SI. In 9 of 12 hemi-
intervals were randomly varied between 10 and 14 s and stimulati %J\eres (5 left and 4 right), an additional sub.sequently peaking

site was slightly changed after each stimulus to avoid tissue dam . :
and sensitization and habituation effects. Stimulation intensity wa8Urce in the contralateral SI hand area located more medially

adjusted to twofold pain threshold intensity, i.e., 600—700 mJ pul¥éas necessary to explain the recorded signals. These early SI

energy. In each individual, laser stimuli elicited clearly painful “pinfesponses were followed by activity originating from the con-

prick-like” but no tactile sensations. tralateral posterior parietal cortex in three recordings, and in all
Tactile afferents were stimulated with 0.3 ms constant V°|ta%c0rdings, from the upper banks of the Sylvian fissures, bi-

pulses delivered to the superficial branch of the radial nerve j . . . . .
proximal to the wrist. At least 150 stimuli each were aIternateLliartera”y’ corresponding to Sli. By contrast, nociceptive stimul

delivered to both sides at random interstimulus intervals betweer%%arly simultaneously activated a_smgle source in t_he contralat-
and 3 s. Stimulus intensity was adjusted to twofold detection thresh&El postcentral gyrus (Sl) and bilateral sources in the upper
intensity, i.e., 40—60 V, thus inducing clear and consistent nonpainfo@nks of the Sylvian fissures (SlI). No nociceptive responses
sensations. An electrical stimulus was chosen because its duratieere recorded from the posterior parietal cortex. Latencies and

closely matches that of the laser stimulus. Moreover, electrical stimgliean standardized Talairach coordinates of nociceptive and
yield highly synchronized volleys and therefore evoke WeII-definel%lct”e responses are given in Table 1.

and well-studied cortical responses with signal-to-noise ratio superlorFigure 1 compares magnetic field patterns, source locations,

to natural tactile stimuli. In a control experiment, we verified that d t th f to both stimuli i inal
locations of reponses to electrical stimuli match those to natural tac fd source strength wavelorms (o both stmuliin a single

stimuli: In 3 subjects, 150 natural tactile stimuli were delivered to thelbject. The figure illustrates that, along the postcentral gyrus,

dorsum of each hand with a pneumatically driven aluminum cylindéh€ nociceptive Sl source was located more medially than the
of 2 mm diam and a skin contact duration of 600 ms. tactile 30-ms response. However, the location of the nocicep-

tive source corresponded well to the later peaking tactile Sl
o _ source. In addition, tactile stimuli later elicited a response
Data acquisition and analysis arising from the posterior parietal cortex, whereas no corre-

Cortical activity was recorded with a Neuromag-122 whole-heaS(PO.ndlng activity was recordEd to nOCIertlve .Stlmu“'
neuromagnetometer (Ahonen et al. 1993) in a magnetically shielciﬁé'gure 2 shows_loca_tlons of later P?’a"”?g tactll_e Slresponses
room. The helmet-shaped sensor array contains 122 planar SQ - 2A) and nociceptive sources (FigBRin Sl with respect
gradiometers which detect the largest signals just above the lotithe tactile 30-ms response (coordinate center) in axial and
cortical current sources. Signals were recorded with a 0.03 Hz hig¢eronal planes in all subjects. In each individual, both re-
pass filter and digitally low-pass filtered at 120 Hz. Cortical responssponses were located more medially and caudally than the
were averaged time-locked to stimulus application. Vertical eletactile 30-ms source. In no subject was there any overlap of
trooculogram was used to reject epochs contaminated with bligos confidence limits of source localization with the 30-ms
artifacts. Analysis of evoked responses was focused on an ep‘?é@ponse. The insert in the middle row of the figure demon-
comprising 100 ms prestimulus baseline and 300 ms after stimulatigzates that the mean relative location of the later peaking

Sources of responses were modeled as equivalent current dip . : :
identified during clearly dipolar field patterns. Only sources accoun _(,sule Sl source and the nociceptive S| source were nearly

ing for more than 85% of the local field variance (goodness of fit) a&plnCIdlng. The control experlment revealed that locations of
with 95% confidence limits of source localization10 mm were €arly responses to natural tactile stimuli closely match loca-

accepted. Dipole location, orientation, and strength were calculated . . . .
within a spherical conductor model of each subject’s head determintBLE 1. Peak latencies and standardized Talairach coordinates
from the individual magnetic resonance images (MRI) acquired orcatactile and nociceptive responses

1.5 T Siemens-Magnetom. Dipoles were introduced into a spatio-

temporal source model where locations and orientations were fixed Tactile Nociceptive
and source strengths were allowed to vary over time to provide the ]
best fit for the recorded data (for further details concerning data Latencies, ms
acquisition and analysis se€tddainen et al. 1993). Resulting sources) contralateral 3t 1* 171+ 4
strengths as a function of time were used for latency determinatiog} contralateral later 64 8

Based on fiducial point markers, MRl and MEG coordinate systers$l contralateral 105 5 160+ 5
were aligned and sources were superposed on the individual MRl ipsilateral 116+ 3 1755
scans. In each individual, distances along the three axes of the Ta- Locations
lairach coordinate system (Talairach and Tournoux 1988) were cal-
culated between locations of tactile and nociceptive responses.Sin 36,—24, 52* 26,-30,59
addition, source locations were calculated in standardized Talair%ﬂﬁ;egt j?':ig' ig 51-8 16
coordinates. Sll left —49,-14, 20 ~51,-15,19

Values are mean latencies SE and mean standardized Talairach coordi-
RESULTS nates. Sl, primary somatosensory cortex; Sll, secondary somatosensory cortex;
*, tactile 30-ms response. Latencies of contralateral Sl responses were sig-
In all subjects, stimulation of tactile afferents elicited cleatificantly shorter than latencies of ipsilateral S responses to tactile (two-tailed

and consistent nonpainful sensations. Conversely, nocicepti¥isoxon signed rank tes® < 0.005) and nociceptive stimulP(< 0.05).

stimulation evoked at least moderately painful but no tacti tencies of contra]at_eral SI_ and coEtraIateral Sl responses to nociceptive

i stimuli were not statistically differen®(= 0.06). Because Sl responses in both
sensations. . hemispheres were symmetrical, coordinates of S| responses are given for right
In all subjects, the well-known early 20-ms and 30-mgemispheric responses only.
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100 ms
49 ms 161 ms
20 nAm|__ 20 nAm|[___
100 ms 100 ms
68 ms
20 nAm
100 ms

O tactile SI 30-ms
O tactile Sl later
A tactile posterior parietal

@ nociceptive

Fic. 1. Comparison of tactile and nociceptive responses in a single suBjettagnetic field patterns at 30, 49, and 68 ms
(tactile) and 145 ms (nociceptive) and corresponding dipoles and dipole waveforms. The helmet-shaped sensor array is viewed from
the upper left. Shaded areas indicate fields directed into the head, isocontours are separated by 30 fT. Arrows represent location
and direction of dipoles, corresponding source strengths as a function of time are shown on the right of the sensor arrays. For the
sake of clarity, magnetic field patterns at 49 ms are shown after subtracting activity from other sources using the signal-space
projection method (Uusitalo and limoniemi 1998}.location of sources superposed on the subject’s brain surface rendering.

tions of 30-ms responses to sensory nerve stimuli (mean locaciceptive stimuli merely evoked a single Sl response. Along
tion difference along, y andz axis; 0 mm, 0 mm, and 2 mm). the postcentral gyrus, this single nociceptive source was sig-

Figure 3 demonstrates that there was no systematical differeniftcantly more medially located than the early tactile 30-ms
between locations of tactile and nociceptive sources in Sll.  response and corresponded spatially to the later peaking tactile
source. These results expand previous findings indicating dis-
tinct temporal activation patterns of Sl and Sll in nociceptive
and tactile processing (Ploner et al. 1999).

In this study, we compared cortical responses to tactile andintra- and extracranial recordings in monkeys (McCarthy et
nociceptive stimuli in human somatosensory cortices. Withitl. 1991) and humans (Allison et al. 1989a; Wood et al. 1985)
Sl, our results reveal a fundamental difference in the represe@vealed generation of the early 20-ms and 30-ms components
tation of both modalities: Stimulation of tactile afferents actief somatosensory evoked potentials and fields in cytoarchitec-
vated two sequentially peaking sources within Sl, where&mical area 3b. Accordingly, in this study, 30-ms Sl responses

DISCUSSION
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Fic. 2. Comparison of tactile and nociceptive responses in Sl, group results. The axes of the diagrams represent the axes of the
Talairach coordinate system (Talairach and Tournoux 1988), sizes of shaded circles and areas indicate individual and mean 95%
confidence limits of source localization, respectivélylocation of later peaking tactile Sl sources (black circles) with respect to
tactile 30-ms Sl sources (coordinate centBrjocation of nociceptive Sl sources (black dots) with respect to tactile 30-ms sources.

In one recording, no nociceptive Sl response could be identified. In both comparisons, the example from Fig. 1 corresponds to the
most medially located responsésset mean locations of later tactile peaking S| sources and nociceptive Sl sources with respect
to tactile 30-ms Sl sources. Note that the scaling on the right applies to all diagrams including the insert. ant, anterior; post,
posterior; lat, lateral; med, medial; sup; superior; inf, inferior.

to tactile stimuli most likely arise from area 3b in the rostralited to areas 1 and 3b amounts+d0 mm (Allison et al.
bank of the postcentral gyrus. By contrast, the more mediE®89a; Burton et al. 1997; Wood et al. 1988) and thus agrees
location of both the nociceptive and the later peaking tactileell with our findings.

source suggests generation of these responses in cytoarchitebacrostructurally, in humans, area 1 has been shown to
tonical area 1. A mean mediolateral location difference to tle®mprise the crown of the postcentral gyrus and the superficial
30-ms response of 10 mm corresponds to a mediolateral lopasts of its rostral and caudal banks (Geyer et al. 1997, 1999;
tion difference between the hand representations of areas 1 &vikite et al. 1997). Consequently, because MEG does not
3b as revealed by intracranial recordings (Allison et al. 1989@etect radially oriented currents (Hadainen et al. 1993),
McCarthy et al. 1991; Wood et al. 1988), and anatomic (Jonescorded activity might predominantly originate from the fis-
et al. 1982), metabolic labeling (Juliano and Whitsel 19853ural parts and less from the convexial parts of area 1. Con-
and functional neuroimaging studies (Burton et al. 1997). kersely, a mainly radial orientation of convexial area 1 sources
humans, this mediolateral distance between responses attaibd the predominance of more consistently activated 3b
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FIG. 3. Comparison of tactile and nociceptive responses in Sll, group results. Location of nociceptive Sl sources with respect
to tactile Sll sources and corresponding confidence limits of source localization. In one recording, no contralateral nociceptive Sll
response could be identified. For further details, see Fig. 2.

sources (Allison et al. 1989a; Wood et al. 1985, 1988) maynducting C fibers whereas in the present study exclusively
account for the partial failure to detect area 1 responsesearly A-6 fiber mediated responses were analyzed.
MEG. Furthermore, in previous studies using median nervelLocations of Sl activations to nociceptive and tactile stimuli
stimuli, frequent activation of posterior parietal cortex mighdid not differ systematically. However, considering the small
have complicated identification of area 1 sources (Forss etettent of Sl and the complex folding of cortex buried in the
1994). However, in the posterior parietal cortex, most someSylvian fissure, the possibility remains that spatial resolution of
thetic neurons respond to complex activations of deep recéeG might be insufficient to detect a consistent macrostruc-
tors related to exploratory movements (for review see 'iyvaturally definable location difference.
nen 1982). Consequently, in this study, stimulation of a In tactile processing, anatomic and physiologic investiga-
cutaneous nerve branch supplying the dorsum of the haiwhs have revealed a partially hierarchical organization of
might have accounted for less intensive activation of the pasmatosensory cortices with area 3b representing the first cor-
terior parietal cortex thus facilitating detection of area fical stage of a processing cascade comprising area 1, the
sources. posterior parietal cortex and SlI (for review see Ilwamura
Generation of nociceptive Sl responses in cytoarchitectordi998). Our result of sequentially peaking sources in area 3b,
cal area 1 is supported by results from experimental aningkea 1, the posterior parietal cortex, and Sll is likely to reflect
studies: Single neuron recordings in monkeys revealed locatitiis organizational mode. By contrast, generation of nocicep-
of most nociceptive Sl neurons at the rostral and caudal bordéve Sl responses merely in area 1 is in conflict with this
of area 1 (Chudler et al. 1990; Kenshalo and Isensee 1983)phocessing hierarchy and thus complements previous findings
addition, positron emission tomography studies in humamslicating direct thalamic access of nociceptive information to
directly comparing locations of Sl responses to nociceptive agdl (Ploner et al. 1999).
tactile stimuli (Coghill et al. 1994; ladarola et al. 1998) showed Taken together, nociceptive processing apparently does not
a corresponding slight but insignificant mediolateral locatioshare the elaborated and hierarchical organization of tactile
difference between activation foci. By contrast, using intrinsigrocessing which probably evolutionary evolved in parallel
optical imaging, a recent study in monkeys showed paimith an improvement in sensory capacities. Instead, direct
associated activations in area 3a whereas neuronal activitypiojections from area 1 (Burton et al. 1995; Jones et al. 1978;
areas 1 and 3b was suppressed by painful stimuli (Tommerd&itépniewska et al. 1993) and SlI to the primary motor cortex
et al. 1998). However, in this study, temporal dimensions @friedman et al. 1986) and from Sl via the insula to the
stimulations and responses were in the range of seconds tamdporal lobe limbic structures (Friedman et al. 1986; Shi and
thus differ from the brief stimuli and responses recorded in o@assell 1998) would provide an appropriate anatomic substrate
study which probably reflect distinct neural mechanisms. Fupr fast and effective integration of nociceptive information
thermore, in this (Tommerdahl et al. 1998) and the aforemento motor and memory processes. Teleologically, this organi-
tioned studies (Coghill et al. 1994; ladarola et al. 1998), aszation appears reasonable as, in pain perception, effective
result of different stimulus characteristics and recording tecreactions to and future avoidance of harmful stimuli are obvi-
nigues, responses were most likely mainly mediated by slowdysly more important than object identification or manipula-
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RAPID COMMUNICATION

Differential Coding of Pain Intensity in the Human Primary
and Secondary Somatosensory Cortex
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Timmermann, Lars, Markus Ploner, Katrin Haucke, Frank (Dong et al. 1989, 1994) and points toward an involvement of
Schmitz, Rudiger Baltissen, and Alfons Schnitzler. Differential  Sj| in recognition, learning, and memory of painful events
coding of pain intensity in the human primary and secondary somafpong et al. 1994; Lenz et al. 1997; Schnitzler and Ploner
sensory cortexJ Neurophysiol86: 1499-1503, 2001. The primary 5 00)

(SI) and secondary (Sll) somatosensory cortices have been shown (Pﬂq Humans functional brain imaging (Casey et al. 1996

participate in human pain processing. However, in humans it j . ’ - .
unclear how SI and SlI contribute to the encoding of nocicepti oghill et al. 1994; Craig et al. 1996; Talbot et al. 1991) and

stimulus intensity. Using magnetoencephalography (MEG) we rdlagnetoencephalography (MEG) studies (Kakigi et al.
corded responses in SI and SII in eight healthy humans to foli99; Ploner et al. 1999b, 2000) demonstrated that periph-
different intensities of selectively nociceptive laser stimuli delivere@ral nociceptive stimuli activate SI and Sll. Functional
to the dorsum of the right hand. Subjects’ pain ratings correlatéthaging studies, focusing on the intensity coding of noci-
highly with the applied stimulus intensity. Activation of contralaterateptive stimuli in humans, found high correlation between
Sl and bilateral SlI showed a significant positive correlation withain ratings/stimulus intensity and activity in contralateral
stimulus intensity. However, the type of dependence on stimulig (Coghill et al. 1999; Derbyshire et al. 1997; Porro et al.

intensity was different for Sl and SlI. The relation between Sl activitxggs) and bilateral SII (Coghill et al. 1999). However

and stimulus intensity resembled an exponential function and matc L .
closely the subjects’ pain ratings. In contrast, Sll activity showed an bably due to the indirect measurement of neuronal acti

S-shaped function with a sharp increase in amplitude only atVQt!On and the I'm'ted_ time resolution Of. functlonal_mag-
stimulus intensity well above pain threshold. The activation pattern BEIC resonance imaging (fMRI) and positron emission to-
Sl suggests participation of Sl in the discriminative perception of pafRography (PET), these studies did not support the different
intensity. In contrast, the all-or-none—like activation pattern of Sneurophysiological properties of nociceptive neurons in SI
points against a significant contribution of Sli to the sensory-discrirend Sl as revealed from nonhuman primates. Thus it re-
inative aspects of pain perception. Instead, Sl may subserve recpgains currently in dispute whether human Sl and SlI sub-
nition of the noxious nature and attention toward painful stimuli. gerye Speciﬁc and different functions in the processing of
nociceptive stimuli.

We therefore used whole-head MEG to record cortical re-
INTRODUCTION sponses within the human Sl and Sl to different intensities of
selectively nociceptive laser stimuli (Bromm and Treede

The ability to differentiate intensities of painful stimuli is19g4) Our findings provide evidence for a differential coding
one of the major properties of the nociceptive system to he nociceptive stimuli in human SI and SIl.
classified as a separate sensory modality. In primates, different

intensities of nociceptive stimuli are encoded from peripheral

nociceptors up to cortical nociceptive neurons (Doubell et AfETHODS

1999; Kenshalo and Willis 1991; Raja et al. 1999). In the Experiments were performed on eight healthy male volunteers (age:
monkey primary somatosensory cortex (Sl) nociceptive nemean 28.3 yr, range 2633 yr) who were experienced in pain exper-
rons respond to both tactile and nociceptive stimuli and faitinents. All subjects gave written informed consent prior to the ex-
fully encode the perception of stimulus intensity (Kenshalo griments. The study was approved by the local ethics committee and
al. 1989, 2000). Therefore Sl is attributed to play a role in tH& In accordance with the Declaration of Helsinki.
sensory-discriminative aspects of pain processing (Kenshalo ]

and Willis 1991; Schnitzler and Ploner 2000). In contrast, igtimulation

primate area 7b, as a functionally and anatomically r.elated Palbne hundred sixty selectively nociceptive laser stimuli (Bromm and
of the secondary somatosensory cortex (Sll) (Whitsel et gleede 1984) of four different intensities (150, 300, 450, and 600 mJ)
1969), nociceptive neurons show complex response characifdre pseudorandomly applied to the dorsum of the right hand using a
istics (Robinson and Burton 1980). Activity of these neuronhulium:YAG laser (Baasel Lasertech) with a wavelength of 2000 nm.
reflects poorly if at all the intensity of nociceptive stimuliPulse duration was 1 ms, stimuli were spots of 6-mm diameter, and the

Address for reprint requests: A. Schnitzler, Dept. of Neurology, MEG- The costs of publication of this article were defrayed in part by the payment
Laboratory, Heinrich-Heine-University, Moorenstr. 5, 40225 Dusseldorf, Geof page charges. The article must therefore be hereby mawebeettisemerit
many (E-mail: schnitz@neurologie.uni-duesseldorf.de). in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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interstimulus interval was randomly varied between 10 and 14 s. After K simiks
each stimulus the stimulation site was slightly changed within an area of
40 X 40 mm to avoid tissue damage. In all subjects, pain threshold Sl contra

determined by the method of limits ranged between 200 and 300 mJ.

Rating

Before the measurement started a standardized instruction was
given for the rating of the applied nociceptive stimuli: the phenomena
of first and second pain were described to the subjects. Subjects were
instructed to rate the initial, “pin-prick” like, first pain on a rating
scale from 0—100. Zero was defined as “no pain” and 100 was defined
as the “worst imaginable pain.” Subjects were instructed to rate each
nociceptive stimulus after a tone signal that follalv@ s after each
laser stimulus. To familiarize volunteers with the experimental setup
and the rating procedure, a set of 20 stimuli was applied before MEG
recordings started.

Data acquisition and analysis

Cortical activity was recorded with a Neuromag-122 whole-head
neuromagnetometer (Ahonen et al. 1993) in a magnetically shielded
room. The helmet-shaped sensor array contains 122 planar SQUID
gradiometers that detect the largest signals just above the local cortical
current sources. The sample rate was 483 Hz, and signals were
band-pass filtered between 0.03 and 160 Hz. The vertical electroocu-
logram was recorded, and epochs contaminated with blink artifacts
were excluded. The MEG data were averaged time-locked to the laser
stimuli separately for each of the four stimulus intensities. Data
analysis focused on a period comprising 100 ms prestimulus baseline
and 300 ms after stimulation. During this time period, cortical re-
sponses are adequately explained by sources in contralateral SI and
bilateral SlI (Ploner et al. 1999b, 2000). Sources of responses were
modeled as equivalent current dipoles identified during clearly dipolar
field patterns. Only sources accounting for more than 85% of the local
field variance (goodness-of-fit) and with at least 95% confidence
limits of source localization were accepted. Dipole location and ori-
entation were calculated within a spherical conductor model of each
subject’s head, determined from the individual high-resolution MRIs
acquired on a 1.5 T Siemens Magnetom. The MRI and MEG coordi-
nate systems were aligned based on fiducial point markers, and
sources were superposed on individual MRI scans. FiG. 1. A source activations in contralateral primary somatosensory cortex

Dipoles were introduced into a spatiotemporal source model whdfd) and bilateral secondary somatosensory cortex (Sli) at different stimulus
locations and orientations were fixed and source strengths were ijgnsities in a single subject. Note that SI activity increases monotonically
lowed to vary over time (for further details see'tHasinen et al. with stimulus intensity. In contrast, subthreshold (150 mJ) and threshold (300

) . . mJ) intensities did not evoke clear contra- or ipsilateral Sll activations,
1993). The dipole model determined from responses to highest St.\mfereas stimulation at 450 mJ elicits strong activation that increased very little

ulus intensity was applied to evoked responses of all four stimulatigngoo m3 (S contra, contralateral SI; SII contra, contralateral SII; SII ipsi,

intensities. Peak amplitudes of Sl and Sll sources were determineghaiateral Sii).B: localization of the contralateral S| source and bilateral SlI
all intensities. When no obvious responses were discernible in the legurces on high-resolution magnetic resonance imaging (MRI) sdafts (

stimulus intensity condition, maximum amplitudes were accepted iragial slice at the level of Shiddle axial slice at the level of Slkight: coronal
time window of =60 ms with respect to the peak amplitude of thelice at the level of SlI).
highest stimulus intensity.

resulted in a highly significant correlation between stimulus
intensity and source amplitudeB & 0.001). The previously
described parallel activation pattern of Sl and Sl was not
Laser stimuli above 250 mJ consistently evoked “pin-prickgrossly altered at lower stimulus intensities.
like” painful sensations. In all subjects, increased intensities of The relation between stimulus intensity and response ampli-
laser stimulation were rated with higher mean pain scores. Thigle revealed fundamental differences between Sl and Sli
resulted in a significant correlation between stimulus intensiffigs. 1 and 2). In contralateral Sl, increasing stimulus inten-
and pain ratingr( = 0.84,P < 0.001, Spearman-rho). sities showed continuously increasing source activation closely
As described previously (Ploner et al. 1999b), nociceptivesembling the exponential stimulus intensity/pain rating func-
laser stimuli evoked almost simultaneous activation of cotien [fit on exponential functiofi(x) = b, * €*: pain ratings:
tralateral Sl and Sll (Fig. 1). In general, source strengths Rf = 0.95+ 0.02, mean+ SE; contralateral SR? = 0.95+
both areas were higher with higher stimulation intensiti€s015]. This exponential function fitted significantly better to
(Figs. 1 and 2). Consistently, in contralateral 1< 0.76), the individual stimulus response functions in contralateral SI
contralateral Sli( = 0.79), and ipsilateral Slir(= 0.64) this than to the stimulus response functions in contralateralfSiI (

RESULTS
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FIG. 2. Source peak amplitudes and pain rating as a function of stimulus

= 0.83+ 0.056,P < 0.05) and in ipsilateral SIIFF = 0.67 +
0.08,P < 0.05, paired-test). In contrast, an S-shaped stimu-
lus-response function was observed in bilateral SIl with small
activations at the two low-intensity, subthreshold and thresh-
old, stimuli and a sharp increase in source activation at stimuli
well above pain threshold. A polynomial function that can
either have an S-shaped or exponential appeard(e={ b,

+ (by * X) + (b, * X°) + (by * xg; X corresponds to stimulus
intensity] was fitted to the stimulus response functions to
describe the differences between Sl and Sll (Fig. 2). The
coefficients determining the incready)(and shapely, andb,)

of the fitted curves were significantly different between the
S-shaped functions in contralateral Sll and the exponential
functions in contralateral Sl (contralateral 3\, —0.05 =
0.09; b,, 0.0002+ 0.0003;b;, —1e — 7 = 3.1e — 7; con
tralateral Sll:b,, —0.78 = 0.19; b,, 0.0026 = 0.0006; b,
—2e — 6 = 5.4e — 7; ipsilateral Sll:b;, —0.31 = 0.098;h,,
0.0099* 0.0003bg, —7, 5 — 4 = 7e — 4; meant SE; paired
t-tests forb,, b,, andb; in SI and contralateral SIP < 0.02,
Bonferroni corrected). Comparison between bilateral SII and
pain ratings revealed clear differences in the step from 300 to
450 mJ in the laser stimuli. The quotient of source activation at
450 and 300 mJ (“activation-ratio”) was significantly larger in
bilateral SlI than in contralateral S, indicating a significantly
steeper increase in source activation between 300 and 450 mJ
in Sl than in SI P < 0.05, t-test, Fig. 3). The absolute
amplitudes in contralateral SIl compared with contralateral Sl
and ipsilateral Sl were not significantly different.

DISCUSSION

The present study demonstrates a high correlation of noci-
ceptive stimulus intensity with activity in contralateral SI and
bilateral SIl. However, the pattern of source activation reveals
significant differences between Sl and Sll. The Sl activation
closely matches the pain intensity. In contrast, Sll activation
shows a sharp increase above pain threshold not corresponding
to the pain intensity.

In monkeys, the applied physical intensity and perception of
painful heat stimuli is highly correlated with the firing rate of
wide-dynamic-range (WDR) neurons in Sl (Chudler et al.
1990; Kenshalo et al. 1988, 2000). Moreover, after ablation of
Sl, monkeys show a severe deficit in the detection and dis-
crimination of noxious thermal stimuli (Kenshalo and Willis
1991). These results in nonhuman primates support the view
that Sl is primarily involved in the encoding of sensory-
discriminative aspects of pain (Kenshalo and Willis 1991;

intensity. Shown are group means € 8); error bars indicate standard error
(SE). Using the polynomal functioifx) = by + (b, * X) + (b, * x?) + (bs *

x3) curves were fitted on the stimulus response functidnsamplitudes of
contralateral Sl activity (black line, left scale) match precisely the subjects’
pain ratings (gray line, right scale). Both stimulus response functions are fitted
by an exponential curveB: the amplitude of contralateral Sl activity (black
line, left scale) and pain ratings of the subjects (gray, scale orrigfig)
dissociate at 450 mJ: the increase in contralateral Sl activity is stronger than
the increase in pain ratings, and the curve fitted on the stimulus response
function of Sll is S-shapedC: amplitudes of ipsilateral Sl sources show a

similar behavior with a pronounced increase in source activation between 306iG. 3.

*

- I 1
2 |
]
s I
®
=
©
[u]

Sl contra Sl bilateral

“Activation-ratio” (quotient of source amplitudes at 450 and 300

and 450 mJ (black line, left scale). Again the increase in source activatiomnigl) in contralateral SI and bilateral Sll. The activation-ratio in bilateral Sll is
stronger than in pain ratings (gray, scale ontight), and the curve fitted on significantly larger than in contralateral SIP*< 0.05,t-test;n = 8, error bars

the Sll activation is S-shaped. indicate SE).
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Schnitzler and Ploner 2000). Our data demonstrate a hitite detection level of PET and fMRI, whereas S| activity
correlation between stimulus intensity, pain ratings, and cobarely reaches it.

tralateral Sl activation in humans. Thus our results provide Recently, a patient with an ischemic lesion including the
evidence that the encoding of stimulus intensity within humaarea of the primary and secondary somatosensory cortex was
Sl closely corresponds to the electrophysiological findings meported (Ploner et al. 1999a). This patient was able to describe
monkeys. This result is corroborated by indirect evidence froavague unpleasantness but not the intensity and location of the
clinical lesion studies, suggesting that S| ablation or injurgpplied stimulus most probably due to the lesion of SI. Re-
produced impairment of pain sensation (Marshall 1951; Ruswarkably, he also failed to recognize the noxious nature of the
sell 1945). In the light of complementary findings from imagpainful stimuli. This deficit in the recognition of the nocicep-
ing studies showing spatial discrimination (Andersson et dive character of the stimulus could likely be attributed to the
1997; Tarkka and Treede 1993), temporal discriminatiagachemic lesion of Sll. Interestingly, these deficits can be
(Porro et al. 1998), stimulus size discrimination (Apkarian elifferentiated from the “asymbolia for pain” described in pa-
al. 2000), and lack of correlation of Sl activity with selectivaients with insular lesions. These patients demonstrate a lack of
modulation of pain unpleasantness (Rainville et al. 1997), @ithdrawal and show absent or markedly attenuated emotional
may serve as a sensory-discriminative evaluator of nociceptiesponses to painful stimuli but recognize well the “painful”
stimuli without necessarily detecting its noxious, “painful’hature of the stimulus (Berthier et al. 1988). Taken together,
nature. we hypothesize that the insula is involvedemotional recog-

In nonhuman primates, investigations of the Sll territorynition and motor reaction on noxious stimuli in close connec-
including the functionally and anatomically related area 7ion with the limbic system, in contrast to a possible role of Sl
(Whitsel et al. 1969), revealed a small population of nocicepr the cognitive detectiorof the noxious, “painful” nature of
tive neurons with large receptive fields responding to noxiomsciceptive stimuli.
stimuli (Dong et al. 1989, 1994; Robinson and Burton 1980). In conclusion, we state that intensity of nociceptive stimuli
These Sl neurons receive their major projections from the differentially represented in the primary and secondary so-
ventral posterior inferior nucleus (VPI) (Friedman and Murragnatosensory cortex. The activation pattern is indicative for a
1986; Stevens et al. 1993), which consists of a large proportimpresentation of perceived stimulus intensity in contralateral
of nociceptive-specific (NS) neurons poorly encoding the irsl and detection and recognition of the noxious nature of
tensity of painful stimuli (Apkarian and Shi 1994). In contrastpainful stimuli in bilateral SlI.
nociceptive Sl neurons receive primarily projections from tha-
lamic WDR neurons in the ventral posterior lateral nucleusThe authors thank volunteers for excellent cooperation during the measure-
(VPL) (Gingold et al. 1991; Kenshalo et al. 1980), whicHhnents and E. Réisch for technical support with the MRI scans. The assistance
faithfully represent the stimulus intensity by their firing ratﬁagrisjgf;r;mIf;%iié&}gsgsetgf'sma' analyses and fitting procedures of the
(Apkarian and Shi 1994; Kenshalo et al. 1980). A majority of This work was supported by the Volkswagen Stiftung (1/73240), the
nociceptive neurons in Sll showed complex response char@aeutsche Schmerzstiftung, the Ute-Huneke-Stiftung, and the Deutsche
teristics to fearful and threatening visual stimuli but wergorschungsgemeinschaft (SFB 194, Z2).
barely able to encode the intensity of nociceptive stimuli (Dong
et al. 1989, 1994) similar to the NS neurons in VPIl. Theg&EFERENCES
findings indicate a role of SlI in spatially directed attention, ey Al, HamiLinen MS, KasoLa MJ, KnuuTita JET, LAINE PP, Lou-
toward and detection/aversion of potentially harmful stimuli nasmaa OV, Parkkonen LT, Simota JT, AND TESCHE CD. 122-channel
(Robinson and Burton 1980), but also in Iearning and memorySQUID instrument for investigating the magnetic signals from the human
of painful stimuli (Dong et al. 1994; Lenz et al. 1997). Our brain Physica Scriptar49: 198205, 1993.

: ERSSONJL, LiLiA A, HARTVIG P, LANGSTROM B, GORDH T, HANDWERKER
present StUdy shows the capacity of human Sl to encode, té’\g AND TOREBJORKE. Somatotopic organization along the central sulcus, for

certain extent, the intensity of nociceptive stimuli. Interest- pain ocalization in humans, as revealed by positron emission tomography
ingly, mildly painful stimuli around the pain threshold resulted Exp Brain Resl17: 192-199, 1997.

in relatively small SIlI activations, whereas stronger, clearfPxariaN AV, GENAR PA, Krauss BR, AND SzEVERENYI NM. Cortical
painful stimuli were followed by strong activations of Si| responses to thermal pain depend on stimulus size: a functional MRI. study

- . . J NeurophysioB3: 3113-3122, 2000.
sources. Within SlI, this activation pattern could be well EXKpKaRIAN AV AND SHI T. Squirrel monkey lateral thalamus. |. Somatic

plained by a large proportion of nociceptive neurons lackingnociresponsive neurons and their relation to spinothalamic termihblsu-
the property to faithfully represent the intensity of nociceptive rosci 14: 6779-6795, 1994.

stimuli. It is likely that these neurons subserve, as 5“99eSteCPF}?,;E'ERQfgC%T::gCSJE:T Ssx}r’:g‘fotﬂif#ﬁﬁgufééj}’ﬂ’ogg fcirg’;asi”: asensory-
monkeys, more complex tasks in pain processing like the | "o" et D RE TNerve fibre discharges, cerebral potentials and

detectiqn of, qver;ion Of, and spatially directed attention t0-sensations induced by GQaser stimulation Hum Neurobiol3: 33—40,
ward painful stimuli (Robinson and Burton 1980). In summary, 1984.

the activation of human SlI by nociceptive stimuli seems to B&sey KL, MinosHIMA S, BERGERKL, KOEPPERA, MORROW TJ, AND FREY
similar to the findings in nonhuman primates KA. Positron emission tomographic analysis of cerebral structures activated

. . . . . . specifically by repetitive noxious heat stimuliNeurophysior1: 802—-807,
Interestingly, in a number of imaging studies focusing on 1894_ ybyrep P

human cortical pain processing, Sll activity dominated over Shsev KL, MinostiMa S, Morrow TJ, aND Koeppe RA. Comparison of
activity (Casey et al. 1994; Coghill et al. 1994, 1999; Craig ethuman cerebral activation pattern during cutaneous warmth, heat pain, and
al. 1996; Davis et al. 1998; Derbyshire et al. 1997; Gelnar et aldeep C?E'g PaA'nJ Ne;f(g)uhys'ovgi 571—281r 1996-D R I Responses of

. . H UDLER , ANTON F, BNER R, AND KENSHALO .
.1999’ Iac.iarOIa etal. 1998; TaIb.Ot etal. 1991)' Th_e dlﬁerencggmciceptive Sl neurons in monkeys and pain sensation in humans elicited by
in the stimulus-response function of SIl and Sl in our study noxious thermal stimulation: effect of interstimulus intendaNeurophysiol

could well explain that at moderate pain Sl activity exceedsé3: 559-569, 1990.
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Ploner, Markus, Holger Holthusen, Peter Noetges, and Alfons
Schnitzler. Cortical representation of venous nociception in humans.
J Neurophysiol 88: 300-305, 2002; 10.1152/jn.00782.2001. Painful
sensations can be evoked by application of thermal, mechanical, and
chemical stimuli to the blood vessels. The cortical substrates of these
sensations are unknown. We therefore used whole-head magnetoen-
cephalography to record cortical responses to painful laser stimuli
applied cutaneously and intravenously to the dorsum of the hand in
healthy human subjects. Similar to the cutaneous stimuli, venous
stimulation nearly simultaneously activated the contralateral primary
and the bilateral secondary somatosensory cortices. In the venous
stimulation condition, all activation peaks were about 50 ms earlier
than in the cutaneous stimulation condition. Locations of responses to
both stimuli did not differ. These results show that the afferent volley
from the veins reaches the cerebral cortex significantly earlier than
that from the skin. This might be due to differences in peripheral
conduction velocity. Apart from this, these findings demonstrate that
venous nociception shares the cortical representation of cutaneous
nociception in human somatosensory cortices. Thus the cortical rep-
resentation of nociceptive processing from tissues of mesodermal and
ectodermal origin appears to be similar.

INTRODUCTION

In humans, painful sensations can be evoked by application
of thermal, mechanical, and chemical stimuli to the veins
(Arndt and Klement 1991; Fruhstorfer and Lindblom 1983).
These painful sensations have been suggested to be signaled by
polymodal nociceptors of the vein wall (Arndt and Klement
1991). Correspondingly, anatomical studiesin animals showed
asensory innervation of blood vessels (Hinsey 1928; Lim et al.
1962; Polley 1955; Truex 1936; Woollard 1926) presumably
involved in vascular nociception (Bazett and McGlone 1928;
Glaser 1926; Moore and Moore 1933; Moore and Singleton
1933; Odermatt 1922). Physiological studies confirmed that
thinly myelinated and unmyelinated afferents of the veins
respond to therma (Minut-Sorokhtina and Glebova 1976),
mechanical (Davenport and Thompson 1987; Goder et al.
1993; Michadlis et al. 1994), and chemical (Goder et al. 1993;
Michaglis et a. 1994) stimuli of high, presumably noxious
intensities. Functionally, these afferents may be particularly
relevant under pathophysiological conditions (Goder et a.
1993; Michaelis et a. 1994). In cats, stimulation of these
afferents elicits responses in the sensory-motor cortex (Thomp-
son et al. 1980). However, in humans the cortical representa-
tion of venous nociception is unknown.

Painful stimulation of cutaneous nociceptive afferents has

been shown to activate the contralateral primary (Sl) and
bilateral secondary (SIl) somatosensory cortices that are in-
cluded in a broad network associated with nocieption (for
review see Schnitzler and Ploner 2000). Magnetoencephalo-
graphic (MEG) investigations revealed nearly simultaneous
activation of these cortical areas peaking at 160—180 ms after
cutaneous application of selective nociceptive laser stimuli to
the hand (Ploner et al. 1999, 2000; Timmermann et al. 2001).
This activation pattern suggests parallel thalamocortical distri-
bution of cutaneous nociceptive information to Sl and SlI.

Here, by using whole-head magnetoencephal ography we
directly compared cortical responses to cutaneous and intrave-
nous painful laser stimuli applied to the same site on the
dorsum of the hand in healthy human subjects. We aimed to
investigate whether venous nociception shares the cortical rep-
resentation of cutaneous nociception in humans.

METHODS

Six healthy right-handed volunteers aged between 31 and 38 yr
(mean 34 yr) participated in the study. None of the subjects had a
history of neurological or psychiatric disorders. Informed consent was
obtained from al subjects before participation. The study was ap-
proved by the local ethics committee and conducted in conformity
with the declaration of Helsinki.

Simulation

Forty painful cutaneous laser stimuli (Bromm et al. 1984) were
delivered to the skin of the dorsum of the hand. Depending on the
individual anatomy of the veins and its accessability for venous
puncture, in four subjects the right hand and in two subjects the left
hand was chosen for stimulation. The laser device was a Tm:YAG-
laser (Baasel Lasertech) with a wavelength of 2,000 nm and a pulse
duration of 1 ms. The optical fiber leading the laser beam into the
recording room was connected to a handpiece resulting in a spot
diameter of 6 mm. Stimulation site was dligthly changed within an
area of 4 X 3 cm after each stimulus. Interstimulus intervals were
randomly varied between 10 and 14 s. Applied stimulus intensity was
600 mJ evoking moderately painful sensations.

In a separate run, 40 painful laser stimuli were intravenously
applied to the dorsum of the same hand as in the cutaneous stimul ation
condition. The same laser stimulator with a wavelength of 2,000 nm
and a pulse duration of 1 mswas used. In this condition, the bare end
of the optical fiber with a diameter of 0.6 mm was led through a
cannula of 1.4 mm OD into the veins. A puncture site distal to avein
crossing was chosen so that the tip of the fiber was targeted to the vein
wall. The distance between the bare end of the optical fiber in the
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intravenous stimulation condition and the center of the stimulated area
in the cutaneous stimul ation condition was not allowed to exceed 5 cm
in proximal-distal direction. The intravenous position of the optical
fiber was continuously controlled and if necessary corrected by one of
the investigators who was present in the magnetically shielded room
throughout the experiment. Interstimulus intervals were randomly
varied between 30 and 60 s. To obtain a maximum signal-to-noise
ratio, stimulus intensity was adjusted to evoke moderately to severely
painful sensations corresponding to intensities between 6 and 8 on a
visual analog scale between 0 (no pain) and 10 (maximally tolerable
pain) resulting in stimulus intensities between 500 and 800 mJ.

In both conditions, any stimulus-related noise was masked by white
noise applied to subject’s ears through plastic tubes.

Data acquisition and analysis

Cortical activity was recorded with a Neuromag-122 whole-head
neuromagnetometer (Ahonen et al. 1993) in a magnetically shielded
room. The helmet-shaped sensor array contains 122 planar gradiom-
etersthat detect the largest signals just above the local cortical current
sources. Signals were recorded with a 0.03-Hz high-pass filter and
digitally low-pass filtered at 40 Hz. Cortical responses were averaged
time locked to stimulus application. Vertical electrooculogram was
used to reject epochs contaminated with blink artifacts. Analysis of
evoked responses was focused on an epoch comprising 100-ms pre-
stimulus baseline and 250 ms after stimulation. Sources of evoked
responses were modeled as equivalent current dipoles identified dur-
ing clearly dipolar field patterns. Only sources with 95% confidence
limits of source localization <10 mm were accepted. Dipole location,
orientation, and strength were calculated within a spherical conductor
model of each subject’s head determined from the individual magnetic
resonance images (MRI) acquired on a 1.5 T Siemens-Magnetom.
Dipoles were introduced into a spatiotemporal source model where
locations and orientations were fixed and source strengths were al-
lowed to vary over time to provide the best fit for the recorded data
(for further details concerning data acquisition and analysis see H&
malainen et al. 1993). Resulting source strengths as a function of time
were used for determination of peak latencies defined as first peak
after stimulus delivery of at least 5 nAm.

Based on fiducia point markers, MRI and MEG coordinate systems
were aligned, and sources were superposed on the individual MRI
scans. Locations of sources were determined in a coordinate system
with the x-axis passing through the preauricular points, the y-axis
passing through the nasion norma to the x-axis, and the z-axis
pointing up normal to the xy-plane.

RESULTS

Laser stimuli applied to the skin evoked moderately painful
well-localized “pinprick-like” sensations. Likewise, intrave-
nously applied laser stimuli evoked moderately to severely
painful well-localized sharp sensations. In both conditions,
quality of sensations were stable both within and between
subjects. In the intravenous stimulation condition there was a
tendency toward habituation that was counterbalanced by
changing the position of the optical fiber after 5-15 stimuli.
Thus intensity of evoked sensations was slightly more variable
in the intravenous laser stimulation condition than in the cuta-
neous laser stimulation condition.

Figure 1 compares timing and location of cortical responses to
cutaneous and intravenous laser stimuli in arepresentative subject.
Cutaneous stimuli evoked responses similar to previous investi-
gations (Ploner et a. 1999, 2000; Timmermann et al. 2001). Field
patterns of neuromagnetic responses to cutaneous laser stimuli at
147 ms after stimulus application indicated simultaneous activa-
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tion of a contralateral parietal source with anterior-posterior cur-
rent direction and of sources with inferior-superior current direc-
tions in the temporoparietal cortex of both hemispheres (Fig. 1A).
Sensors located above these sources detected maximum signals at
147 and 145 msin the contrdateral and at 161 msin theipsilatera
hemisphere, respectively (Fig. 1A). No earlier responses were
detected. Dipole modeling and superposition of dipole location on
individual MRI scans showed location of sourcesin the contralat-
eral postcentral gyrus and bilaterally in the upper banks of the
Sylvian fissures, corresponding to contralateral Sl and bilateral Sli
(Fig. 1B). Source strengths as afunction of time showed activation
peaks at 150 ms (contralateral Sl), 146 ms (contralateral SlI), and
155 ms (ipsilateral SlI), respectively (Fig. 1C).

Intravenoudly applied laser stimuli yielded magnetic field pat-
terns similar to cutaneous stimulation suggesting activation of a
contralateral Sl-source with anterior-posterior current direction
and bilateral Sl1-sources with inferior-superior current directions
(Fig. 1A). However, in the venous condition this field pattern was
observed a 97 ms, i.e, 50 ms earlier than in the cutaneous
stimulation condition. Correspondingly, sensors located above the
cortical sources detected maximum signals at 87, 89, and 99 ms,
respectively (Fig. 1A). Source modeling and superposition of
source locations on MRI scans confirmed location of sources in
the contralateral postcentral gyrus (Sl) and in the upper banks of
the Sylvian fissures, bilateraly (SlI; Fig. 1B). Comparison of
source strengths as a function of time between both conditions
corroborated an earlier activation of sources to intravenoudy as
compared with cutaneously applied stimuli (Fig. 1C).

Table 1 shows peak latencies of activations in contralateral
Sl and bilateral SlII to both stimuli for al subjects. Two-way
repeated measures ANOVA reveded a significant effect of
condition (venous/cutaneous; P = 0.003) and of source (Sl
contralateral/Sl| contralateral/Sl| ipsilateral; P = 0.03) on the
observed latencies. Latencies to venous stimuli were 55 + 6
ms (mean * SE) shorter than to cutaneous stimuli. Scheffé's
post hoc test showed that latencies of contralateral Sl activa
tions were significantly shorter than latencies of ipsilateral Sll
activations (P = 0.03). There was no significant interaction
between condition and source (P = 0.6). Figure 2 illustrates
this latency differences by showing grand averages across
source waveforms of contralateral Sl and bilateral Sl in al
subjects. Grand averages of source activations to cutaneous
and venous stimuli peaked at 160 and 121 ms (contraateral
Sl), 151 and 129 ms (contralateral SllI), and 167 and 134 ms
(ipsilateral SlI), respectively.

Peak amplitudes of source activations to cutaneous and
venous stimuli were 28 + 7 and 14 + 3 nAm (contralateral Sl),
41 = 7 and 43 = 10 nAm (contralatera Sll), and 47 = 9 and
29 = 9 nAm (ipsilateral Sll), respectively (mean = SE).
Two-way repeated measures ANOVA revealed a significant
effect of condition (venous/cutaneous; P = 0.03) but not of
source (P = 0.2) on the observed amplitudes. There was no
significant interaction between condition and source (P = 0.1).

Group analysis of source locations did not show a significant
effect of condition on source location in x-, y-, or z-direction
(repeated measures ANOVA, P > 0.1).

DISCUSSION

In the present study we compared cortical responses to
cutaneous and intravenous painful laser stimuli applied to
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the dorsum of the hand in healthy human subjects. For the
first time our results show the cortical representation of
venous nociception in humans. Similar to the here and
previously (Ploner et al. 1999, 2000; Timmermann et al.
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Fic. 1. Exemplary results. Cortical responses to painful
cutaneous and venous stimulation of the left hand. A: mag-
netic field patterns at 147 and 97 ms after cutaneous (left)
and venous (right) stimulus application, respectively. The
magnetic field patterns are displayed over the helmet-shaped
sensor array viewed from theright, top, and the left. Squares
show locations of 61 sensor pairs. Isocontour lines are
separated by 100 fT. Dashed lines indicate fields directed
into the head. Arrows represent location and direction of
dipoles. The middle panel shows responses to cutaneous and
venous stimuli recorded from the same sensors marked by
shaded squares on the left and right. B: location of sources
superposed on axial and coronal magnetic resonance imag-
ing (MRI) scans of the subject’s brain, dlice thickness 15
mm. C: source strengths as a function of time. Sl, primary
somatosensory cortex; Sll, secondary somatosensory cor-
tex; cl, contralateral to stimulus application; il, ipsilateral to
stimulus application.

2001) studied responses to cutaneous stimuli venous stim-
ulation evoked nearly simultaneous activation of contralat-
eral Sl and bilateral Sll. However, comparison of response
latencies between stimulations revealed that venous stimuli
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TABLE 1. Group results; latencies of cortical responses to painful cutaneous and venous stimulation in all subjects
Sl cl Sl cl Sltil
Stimulated

Subject Hand Cutaneous Venous Cutaneous Venous Cutaneous Venous
mb | 150 87 146 86 155 103
rh r 158 122 152 96 183 100
hh r 163 72 175 86 182 92
rk r 148 125
pn | 175 116 152 120 162 125
rf r 159 103 134 112 161 126
Mean 161 + 4 100 = 9 151 £ 5 104 = 7 169 = 6 109 = 7

Values are latencies in ms. Mean vaues are = SE. In one subject no responses in Sl and ipsilateral SII were observed to both stimuli. Two-way repeated
measures analysis of variance shows a significant effect of condition (venous/cutaneous; P = 0.003) and of source (S| contralateral/Sll contralateral/Sl|
ipsilateral; P = 0.03) on the observed latencies. Latencies to venous stimuli were 55 = 6 ms (mean + SE) shorter than to cutaneous stimuli. Scheffé's post hoc
test showed that latencies of contralateral Sl activations were significantly shorter than latencies of ipsilateral SlI activations (P = 0.03). Sl, primary

somatosensory cortex; SlI, secondary somatosensory cortex; cl, contralateral to stimulus application; il, ipsilateral to stimulus application; |, left; r, right.

activated all three areas about 50 ms earlier than cutaneous
stimuli.

These results demonstrate involvement of the somatotopi-
cally appropriate region of Sl and of Sll in processing of
nociceptive information from the veins. Locations of SI- and
Sli-responses did not differ between venous and cutaneous
nociceptive stimulations. Previous investigations indicated
generation of Sl-responses to cutaneous nociceptive stimuli in
cytoarchitectonical area 1 of Sl (Ploner et al. 2000). Thus
venous Sl-responses most probably originate from cytoarchi-
tectonical area 1 of Sl, too. Locations of SlI-responses in the
present and previous studies (Ploner et al. 1999, 2000; Tim-
mermann et a. 2001) and inferior-superior source orientations
to both stimuli indicate that these responses predominantly

Cutaneous

Slcl

Sli cl

Sl

originate from SlI-cortex in the parietal operculum. However,
acontribution of more medially located insular cortex expected
to yield mainly radially oriented sources not detected by MEG
cannot be ruled out.

Our finding of involvement of S| is in accordance with
investigations in the cat showing that stimulation of venous
afferents evokes responses in the sensory-motor cortex
(Thompson et al. 1980). No further evidence on the cortical
representation of vascular nociception has been presented so
far, neither in humans nor in animals.

Apart from the general latency difference between cortical
responses to cutaneous and venous stimuli, the temporal rela
tionship between activation of sources does not differ between
cutaneous and venous stimulation. Thus the organization of

Venous

FIG. 2. Group results. Mean source strengths
as afunction of time across al subjects for pain-
ful cutaneous and venous stimulations. Shaded
areas depict =SE. Sl, primary somatosensory
cortex; SlI, secondary somatosensory cortex; cl,
contralateral to stimulus application; il, ipsilateral
to stimulus application.

10 nAm|

100 ms
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nociceptive venous processing appears to share the parallel
organization of cutaneous nociceptive processing in human
contralateral Sl and Sl1 (Ploner et a. 1999, 2000; Timmermann
et al. 2001). The significant latency difference between con-
tralateral and ipsilateral Sl in both conditions suggests tran-
scallosal transfer of nociceptive information from contral ateral
to ipsilateral SlI. However, there was a significant effect of
condition on source amplitudes. Here, differences in stimulus
parameters do not allow to distinguish between a physiological
and a methodological effect.

Considering the mesodermal origin of the veins, our results
might be compared with investigations of the cortical repre-
sentation of other tissues of mesodermal origin. In a recent
functional imaging study, cerebral activations to painful stim-
ulation of the muscle and of the skin were compared (Svensson
et a. 1997). In this study, similar cerebral activation patterns
including Sl and SII were observed in both conditions. This
suggests that cortical nociceptive processing from tissues of
mesodermal origin, e.g., blood vessels and muscle, is similar to
nociceptive processing from tissues of ectodermal origin, e.g.,
the skin.

Our findings indicate that the afferent volley from the veins
reaches the cerebral cortex significantly earlier than that from
the skin. It is unlikely that the observed latency difference is
due to a difference in stimulation site between venous and
cutaneous stimulation. Differences in stimulation site between
conditions were kept below 5 cm in distal-proximal direction.
Consequently, considering conduction velocities of Aé-fibers
of about 10 m/s (Raja et al. 1999), a systematic difference in
conduction distance cannot adequately explain a latency dif-
ference of about 50 ms, but at most 5 ms. Likewise, a differ-
ence in pain intensity between conditions is unlikely to yield a
latency difference of 50 ms since previous evoked potential
studiesinvestigating intensity dependence of cortical responses
did not show a dependence of latencies on pain intensity
(Carmon et al. 1978; Chen et al. 1979; Harkins and Chapman
1978; Spiegel et al. 2000). Nor is the observed latency differ-
ence likely to be due to a difference in receptor activation
latencies. In comparison to the CO,-laser with a receptor
activation time for Aéd-nociceptive afferents of about 40 ms
(Bromm and Treede 1984), physical stimulus properties of the
Tm:YAG-laser indicate a considerably shorter activation la-
tency (Spiegel et a. 2000). Thisis confirmed by shorter laten-
cies of cortical responses to Tm:YAG-laser stimuli than to
CO,-laser stimuli (Spiegel et al. 2000). Thus most probably,
the latency difference between cortical responses to cutaneous
and venous stimulation is due to a difference in peripheral or
central conduction velocity. Based on the present results we
cannot decide between these possibilities. However, except for
the latency difference our results reveal a cortical representa-
tion of venous nociception similar to cutaneous nociception.
Thus a difference in conduction velocity between peripheral
venous and cutaneous noci ceptive afferents appears most likely
to account for the latency difference. However, periphera
conduction velocities of venous and cutaneous afferents have
not been compared yet. In monkeys two types of cutaneous
nociceptive Ad-fibers with different response characteristics
and a difference in conduction velocity of about 10 m/s, which
could well explain a 50-ms latency difference from hand to
cerebral cortex have been described (Treede et al. 1995, 1998).
It is unclear whether the observed latency difference in our

M. PLONER, H. HOLTHUSEN, P. NOETGES, AND A. SCHNITZLER

study corresponds to these findings. In addition, a higher in-
travenous than cutaneous temperature might contribute to
faster conduction of venous nociceptive afferents.

In conclusion, the present results show that vascular noci-
ception shares the cortical representation of cutaneous noci-
ception in human somatosensory cortices. However, the affer-
ent volley from the veins reaches the cerebral cortex
significantly earlier than from the skin. This might be due to
differences in peripheral conduction velocity. Our findings
suggest that in human somatosensory cortices nociceptive pro-
cessing from tissues of mesodermal origin, e.g., the blood
vessels, is similar to nociceptive processing from tissues of
ectodermal origin, e.g., the skin.

The study was supported by grants from the Ute-Huneke-Stiftung, the
Deutsche Forschungsgemeinschaft (SFB 194 Z2), and the Volkswagen-Stif-
tung (1/73240).
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Single painful stimuli evoke two successive and qualitatively dis-
tinct sensations referred to as first and second pain sensation.
Peripherally, the neural basis of this phenomenon is a dual path-
way for pain with A and C fibers mediating first and second pain,
respectively. Yet, the differential cortical correlates of both sensa-
tions are largely unknown. We therefore used magnetoencepha-
lography to record and directly compare first and second pain-
related cortical responses to cutaneous laser stimuli in humans. Our
results show that brief painful stimuli evoke sustained cortical
activity corresponding to sustained pain perception comprising
early first pain-related and late second pain-related components.
Cortical activity was located in primary (51) and secondary (S2)
somatosensory cortices and anterior cingulate cortex. Time courses
of activations disclosed that first pain was particularly related to
activation of S1 whereas second pain was closely related to
anterior cingulate cortex activation. Both sensations were associ-
ated with S2 activation. These results correspond to the different
perceptual characteristics of both sensations and probably reflect
different biological functions of first and second pain. First pain
signals threat and provides precise sensory information for an
immediate withdrawal, whereas second pain attracts longer-
lasting attention and motivates behavioral responses to limit
further injury and optimize recovery.

tis a unique perceptual phenomenon that single painful stimuli

yield two successive and qualitatively distinct sensations re-
ferred to as first and second pain sensation (1-4). First pain is
brief, pricking, and well localized, whereas second pain is
longer-lasting, burning, and less well localized. Peripherally, the
neural basis of this phenomenon is a dual pathway for pain with
Ad and C fibers mediating first and second pain, respectively (2,
3). Different conduction velocities of both fiber types of about
10-20 and 1 m/s (5, 6) account for the temporal sequence of both
sensations with reaction times to first pain of 400-500 ms and to
second pain of about 1,000 ms after application of painful stimuli
to the hand (1, 2, 4, 7).

The biological functions and the differential cortical correlates
of first and second pain are less well known. Anatomical,
physiological, and lesion studies in humans and animals have
revealed an extensive cortical network associated with sensory,
cognitive, and affective aspects of pain (for review, see ref. 8).
This network consistently includes primary (S1) and secondary
(S2) somatosensory cortices, insular cortex, and anterior cingu-
late cortex (ACC). However, only a few studies disentangled A8
and C fiber activations and, thus, first and second pain. Neuro-
physiological recordings in humans revealed early A8 fiber-
mediated activations in S1, S2, and ACC (for review, see ref. 8),
whereas C fiber-mediated cortical responses at latencies of about
1,000 ms have been shown in scalp recordings (9-13) but have
not yet been consistently localized. Conversely, functional im-
aging studies using tonic C fiber stimuli demonstrated activation
of S1, S2, Insula, and ACC (14-17) but did not provide temporal
information. Thus, the temporal sequence and a differential
involvement of A and C fiber-mediated cortical activations
related to first and second pain remains to be demonstrated.

Here, we used magnetoencephalography (MEG) to record
and compare early Aé fiber- mediated and late C fiber-mediated
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cortical responses to single painful cutaneous laser stimuli in
healthy human subjects. We directly demonstrate the differential
cortical correlates of first and second pain. These findings
probably reflect the different perceptual characteristics and
biological functions of first and second pain.

Methods

Ten healthy male subjects with a mean age of 31 years (range,
22-38 years) participated in the study. Informed consent was
obtained from all subjects before participation. The study was
approved by the local ethics committee and conducted in
conformity with the declaration of Helsinki. Forty painful
cutaneous laser stimuli, which have been shown to activate
selectively nociceptive Ad and C afferents (18), were delivered
to the dorsum of the right hand. The laser device was a
Tm:YAG-laser (Carl Baasel Lasertechnik, Starnberg, Germany)
with a wavelength of 2,000 nm, a pulse duration of 1 ms, and a
spot diameter of 6 mm. The laser beam was led through an
optical fiber from outside into the recording room. Stimulation
site was slightly changed within an area of 4 X 3 cm after each
stimulus. Interstimulus intervals were randomly varied between
10 and 14 s. Applied stimulus intensity was 600 mJ evoking
moderately painful sensations.

Continuous pain ratings were obtained in four subjects. These
measurements were done separately from the MEG recordings
to prevent confounding effects of motor- and stimulus-related
activation. Subjects were instructed to rate continuously stimulus
intensity with the finger span of thumb and index of the left hand
while stimuli were applied to the right hand. Minimal finger span
was defined as no pain and maximal finger span as worst
tolerable pain. Positions of fingertips of thumb and index were
tracked by an ultrasound-based motion analysis system (Zebris
Medizintechnik, Tiibingen, Germany) with a sampling rate of 50
Hz. Euclidean distance of fingertips as a function of time was
normalized to individual maximal finger span and averaged with
respect to laser stimuli. To familiarize subjects with the rating
procedure at least 10 stimuli were applied before the recordings
started.

Cortical activity was recorded with a Neuromag-122 whole-
head neuromagnetometer containing 122 planar SQUID gradi-
ometers (19) in a magnetically shielded room. Signals were
digitized at 483 Hz, high-pass filtered at 0.03 Hz, and low-pass
filtered at 20 Hz. Neuromagnetic activity was averaged time-
locked to application of laser stimuli. Vertical and horizontal
electrooculograms were used to reject epochs contaminated with
blink artifacts and eye movements. An epoch comprising 1,000
ms prestimulus baseline and 3,000 ms after stimulation was
analyzed. In each subject, global stimulus-evoked neuromagnetic
activity was calculated as mean rectified signal of all 122 sensors.
Cortical activity was localized during two time windows reflect-
ing Ad fiber-mediated first pain-related and C fiber-mediated
second pain-related activity, respectively. The early time window

This paper was submitted directly (Track Il) to the PNAS office.
Abbreviations: ACC, anterior cingulate cortex; MEG, magnetoencephalography.
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Fig. 1. Effect of A fiber pressure block on global stimulus-evoked neuro-
magnetic activity calculated as mean rectified signal of all sensors corrected to
baseline in a single subject.

had a duration of 100 ms and was individually centered around
first peak of global stimulus-evoked activity resulting in time
windows between 100-200 and 150-250 ms. The late time
window had a duration of 1,000 ms and uniformly ranged from
500 to 1,500 ms. For both time windows covariance matrices
across all sensors were calculated. From these covariance ma-
trices pain-evoked activity was localized by using a spatial
filtering algorithm (20). The spatial filter was used with a realistic
head model to estimate power in the whole brain resulting in
individual tomographic power maps with voxel sizes of 6 X 6 X
6 mm. This approach is a time-domain variant of the frequency-
based dynamic imaging of coherent sources method, which was
recently introduced to the investigation of oscillatory activity
(21). Further processing of tomographic power maps was per-
formed by using spM99 (Wellcome Department of Cognitive
Neurology, Institute of Neurology, London, www.fil.ion.ucl.
ac.uk/spm). Individual maps were spatially normalized to
Talairach space by using parameters derived from normalization
of individual T1l-weighted magnetic resonance images (22).
Mean group normalized power maps were calculated for both
time windows. From these mean power maps locations of
activations defined as local cortical power maxima exceeding
80% of the global maximum were determined. Time courses of
activations were individually determined from a spatiotemporal
source model with fixed locations and orientations where acti-
vation strengths were allowed to vary over time to provide the
best fit for the recorded data (23). For source models, locations
of activations were individual power maxima within the cortical
areas defined previously from the mean group maps. On the

pain perception
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Fig. 2.

basis of resulting activation strengths as a function of time group
mean time courses of activations were calculated. For each area
95% confidence intervals of activation were calculated from the
1,000-ms prestimulus baseline. Mean amplitudes of activations
were determined in both time windows and an activation ratio
early/late was calculated. Friedman’s analysis of variance and
two-tailed Wilcoxon signed rank tests were used for statistical
comparison of activation ratios.

In two subjects, mediation of early and late cortical activity by
Ad and C fibers, respectively, was verified by a selective pressure
block of myelinated A fibers. In this procedure compression of
the superficial branch of the radial nerve is exerted by a band
across the forearm loaded with a weight. By using microneuro-
graphic recordings in humans this procedure has been shown to
yield a preferential block of myelinated A fibers (24, 25; see ref.
26 for details of the procedure). Conduction block of A fibers
was monitored by tactile v.Frey-hair stimuli and nociceptive
cutaneous laser stimuli. MEG measurements were started when
tactile perception and first pain sensation was abolished but
second pain was preserved. This continuation was confirmed by
verbal report and an increase in mean reaction time from 378 to
1,148 ms. A fiber block differentially affected early and late
activity. Early activity was substantially more attenuated than
late activity, as indicated by a decrease in activation ratio
early/late from 0.93 to 0.50 (Fig. 1). Thus, Ad and C fibers most
likely mediate early and late activity, respectively.

Results

Group mean time courses of pain perception (Left) and of
stimulus-evoked global neuromagnetic activity (Right) are shown
in Fig. 2. Painful laser stimuli evoked sustained pain perception
and sustained neuromagnetic activity. Both parameters show an
initial peak within the first 1,000 and 500 ms after stimulus
application, respectively, and a longer-lasting later slowly de-
creasing component. Mean peak intensity of pain was nearly
60% of maximal intensity defined as worst tolerable pain.

Fig. 3 summarizes locations and time courses of pain-evoked
cortical activations. Activations were located in the contralateral
postcentral gyrus (S1), in the upper banks of the Sylvian fissures
bilaterally (S2), and in the ACC. Location of S1 activation was
obtained from the early time window, and locations of ACC and
bilateral S2 activations from the late time window. Coordinates
of activations in Talairach space are given in Table 1. Coordi-
nates of S1 and S2 activations correspond well to results from our
previous investigations in early cortical responses to painful laser
stimuli (27, 28).

activation
fT
3001
2001
1001
0-
-1 0 1

3
time (s)

Time courses of stimulus perception and global stimulus-evoked neuromagnetic activity. Time course of stimulus perception was continuously rated by

thumb-index finger span of the left hand while the right hand was stimulated. One hundred percent is defined as maximal distance between fingers
corresponding to worst tolerable pain. Time course of stimulus-evoked neuromagnetic activity was calculated as mean rectified signal of all sensors corrected
to baseline. Rating and MEG signals were recorded separately under the same experimental conditions, except that during the MEG recordings no rating was
required. Data were averaged across 4 and 10 subjects, respectively. Shaded areas indicate SEM.
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Fig. 3.

early late

Locations and time courses of pain-evoked activations. Locations of activations are maxima of mean normalized power maps superposed on a

normalized structural T1 weighted magnetic resonance image. Power was normalized to the local power maximum coded in white. For the sake of clarity
scaling is different for each area. In the time course profiles light-shaded areas depict early and late time windows with predominantly AS fiber-mediated
first pain-related and predominantly C fiber-mediated second pain-related activity, respectively. Dark-shaded areas indicate SEM. The dotted lines show
95% confidence intervals of activation for each area. In S1, ipsilateral S2, and ACCin one, two, and four subjects, respectively, no individual power maxima
corresponding to the mean power maxima were identified. Thus, calculation of group mean activation time coursesin S1, ipsilateral S2, and ACC was based
on nine, eight, and six subjects, respectively. S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; cl,

contralateral; il, ipsilateral.

In the early time window, the time courses of activations
show significant activation of S1, bilateral S2, and ACC
reflecting Aé fiber-mediated and first pain-related activation
of these areas. In the late time window bilateral S2 and ACC
show strong activations, whereas no significant activation is
seen in S1 indicating C fiber-mediated and second pain-related
activation of bilateral S2 and ACC but not of S1. Fig. 4
summarizes the relationships between early and late activa-
tions in S1, S2, and ACC. Activation ratios differ significantly
between all areas (P < 0.05). S1 shows stronger early than late
activation, S2 has a balanced activation pattern, and ACC
shows stronger late than early activation. Peak latencies of
activations in both time windows are given in Table 1.

12446 | www.pnas.org/cgi/doi/10.1073/pnas.182272899

Discussion

In the present study, we investigated the cortical representation
of first and second pain sensation to single painful stimuli in
humans. By using a continuous pain-rating procedure and mag-
netoencephalography our results demonstrate that brief painful
laser stimuli evoke sustained pain perception and sustained
cortical activity comprising Aé fiber-mediated first pain and C
fiber-mediated second pain. Localization of activity revealed
activation of contralateral S1, bilateral S2, and ACC. Time
courses of activations disclosed differential temporal activation
patterns of these areas. S1 showed a strong predominance of first
pain-related activation whereas ACC displayed a strong pre-
dominance of second pain-related activation. S2 was about
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Table 1. Locations and latencies of cortical activations to painful
laser stimulation

. Latency, ms
Location
Region X, ¥, Z, mm Early Late
S1 —24, -40, 62 164 = 8
S2dl —54, —14,14 161+ 6 874 =104
S2il 54, —14, 10 169 = 4 1,057 = 103
ACC 4,34, 16 188 = 20 782 = 156

Locations are coordinates in Talairach space. Latencies are mean peak
latencies = SEM. S1, primary somatosensory cortex; S2, secondary somatosen-
sory cortex; ACC, anterior cingulate cortex; cl, contralateral; il, ipsilateral.

equally activated during first and second pain. These differences
in cortical representation probably reflect perceptual and func-
tional differences between first and second pain.

Mediation of early and late pain-evoked activations by Aé and
Cfibers is in accordance with conduction velocities of both fiber
types of about 10-20 and 1 m/s, respectively (5, 6). In addition,
our early and late time windows correspond well to latencies of
Ad and C fiber-mediated cortical responses in previous electro-
encephalographic studies (9-13) and to reaction times to first
and second pain of about 400-500 and 1,000 ms, respectively (1,
2,4, 7). Taken together, these points strongly suggest that early
and late responses reflect perception of first and second pain,
respectively. This suggestion is corroborated by the results of the
pressure block condition and the correspondence between time
courses of pain perception and cortical activation. Thus, a
contribution of Ad fiber-mediated responses to late activations
seems very unlikely, although it cannot ultimately be ruled out.

Our finding of participation of S1, bilateral S2, and ACC in
human pain processing is in accordance with results from
experimental animal studies and neurophysiological, functional
imaging and lesion studies in humans (8). However, studies
differentially investigating projections of nociceptive A8 and C
fibers are scarce and do not provide consistent evidence on the
cortical representation of first and second pain. In humans,
neurophysiological recordings revealed Aé fiber-mediated re-
sponses in S1, bilateral S2, and ACC (8), whereas C fiber-
mediated responses have not yet been consistently localized.
Conversely, neurophysiological investigations in rats revealed C
fiber-mediated responses in S1 (29-31), but Aé fiber-mediated
responses in S1 were successfully recorded in only one of these
studies (29, 30). So far, the limited temporal resolution of
functional imaging does not allow for direct investigation of the
temporal sequence of first and second pain-related activations.
In a few studies activations to selective C fiber stimulation were
investigated. These studies demonstrated activations of S1 and
ACC, whereas activation of S2 was inconsistently observed
(14-17). However, in these studies tonic painful stimuli were
applied which most probably yield activations that reflect a
mixture of bottom-up and top-down processes and comprise
complex pain-coping strategies and perceptual and physiological
phenomena like temporal summation (4) and wind-up (32).
Thus, these results probably reflect neural mechanisms distinct
from the sequential first and second pain-related activations to
single painful stimuli in the present study. Conversely, because
cutaneous laser stimulation selectively activates nociceptors
responding to heat, the present findings do not necessarily apply
to all nociceptive fiber types.

Converging evidence from experimental animal studies and
neurophysiological, functional imaging and lesion studies in
humans indicate an essential role of S1 in the sensory-
discriminative aspects of pain (for reviews, see refs. 8 and 33; for
most recent studies, see refs. 34-36). Thus, our finding of strong
first pain-related but a virtual lack of second pain-related
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Fig. 4. Activation ratio early/late of each area. Ratios were calculated from

mean amplitudes in early and late time windows shown in Fig. 3. Error bars
represent SEM. Friedman'’s analysis of variance showed a significant effect
of area on activation ratio (P < 0.05). Brackets indicate statistical compari-
sons between activation ratios with two-tailed Wilcoxon signed rank tests.
*, P < 0.05.

activation of S1 probably reflects the different perceptual char-
acteristics of first and second pain. First pain is of short duration,
sharp and well localized, whereas second pain is longer-lasting,
diffuse, and ill localized (1-4). The lack of significant second
pain-related activation in S1 in the present study might also
contribute to the understanding of divergent results from func-
tional imaging studies concerning participation of S1 in human
pain processing (for review, see ref. 37). Partial failure to detect
S1 activation was taken as evidence against participation of S1
in pain processing by some investigators and attributed to
cognitive modulation of S1 activity and to inhibitory effects
within S1 by others (37). The present results add another
argument. The strong but short S1 activation is less likely to be
detected by single photon emission computed tomography,
positron-emission tomography, or functional MRI than the
longer-lasting activation of S2 and ACC.

On the basis of response characteristics, anatomical connec-
tions, and lesion studies, S2 has been suggested to be involved in
cognitive—evaluative components of pain perception like recog-
nition, learning, and memory of painful events (for reviews, see
refs. 8 and 38). Our result of about equal first and second
pain-related activation of S2 suggests that the recognition of the
painful nature of the stimulus and pain-related learning and
memory are relevant to both first and second pain. In the present
study, as in other MEG studies, activation of insular cortex that
has also been shown to participate in pain processing has not
been detected most probably because of a mainly radial orien-
tation of insular currents not detected by MEG and a cancella-
tion of currents in the opposite walls of the insula. However,
although pain-evoked insular activations have been shown to be
located more anteriorly than S2, in principle, a small contribu-
tion of insular activation to the S2 signals cannot be ruled out.

A close association between ACC as a part of the limbic system
and affective-motivational components of pain perception has
been indicated by experimental animal and human lesion, func-
tional imaging, and opioid-binding studies (for reviews, see refs.
8 and 39; for more recent evidence, see refs. 40 and 41). Thus,
our finding of particular strong second pain-related activation of
ACC supports an association between second pain and pain
affect. However, ACC has been shown to participate in a variety
of tasks involving cognitive, attention-related, and motor control
processes (for reviews, see refs. 42 and 43). Thus, ACC may have
arole in interrelating pain affect, attention, and motor responses
(44). This role might be reflected by results from functional
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imaging studies showing more than one pain-evoked activation
focus with different stimulus-response functions within ACC
(45-49). These activation foci are located in anterior as well as
in posterior regions of the ACC. The location of the ACC focus
in the present study corresponds to the most anterior locations.

An association between Ad fiber-mediated first pain, the
sensory component of pain and S1 on the one hand and C
fiber-mediated second pain, affective aspects of pain and ACC
on the other hand is supported by a recent case report of a
patient with a lesion comprising S1 and S2 but sparing of ACC
(50). This patient had a selective loss of first pain sensation and
sensory aspects of pain, whereas second pain sensation and pain
affect were preserved. This possibility to dissociate different
perceptual components of pain has recently been experimentally
confirmed (51). These findings indicate a parallel mode of pain
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processing most probably subserved by parallel thalamocortical
projections to S1, S2, insula, and ACC (8).

The distinct cortical representations of first and second pain
are likely to reflect distinct biological functions of both sensa-
tions. First pain signals the noxious nature of a stimulus and
provides precise sensory information for an appropriate and
rapid motor response, i.e., for an immediate withdrawal. Thus,
first pain aims at achieving relative safety from the source of
injury. Second pain with its strong affective component attracts
longer-lasting attention and initiates behavioral responses to
limit further injury and optimize recovery. Thus, second pain
may subserve the recuperative healing mechanism of pain (52).
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Ploner, Markus, Bettina Pollok, and Alfons Schnitzler. Pain facil-
itates tactile processing in human somatosensory cortices. J Neuro-
physiol 92: 1825-1829, 2004. First published April 28, 2004;
10.1152/jn.00260.2004. Touch and pain are intimately related modal-
ities. Despite a substantial overlap in their cortical representations
interactions between both modalities are largely unknown at the
cortical level. We therefore used magnetoencephal ography and selec-
tive nociceptive cutaneous laser stimulation to investigate the effects
of brief painful stimuli on cortical processing of touch. Using a
conditioning test stimulus paradigm, our results show that painful
conditioning stimuli facilitate processing of tactile test stimuli applied
500 ms later. This facilitation applies to cortical responses later than
40 ms originating from primary (S1) and secondary (S2) somatosen-
sory cortices but not to earlier S1 responses. By contrast, tactile
conditioning stimuli yield a decrease of early aswell aslate responses
to tactile test stimuli. Control experiments show that pain-induced
facilitation of tactile processing is not restricted to the site of the
painful conditioning stimulus, whereas auditory conditioning does not
yield a comparable facilitation. Apart from a lack of spatial specific-
ity, the facilitating effect of pain closely resembles attentional effects
on cortical processing of tactile stimuli. Thus these findings may
represent a physiological correlate of an alerting function of pain as a
change in the internal state to prepare for processing signals of
particular relevance.

INTRODUCTION

Touch and pain are intimately related modalities. According
to everyday experience, painful stimuli and appropriate behav-
ioral responses are associated with tactile sensations. This
close association of both modalities is paralleled by a substan-
tial overlap between the cortical representation of touch and
pain. In particular, the primary (S1) and secondary (S2) so-
matosensory cortices are involved in processing of both mo-
dalities as revealed by functional imaging and neurophysiolog-
ical studies directly comparing cortical activations to both
stimuli (Chen et a. 2002; Coghill et al. 1994; Gelnar et al.
1999; Ploner et al. 2000). Although interactions between both
modalities have been characterized on the behavioral level
(Apkarian et a. 1994; Bolanowski et al. 2000; Hansson and
Lundeberg 1999; Hallins et al. 1996; Melzack and Wall 1965),
the modulatory effects of pain on cortical processing of touch
and vice versa are largely unknown. A few studies showed that
pain inhibits tactile processing in S1 (Rossi et al. 1998; Tom-
merdahl et al. 1996; Tran et al. 2003), whereas another study
did not show this inhibitory effect (Dowman 1999). However,
in most of these studies, nonselective nociceptive and tonic
painful stimuli were applied (Rossi et a. 1998; Tommerdahl et
al. 1996; Tran et a. 2003), which has possibly resulted in
confounding of intermodal interaction effects between touch

and pain and intramodal tactile interaction effects. In addition,
considering the perceptual differences between tonic and pha-
sic pain (Chen and Treede 1985; Rainville et al. 1992), the
cortical effects of tonic painful stimulation most probably
differ from these of phasic stimuli. Thus results from studies
using tonic painful stimuli (Rossi et al. 1998; Tommerdahl et
al. 1996) do not necessarily apply to the effects of phasic pain.

Given the strong association between touch and pain in
somatosensory cortices, we therefore used magnetoencepha-
lography and selective nociceptive cutaneous laser stimulation
to investigate the effect of phasic painful conditioning stimuli
on cortical processing of tactile test stimuli applied to the same
skin site. Our results show that phasic pain facilitates tactile
processing in S1 and S2, which may represent a physiological
correlate of the alerting function of pain.

METHODS
Subjects

Eight healthy male subjects with a mean age of 31 yr (range, 23-45
yr) participated in the experiment. Informed consent was obtained
from all subjects before participation. The study was approved by the
local ethics committee and conducted in conformity with the decla-
ration of Helsinki.

Procedure

The modulatory effect of phasic pain on tactile processing was
studied using a conditioning test stimulus paradigm. Test stimuli were
nonpainful electrical pulses activating the tactile afferents of the
superficial branch of the radial nerve of the right hand. Conditioning
stimuli were either nonpainful electrical stimuli or dightly painful
selective nociceptive cutaneous laser stimuli. Conditioning stimuli
preceded the test stimuli by 500 ms and were applied to the superficial
branch of the right radial nerve or the dorsum of the right hand,
respectively. An interval of 500 ms between conditioning and test
stimuli were chosen to disentangle early cortical responses evoked by
the conditioning stimuli from that evoked by the test stimuli. Prior to
the experiment, the paradigm was explained to the subjects so that the
subjects knew that only nonpainful test stimuli would occur, while
conditioning stimuli would be either painful or nonpainful. Applica-
tion of painful and nonpainful conditioning stimuli were blocked with
the order of blocks counterbalanced between subjects. In each condi-
tion, 120 conditioning test stimulus pairs were applied.

Simuli

Tactile test and conditioning stimuli were 120 constant voltage
electrical pulses of 0.3-ms duration delivered to the superficial branch
of the radial nerve of the right hand. Intervals between test stimuli
were randomly varied between 4 and 6 s. Stimulus intensity was
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adjusted to twofold detection threshold intensity, i.e., 40—60 V, thus
inducing clear and consistent nonpainful sensations. Characteristics of
electrical conditioning and test stimuli were identical. Painful condi-
tioning stimuli were cutaneous laser stimuli, which have been shown
to selectively activate nociceptive afferents (Bromm and Treede
1984). Laser stimuli were applied to the dorsum of the right hand in
the territory of the superficial branch of the radial nerve. The laser
device was a Tm:YAG-laser (Carl Baasel Lasertechnik, Starnberg,
Germany) with a wavelength of 2,000 nm, a pulse duration of 1 ms,
and a spot diameter of 6 mm. Stimulation site was slightly changed
after each stimulus. Stimulus intensity was 100 mJ above individual
pain threshold, i.e., 350—400 mJ, thus consistently inducing slightly
painful sensations.

Data recordings

Subjects were comfortably seated with eyes closed in a magneti-
cally shielded room. Cortical activity was recorded with a Neuromag-
122 whole head neuromagnetometer containing 122 planar SQUID
gradiometers. Signals were digitized at 483 Hz, high-pass filtered at 1
Hz, and low-pass filtered at 120 Hz. Neuromagnetic activity was
averaged time-locked to application of tactile test stimuli. Vertical
electrooculograms were used to reject epochs contaminated with blink
artifacts.

Data analysis

An epoch comparing 100 ms prestimulus baseline and 300 ms after
stimulation was analyzed. Globa stimulus-evoked neuromagnetic
activity was calculated as root mean square of the signals of all 122
sensors corrected to baseline. Further analysis of the somatosensory-
evoked fields (SEFs) was based on a spatiotempora source model
(Hamalainen et a. 1993). Sources of evoked responses were modeled
as equivalent current dipoles identified during clearly dipolar field
patterns. Only sources accounting for >85% of thelocal field variance
were accepted. Source locations, orientations, and strengths were
calculated within arealistic head model (boundary-element model) of
each subject’s head determined from the individual magnetic reso-
nance images acquired on a 1.5-T Siemens-Magnetom. Time courses
of activations were obtained from the spatiotemporal source model
where locations and orientations of sources were kept fixed and
activation strengths were allowed to vary over time to provide the best
fit for the recorded data. From the resulting time courses of activa-
tions, mean amplitudes of activations were determined in an early
(15-40 ms) and a late (50—150 ms) time window, and group mean
time courses of activations were calculated. Statistical analysis was
done with reference to Siegel and Castellan (1988). Friedman's
ANOVA and subsequent post hoc tests were used for comparison of
mean amplitudes of activations.

Group mean locations of activations were calculated from covari-
ance matrices across al sensors for the early and the late time
window. From these covariance matrices, pain-evoked activity was
localized using a spatia filtering algorithm (Van Veen et al. 1997).
The spatia filter was employed with arealistic head model to estimate
power in the whole brain, resulting in individual tomographic power
maps with voxel sizes of 6 X 6 X 6 mm. This approach is a
time-domain variant of the frequency-based dynamic imaging of
coherent sources (DICS) method, which was recently introduced to
the investigation of oscillatory activity (Gross et al. 2001). Further
processing of tomographic power maps was carried out using SPM99
(Wellcome Department of Cognitive Neurology, Institute of Neurol-
ogy, London, UK). Individual maps were spatially normalized to
Taairach space using parameters derived from normalization of
individua T1-weighted MRIs (Friston et a. 1995). Mean group
normalized power maps were calculated for both time windows. From
these mean power maps, locations of activations, defined as local
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cortical power maxima exceeding 80% of the global maximum, were
determined.

Control experiments

In two subjects, the specificity of the interaction effect was inves-
tigated. Spatial specificity was investigated by comparing the effects
of painful conditioning stimuli applied to the left and right hand, i.e.,
contralateral and ipsilateral to the test stimulus that was aways
applied to the right hand. Modality specificity of the pain-induced
modulation of tactile processing was verified by comparing the effects
of painful conditioning stimuli with the effects of auditory condition-
ing stimuli. Auditory stimuli were binaural 1,000-Hz square-wave
sounds of 10-ms duration. Stimulus characteristics and procedure
were the same as in the other conditions.

RESULTS

In all subjects, electrical stimulation of tactile afferents
elicited clear and consistent nonpainful sensations, while cu-
taneous laser stimuli consistently evoked dslightly painful pin-
prick-like sensations.

SEFs

Tactile test stimuli evoked the well-known sequence of
SEFs, with earliest responses originating from S1 and later
responses originating from S1, the posterior parietal cortex and
bilateral S2 (Hari and Forss 1999). Exemplary individual and
group SEFs are shown in Figs. 1 and 2, respectively. Time
courses of global field power (Figs. 1A and 2A) show a
sequence of cortical responses peaking at 35, 59, and 127 ms
in the single subject and peaking at 37, 71, and 122 ms for the
whole group. Figures 1B and 2B show the spatial distribution
of cortical responses. The earliest responses beginning at ~15
ms and peaking at ~35 ms originate from anterior parts of the
postcentral gyrus corresponding to cytoarchitectonical area 3b
of S1. The later response peaking at ~70 msis recorded more
posteriorly and medialy than the earliest response and is
located in the anterior and posterior walls of the postcentral
sulcus corresponding to cytoarchitectonical areas 1 and 2 of S1
and to area 5 of the posterior parietal cortex. Subsequent
responses are recorded bilaterally over the temporoparietal
region and originate from the parietal operculum correspond-
ing to S2. Mean Talairach coordinates of activations are —36,
—32, 54 (early S1), —30, —38, 60 (late S1), —54, —14, 24
(contralateral S2), and 46, —16, 28 (ipsilateral S2).

Effect of conditioning stimuli

Individual and group mean time courses of global field
power (Figs. 1A and 2A) show that painful conditioning stimuli
yield an enhancement of the later responses to tactile test
stimuli peaking at ~70 and 120 ms, whereas early responses
peaking at ~35 ms remain unchanged. Locations and time
courses of activations (Figs. 1B and 2B) show that this en-
hancement appliesto the later S1 activation and the bilateral S2
activations but not to the early S1 activation. In contrast, tactile
conditioning stimuli result in an attenuation of early, aswell as
late, activations of S1 and bilateral S2. Figure 3 summarizes
these effects of painful and tactile conditioning stimuli. Fried-
man's ANOVA confirms a significant effect of condition on
activation amplitudes (P < 0.001). Subsequent post hoc com-
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A conditioning stimulus
— without
----- painful
— tactile

Fic. 1. Effect of conditioning stimuli on cortical responses to tactile test
stimuli, exemplary individual results. A: time courses of global field power
defined as root mean square of the signals of all 122 sensors corrected to
baseline. Left: helmet-shaped sensor array viewed from the top. B: signals of
single sensors. Locations of sensors are marked by shaded squares in the left
panels showing the sensor array from the top, left and right.

parisons of activations show that all later activations are
significantly enhanced by painful conditioning stimuli,
whereas tactile conditioning stimuli yield a significant decrease
of both early and late activations.

Control experiments

Figure 4 compares the effects of painful conditioning stimuli
applied to the hand contralateral and ipsilateral to the test
stimuli (Fig. 4, top) and the effects of auditory and ipsilateral
painful conditioning stimuli (Fig. 4, bottom). Mean time
courses of global field power reveal that painful conditioning
stimuli applied to the hand contralateral to the test stimulus
yield an enhancement of later responses comparable with the
effect of ipsilateral painful conditioning stimuli. In contrast,
auditory conditioning stimuli do not yield a comparable en-
hancement. Thus pain-induced facilitation of tactile processing
is not spatially specific and does not occur after auditory
conditioning stimuli.
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DISCUSSION

In this study, we investigated the effects of brief painful
stimuli on tactile processing in human somatosensory cortices.
Using magnetoencephal ography and selective nociceptive cu-
taneous laser stimulation, our results show that phasic painful
stimuli facilitate processing of subsequent electrical stimuli
applied to tactile afferents innervating the same skin site. Time
courses of activations reveal that this facilitation applies to
later cortical responses originating from S1 and S2 but not to
earliest S1 responses. Control experiments show that pain-
induced facilitation of tactile processing is not restricted to the
site of the painful conditioning stimulus and does not occur
after auditory conditioning stimuli.

Previous studies investigating interactions of touch and pain
focused predominantly on the effect of touch on pain. The
influential gate control theory (Melzack and Wall 1965) im-
plied that activation of tactile afferents inhibits processing and
perception of pain by closing a gate located in the spinal cord
dorsal horn. This theory has been extensively studied and has
motivated new concepts of pain therapy (Hansson and Lunde-

A :
Global oy
..... painful \.\
— nonpainful -
= ___Jlj
B
S1cl
early & late
S2cl 2
s2il A
10 nAm |

100 ms

FiG. 2. Effect of conditioning stimuli on cortical responses to tactile test
stimuli, group results. A: time courses of global field power defined as root
mean square of the signals of all 122 sensors corrected to baseline. B: locations
and time courses of activations. Locations of activations are maxima of mean
normalized power maps superposed on a normalized surface rendered struc-
tural T1-weighted magnetic resonance image. In the time course panels,
shaded areas depict phases of early (15-40 ms) and late (50-150 ms)
responses during which mean amplitudes of activations were calculated. S1,
primary somatosensory cortex; S2, secondary somatosensory cortex; cl, con-
tralateral; il, ipsilateral.
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Fic. 3. Effect of conditioning stimuli on mean amplitudes of early (15-40
ms) and late (50—-150 ms) activations. Error bars represent SE. Friedman's
ANOVA showed a significant effect of conditioning stimuli on mean ampli-
tudes (P < 0.001). *P < 0.05, **P < 0.01 compared with amplitudes of
activations without conditioning stimuli.

berg 1999). The reverse effect of pain on touch has been less
well studied. At the behavioral level, tonic pain (Apkarian et al.
1994; Bolanowski et al. 2000; Hollins et a. 1996) has been
shown to decrease sensitivity to tactile stimuli on the affected
limb. Correspondingly, neurophysiological recordings in hu-
mans (Rossi et al. 1998) and monkeys (Tommerdahl et al.
1996) showed a pain-evoked decrease of S1 responsesto tactile
stimulation. However, in these studies the effects of tonic pain
were investigated that differ perceptually from that of phasic
pain (Chen and Treede 1985; Rainville et al. 1992) and may
thus reflect neural mechanisms distinct from the effects of the
brief painful stimuli observed in our study. Only a few previ-
ous studies investigated the effects of phasic pain on tactile
processing. In a recent MEG study, brief painful conditioning
stimuli were shown to yield a decrease of S1 responses to
tactile test stimuli that already involved very early Sl re-
sponses at ~30 ms (Tran et a. 2003). However, in this study,
painful conditioning stimuli, as well as nonpainful test stimuli,
were electrical stimuli, which activate tactile afferents. Thus
intermodal interaction and intramodal stimulus presentation
rate effects have most probably been confounded, which may
account for the discrepancy between these results and our
findings. Another EEG study using selective nociceptive cuta-
neous laser stimulation did not show a significant effect of pain
on cortical processing of tactile test stimuli (Dowman 1999).
However, in this study, which did not provide spatial informa-
tion on cortical activations, a near significant increase of later
components of somatosensory-evoked potentials was ob-
served, which, in principle, corresponds to the present results.

Our finding of an attenuation of both early as well as late
responses due to nonpainful conditioning stimuli is in good
agreement with previous EEG (Allison 1962; Greenwood and
Goff 1987; Shagass and Schwartz 1964) and MEG (Mauguiere
et al. 1997; Wikstrom et al. 1996) studies, showing a decrease
of the earliest cortical responses with high stimulus presenta-
tion rates. This decrease of response amplitudes with high
stimulus presentation rates has been proposed to represent an
intramodal sensory interaction effect on the level of the so-
matosensory cortices (Wikstrom et al. 1996a). The pattern of
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the pain-evoked modulation of tactile processing observed in
this study indicates that this intermodal interaction effect is
also located on the cortical level and does not result from
interactions on the peripheral, spinal, or subcortical level.
Since tactile processing in human somatosensory cortices has a
predominantly serial organizational mode (lwamura 1998),
interactions on alevel lower than the cortical level should have
affected the earliest, as well as later, responses.

The modulatory pattern of pain on tactile processing with a
facilitation of later but not the earliest stages of tactile process-
ing closely resembles attentional effects on tactile processing
in somatosensory cortices as revealed by EEG (Desmedt and
Tomberg 1989; Eimer and Forster 2003; Josiassen et al. 1982;
Michie et al. 1987) and MEG (Mima et al. 1998) recordings.
These studies showed that focusing attention on a behaviorally
relevant tactile stimulus facilitates S1 and S2 responses to
tactile stimuli at latencies of 40 ms and later but do not
modulate earliest S1 responses with latencies shorter than 40
ms. This attentional facilitation of tactile processing in S1 and
S2 has been confirmed by functional imaging studies (Burton
et a. 1999; Macaluso et a. 2002; Meyer et al. 1991; Roland
1981) and by neurophysiological studies in monkeys (Hsiao et
al. 1993; Hyvarinen et a. 1980; Poranen and Hyvarinen 1982;
Steinmetz et al. 2000). However, these attentional effects are
spatially specific and are thus likely to reflect the orienting
function of attention (Posner and Petersen 1990). In contrast,
the control experiments of this study reveal that contralateral
painful conditioning stimuli do also facilitate tactile process-
ing, indicating that the present effect is not a spatially specific
but a global phenomenon. Moreover, the lack of a comparable
facilitation after auditory conditioning stimuli shows that the
effect cannot be attributed to the cue function of the painful
stimulus. Thus pain-induced facilitation of tactile processing
may rather reflect the spatially unspecific alerting function of
attention (Corbetta and Shulman 2002; Posner and Petersen
1990), which follows salient stimuli and may be mediated by a
right-lateralized fronto-parietal-cingulate network (Corbetta
and Shulman 2002; Downar et a. 2002, 2003). This aerting
function involves a change in the internal state to prepare for
processing signals of high priority (Posner and Petersen 1990),
characteristics that particularly apply to the sensation of pain
that signals fundamental threat and urges the individual to
prevent further harm. Detailed characterization of the facilita-

conditioning stimulus
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FiG. 4. Effectsof contralateral and ipsilateral conditioning stimuli (top) and
of auditory conditioning stimuli (bottom) on cortical responses to tactile test
stimuli. Mean time courses of global field power defined as root mean square
of the signals of all 122 sensors corrected to baseline averaged for 2 subjects.
cl, contralateral; il, ipsilateral.
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tion effect in additional, particularly psychophysical, studies
will further specify the functional significance of the observed
effect.
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Pain Suppresses Spontaneous
Brain Rhythms

The neuronal activity of the resting human brain is dominated by
spontaneous oscillatory activity of primary visual, somatosensory
and motor areas. These spontaneous brain rhythms are related to
the functional state of a system. A higher amplitude of oscillatory
activity is thought to reflect an idling state, whereas a lower
amplitude is associated with activation and higher excitability of
the specific system. Here, we used magnetoencephalography to
investigate the effects of pain on spontaneous brain rhythms. Our
results show that a focally applied brief painful stimulus globally
suppresses spontaneous oscillations in somatosensory, motor and
visual areas. This global suppression contrasts with the regionally
specific suppressions of other modalities and shows that pain
induces a widespread change in cortical function and excitability.
This global change in excitability may reflect the alerting function of
pain which opens the gates for processing of and reacting to stimuli
of existential relevance.

Keywords: cutaneous laser stimulation, human, magnetoencephalography,
nociception, oscillations, pain, somatosensory

Introduction

From the earliest recordings of the human electroencephalo-
gram, spontaneous oscillatory activity at frequencies around
10 Hz (alpha-band) and 20 Hz (beta-band) has been consis-
tently observed over primary visual, somatosensory and motor
areas (Berger, 1929; Gastaut, 1952; Hari and Salmelin, 1997,
Niedermeyer, 1999). In each of these systems oscillations
show a modality-specific reactivity. The occipital alpha-ryhthm
is dampened by visual stimuli, whereas alpha- and beta-
oscillations over the sensorimotor cortices — termed mu-
rhythm — are attenuated by touch and limb movements (Hari
and Salmelin, 1997; Pfurtscheller, 1999). This modality speci-
ficity is complemented by a spatial specificity with stimulus-
induced modulations of oscillations occurring predominantly
in the contralateral hemisphere (Hari and Salmelin, 1997,
Pfurtscheller, 1999). Spatial distribution and reactivity suggest
that oscillatory activity is related to the functional state of
a system. A higher amplitude of oscillatory activity is thought to
reflect an idling state of a system, whereas a lower amplitude is
associated with activation of a system (Hari and Salmelin, 1997;
Niedermeyer, 1999; Pfurtscheller, 1999). In addition, suppres-
sion of oscillatory activity has been related to a higher degree
of excitability in the sense of a thalamocortical gate which can
be opened by endogenous or exogenous events (Steriade and
Llinas, 1988).

Recently, the effects of pain on spontaneous oscillations have
been investigated. Neurophysiological studies revealed that
phasic painful stimuli suppress oscillations over the sensorimo-
tor cortex predominantly of the contralateral hemisphere
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(Mouraux et al, 2003; Ohara et al, 2004; Raij et al, 2004)
which, in principle, corresponds to the effect of tactile stimuli.
However, pain is a unique experience which disrupts ongoing
behavior, demands attention and urges the individual to react
(Melzack and Casey, 1968; Eccleston and Crombez, 1999). Thus,
pain broadly interferes with sensory, motor and cognitive
processes. Correspondingly, pain may not only selectively
modulate the function of the sensorimotor system but of
cortical systems in general. Therefore, we used the high
spatial and temporal resolution of magnetoencephalography
to investigate the global effects of pain on spontaneous
oscillatory activity.

Materials and Methods

Twelve healthy right-handed male subjects with a mean age of 33 years
(range 22-41 years) participated in the study. Informed consent was
obtained from all subjects before participation. The study was approved
by the local ethics committee and conducted in conformity with the
Declaration of Helsinki.

Stimulation

Forty painful cutaneous laser stimuli, which evoke a highly synchro-
nized selective activation of nociceptive afferents without concomitant
activation of tactile afferents (Bromm and Treede, 1984) were delivered
to the dorsum of the right hand. The laser device was a Tm:YAG-laser
(Carl Baasel Lasertechnik, Starnberg, Germany) with a wavelength of
2000 nm, a pulse duration of 1 ms and a spot diameter of 6 mm. The laser
beam was led through an optical fiber from outside into the recording
room. Stimulation site was slightly changed after each stimulus.
Interstimulus intervals were randomly varied between 10 and 14 s.
Applied stimulus intensity was 600 m], which evoked moderately
painful sensations. The subjects passively perceived the stimuli with
closed eyes. In four of the subjects, in an additional recording, the left
hand was stimulated using the same parameters as in the right-hand
stimulation condition.

Recordings and Analysis

During the recordings the subjects were comfortably seated with closed
eyes in a magnetically shielded room. Cortical activity was continuously
recorded with a Neuromag-122 whole-head neuromagnetometer.
Signals were digitized at 483 Hz.

As a first step, time windows and frequency bands of pain-induced
changes of cortical activity were identified. To this end, time frequency
representations (TFR) were calculated using a Fourier transform
approach (Delorme and Makeig, 2004 ). For each trial the TFR comprised
an epoch from 1500 ms before to 3000 ms after stimulus application. A
global grand average TFR was obtained by averaging TFRs across trials,
sensors and subjects. This global grand average TFR showed prominent
pain-induced suppressions of cortical activity in the alpha- (7-15 Hz)
and beta- (15-25 Hz) band in a time window between 500 and 1500 ms
after stimulus application. Thus, further analysis focused on these
frequency bands and on this time window.

In the next step, locations of pain-induced suppressions of cortical
activity were calculated. To this end cross-spectral density matrices
of power changes in the time window between 500 and 1500 ms as



compared to a baseline period from -1000 to -10 ms were calculated.
From these matrices pain-evoked activity was localized using a spatial
filtering algorithm (Van Veen et al, 1997; Gross et al., 2001). The spatial
filter was employed with a realistic head model to estimate power in the
whole brain, and resulted in individual tomographic power maps with
voxel sizes of 6 x 6 x 6 mm. Further processing of tomographic power
maps was carried out using SPM99 (Wellcome Department of Cognitive
Neurology, Institute of Neurology, London, UK: http://www filion.
uclac.uk/spm). Individual maps were spatially normalized to Talairach
space using parameters derived from normalization of individual
T;-weighted magnetic resonance images (Friston et al, 1995). Among
the five strongest local power maxima individual power maps consis-
tently showed maxima located in the bilateral central region and in the
occipital cortex. Mean group normalized power maps were calculated
for each of the three regions.

In a third step time courses of pain-induced power changes in the
bilateral central region and in the occipital cortex were determined.
Using the temporal spectral evolution (TSE) method (Salmelin and Hari,
1994), signals were band-pass filtered from 7 to 15 and from 15 to 25 Hz
respectively. Filtered signals were rectified, averaged across trials and
across 10 sensors over the bilateral central region and 12 sensors over
the occipital cortex. The signals recorded from these sensors showed
clear modulation of oscillatory activity. Results did not depend on the
number of sensors. From the individual time courses group mean time
courses of pain-induced power changes were calculated. For each area
and frequency band 95% confidence intervals of power changes were
calculated as twice the standard deviation of the 1000 ms prestimulus
baseline.

For statistical comparison mean amplitudes of pain-induced power
changes during the time window between 500 and 1500 ms were
determined for both frequency bands. The lateralization of pain-induced
modulations was analyzed by comparing mean amplitudes of right- and
left-hemispheric modulations using sequentially Bonferroni-corrected
two-tailed Wilcoxon signed-rank tests. Lateralization was visualized by
calculating a lateralization ratio (left hemispheric/right hemispheric) of
pain-induced modulations to right- and left-sided stimulation.

Control Experiment

In order to compare the effects of pain and touch on cortical activity
electrical stimulation of tactile afferents was carried out in 12 healthy
right-handed subjects (4 female, 8 male, mean age 32 years, range 24-44
years). Electrical stimuli were applied by using ring electrodes attached
to the middle and end phalanx of the index finger of the right hand.
Stimuli were rectangular constant voltage pulses of 0.3 ms duration with
an interstimulus interval of 3 s. Stimulus intensity was adjusted to 2- to
3-fold detection threshold intensity evoking clear and non-painful
sensations. Time courses of tactile-induced power changes in the
bilateral central region and in the occipital cortex were determined
using the same procedure as for the pain-induced effects. Mean
amplitudes of tactile-induced power changes were calculated during
a time window between 0 and 1000 ms for both frequency bands.
Statistical analysis and visualization was the same as for the painful
stimulation condition.

Results

First, time windows and frequency bands of pain-induced
modulations of oscillatory activity were determined. Thus,
global grand average time frequency representations (TFR)
were calculated. Figure 1 shows that the brief painful stimuli
suppress cortical oscillatory activity between 500 and 1500 ms
after stimulus application. This suppression occurs in the alpha-
band (7-15 Hz) and in the beta-band (15-25 Hz). [Note that the
carly power increase below the alpha-band reflects evoked
responses which have been analyzed previously (Ploner et al,
1999, 2000, 2002; Timmermann et al., 2001).]

Second, we determined locations of pain-induced suppres-
sions of cortical oscillations. Using a time-domain variant of the
DICS method (Gross et al., 2001) pain-induced power changes
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Figure 1. Time frequency representation (TFR) of pain-induced modulations of
spontaneous neuronal activity averaged across sensors, trials and subjects. Power
increases and decreases (AP) from baseline are coded in red and blue, respectively.

were localized in the previously identified time window
(500-1500 ms) and frequency bands (alpha, beta) relative to a
1000 ms prestimulus baseline. Figure 2 shows the group mean
locations of pain-induced power changes. Foci of suppression of
spontaneous oscillatory activity were located in the bilateral
sensorimotor cortices and in the occipital cortex. Within the
bilateral sensorimotor cortices, suppressions in the alpha-band
were located slightly more posterior than suppressions in the
beta-band corresponding to location in primary somatosensory
and motor cortices respectively. Thus, pain suppresses the
sensorimotor mu-rhythm bilaterally as well as the occipital
alpha-rhythm.

Third, time courses of pain-induced modulations were
calculated for each region and frequency band (Fig. 2). Time
courses show that the significant pain-induced suppression of
about 2000 ms duration applies to the 10 Hz ‘sensory’ and 20 Hz
‘motor’ components of the mu-rhythm bilaterally and to the
occipital alpha-rhythm. The suppression of the mu-rhythm is
stronger in the right, ipsilateral hemisphere than in the left,
contralateral hemisphere. This contrasts with the effect of
tactile stimuli applied to the right hand. Tactile stimuli induce
a short-lasting suppression of the mu-ryhthm mainly in the left,
contralateral hemisphere and no comparable suppression of the
occipital alpha-rhythm. Figure 3 illustrates the lateralization of
suppressions of the mu-rhythm to painful and tactile stimulation
by showing a lateralization ratio (left hemispheric/right hemi-
spheric) of suppressions. The figure illustrates the right hemi-
spheric lateralization of suppressions to right-sided painful
stimuli and the left hemispheric lateralization of suppressions
to right-sided tactile stimulation. To further clarify the lateral-
ization of the pain-induced modulations we applied painful
stimuli to the left hand in four of the subjects. The results show
that left-sided painful stimuli also yield a right-lateralized
suppression of the mu-rhythm. Thus, these findings show that
pain-induced modulations of the mu-rhythm are generally
lateralized to the right hemisphere and do not reflect an
ipsilateral dominance.

Discussion

The present findings reveal that brief painful stimuli yield
a global right-lateralized suppression of spontaneous oscilla-
tions in sensory and motor systems.
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Figure 2. Group mean locations and time courses of pain-induced modulations. Locations of 20 Hz and 10 Hz suppressions are coded in green and red respectively. Time courses of
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Figure 3. Lateralization ratio (left hemispheric/right hemispheric) of suppressions to
painful and tactile stimuli. Note that left- and right-lateralized suppressions of the mu-
rhythm correspond to bars to the left and the right side, respectively. Error bars
represent SEM; *P = 0.05, **P = 0.01, sequentially Bonferroni-corrected, two-tailed
Wilcoxon signed rank tests.

Our results correspond with recent neurophysiological
studies which showed a pain-induced suppression of the mu-
rhythm (Mouraux et al, 2003; Ohara et al, 2004) lateralized to
the right, contralateral hemisphere (Raij et al, 2004). However,
these studies focused on pain-induced effects on the mu-
rhythm and did not investigate global effects of pain on
spontaneous brain rhythms. Other studies investigating the
effects of tonic pain on spontaneous oscillatory activity also
revealed pain-induced decreases in alpha-power and mostly an
increase in beta-power (Backonja et al, 1991; Veerasarn and
Stohler, 1992; Chen and Rappelsberger, 1994; Ferracuti et al,
1994; Chang et al, 2002). However, the effects of tonic pain
most probably comprise complex pain-coping strategies and,
thus, reflect neural mechanisms distinct from the modulations
induced by the brief painful stimuli of the present study.

Further, our results reveal for the first time that the effects of
pain outreach the modality and topographically specific effects
exerted by other sensory and motor events (Hari and Salmelin,
1997; Pfurtscheller, 1999). Considering that spontaneous oscil-
lations are related to the functional state and the excitability

of cortical areas (Pfurtscheller, 1999) our results demon-
strate that pain induces a widespread change in cortical
function and excitability. This global pain-induced change in
cortical function and excitability may be related to the unique
biological significance of pain which disrupts ongoing behav-
iour, demands attention and urges the individual to react
(Melzack and Casey, 1968; Eccleston and Crombez, 1999).
More specifically, our finding of a global change in excitability
may reflect the alerting function of pain, which may be
mediated by a right-lateralized cortico-subcortical network
dedicated to the detection of salient events (Downar et al,
2000; Corbetta and Shulman, 2002). The right-sided lateraliza-
tion of this network together with a preponderance of the right
hemisphere in the processing of pain (Hari et al, 1997; Coghill
et al, 2001) and negative affect (Davidson, 1995) could well
account for the right-hemispheric lateralization of the observed
effects. The alerting function of pain along with a global
suppression of spontaneous brain rhythms may ‘open the gates’
of sensory and motor systems and prepare the individual for
processing of and reacting to stimuli of existential relevance.
This pain-induced gating of sensory and motor information may
be related to the recently described phenomenon of pain-
induced facilitation of sensory (Ploner et al., 2004) and motor
processing (Raij et al, 2004).
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The neuronal activity of the resting human brain is dominated by
spontaneous oscillations in primary sensory and motor areas. These
oscillations are thought to reflect the excitability of sensory and motor
systems that can be modulated according to the actual behavioral
demands. However, so far, evidence for an association between
oscillatory activity and excitability has been inconsistent. Here, we
used magnetoencephalography to reinvestigate the relationship be-
tween oscillatory activity and excitability in the somatosensory system
on a single trial basis. Brief painful stimuli were applied to relate pain-
induced suppressions of oscillatory activity to pain-induced increases
in excitability. The analysis reveals a significant negative correlation
between sensorimotor oscillatory activity, particularly in the o.-band,
and excitability of somatosensory cortices. Oscillatory activity outside
the somatosensory system did not correlate with somatosensory
excitability. These findings demonstrate that modulations of sensor-
imotor oscillatory activity specifically reflect modulations in excitability
of the somatosensory system and thus provide direct evidence for the
basic tenet of an association between oscillatory activity and cortical
excitability.

© 2006 Elsevier Inc. All rights reserved.

Introduction

Spontaneous oscillatory activity represents a basic feature of the
neuronal activity of the human brain. Particularly, spontaneous
oscillations in the a-band (8-13 Hz) and B-band (14-30 Hz) are
consistently observed in primary visual, somatosensory and motor
cortices (Berger, 1929; Gastaut, 1952; Hari and Salmelin, 1997;
Niedermeyer, 2005). These oscillations have been related to the
functional state of sensory and motor systems (Hari and Salmelin,
1997; Pfurtscheller and Lopes da Silva, 2005). A higher amplitude
of oscillatory activity has been associated with an idling state
whereas a lower amplitude may signal activation of a system
(Steriade and Llinas, 1988; Hari and Salmelin, 1997; Niedermeyer,
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2005; Pfurtscheller and Lopes da Silva, 2005). Furthermore,
oscillatory activity is thought to reflect the excitability of
thalamocortical systems that can be modulated by exogenous or
endogenous events (Steriade and Llinas, 1988). However, experi-
mental evidence for this association between oscillatory activity
and cortical excitability is sparse and inconsistent. Some studies
showed a positive correlation between oscillations and excitability
(Brandt et al., 1991; Arieli et al., 1996; Nikouline et al., 2000;
Tamura et al., 2005), whereas others revealed a negative correlation
(Brandt and Jansen, 1991; Rossini et al.,, 1991; Rahn and Basar,
1993a,b; Chen et al, 1999) or did not show any significant
relationship (Simoes et al., 2004) between oscillations and excitability.
Therefore, we reinvestigated the relationship between excit-
ability and oscillatory activity — termed mu-rhythm — in the human
somatosensory system on a single trial basis. The mu-rhythm
comprises two frequency components in the a- and B-band, which
can be suppressed by exogenous or endogenous activation of the
sensorimotor system. Particularly, painful stimuli have been shown
to suppress the mu-rhythm (Mouraux et al., 2003; Ohara et al.,
2004; Raij et al., 2004; Ploner et al., 2006) as well as to increase
somatosensory excitability (Ploner et al., 2004). Here, we applied
brief painful cutaneous laser stimuli in order to relate pain-induced
suppressions of the mu-rhythm to pain-induced increases in
cortical excitability. Using a conditioning test stimulus paradigm,
cortical responses to tactile test stimuli applied 500 ms after the
painful conditioning stimuli were used as a measure of soma-
tosensory excitability. Our single trial-based analysis reveals an
inverse correlation between oscillatory activity, particularly the o-
component of the mu-rhythm, and the excitability of primary (S1)
and secondary (S2) somatosensory cortices. Thus, these findings
provide direct evidence for the basic tenet of an association
between oscillatory activity and cortical excitability in humans.

Materials and methods
Subjects
Eight healthy male subjects with a mean age of 31 years (range,

23-45 years) participated in the experiment. Informed consent was
obtained from all subjects before participation. The study was
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approved by the local ethics committee and conducted in con-
formity with the declaration of Helsinki.

Procedure

The relationship between oscillatory activity and cortical
excitability was studied using a conditioning test stimulus
paradigm (Fig. 1A). Conditioning stimuli (CS) were brief painful
laser stimuli, which have been shown to suppress oscillatory
activity (Ploner et al., 2006) and increase excitability (Ploner et al.,
2004) of the human somatosensory cortices. Test stimuli (TS) were
non-painful electrical stimuli. Evoked cortical responses to test
stimuli were used as a measure of cortical excitability. Condition-
ing stimuli and test stimuli were both applied to the right hand. The
interstimulus interval between conditioning stimuli and test stimuli
was 500 ms. At this latency of 500 ms after painful stimuli, both
pain-induced suppressions of oscillatory activity (Ploner et al.,
2006) and pain-induced increases in excitability (Ploner et al.,
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Fig. 1. Paradigm (A) and time courses of stimulus-induced modulations of
oscillatory activity (B) and stimulus-evoked responses (C). Induced
modulations of oscillatory activity and evoked responses were averaged
across trials, subjects, and sensors over the primary sensorimotor cortex and
low-pass filtered at 5 Hz. CS, conditioning stimulus; TS, test stimulus; B,
magnetic field power.

2004) have been revealed. In each subject, at least 120 con-
ditioning test stimulus pairs were applied. Intervals between
stimulus pairs were randomly varied between 4 and 6 s. Prior to the
experiment, the procedure was explained to the subjects so that the
subjects knew that only non-painful test stimuli would occur.

Stimuli

Painful conditioning stimuli were cutaneous laser stimuli,
which have been shown to selectively activate nociceptive affe-
rents (Bromm and Treede, 1984). Laser stimuli were applied to the
dorsum of the right hand in the territory of the superficial branch of
the radial nerve. The laser device was a Tm:YAG-laser (Carl
Baasel Lasertechnik, Starnberg, Germany) with a wavelength of
2000 nm, a pulse duration of 1 ms, and a spot diameter of 6 mm.
Stimulation site was slightly changed after each stimulus. Stimulus
intensity was 100 mJ above individual pain threshold, i.e.,
350-400 mJ, thus consistently inducing slightly painful sensations.

Non-painful test stimuli were constant voltage electrical pulses
of 0.3 ms duration delivered to the superficial branch of the radial
nerve of the right hand. Stimulus intensity was adjusted to two- to
threefold detection threshold intensity, i.e., 40-60 V, thus inducing
clear and consistent non-painful sensations.

Data recordings

Subjects were comfortably seated with eyes closed in a mag-
netically shielded room. Cortical activity was recorded with a
Neuromag-122 whole-head neuromagnetometer containing 122
planar SQUID gradiometers. Signals were digitized at 483 Hz.
Neuromagnetic activity was continuously recorded and stored for
off-line analysis. Vertical electrooculograms were used to reject
epochs contaminated with blink artifacts.

Data analysis

Data analysis was based on single trials. Analysis of averaged
responses has been reported previously (Ploner et al., 2004). Time
courses of modulations of oscillatory activity over the primary
sensorimotor cortex induced by the painful conditioning stimuli
were analyzed using the TSE method (temporal spectral evolution;
Salmelin and Hari, 1994). Because a previous investigation using a
time frequency analysis revealed pain-induced suppressions of
both components of the mu-rhythm (Ploner et al., 2006), the a- and
the f-component of the mu-rhythm were analyzed separately. To
this end, using a 4th order butterworth filter data were filtered from
8 to 13 Hz and 15-25 Hz, respectively. Filtered signals of both
frequency bands were rectified and averaged across four sensors
over the left contralateral hand region of the primary sensorimotor
cortex, which mainly generates the mu-rhythm (Salmelin and Hari,
1994; Salmelin et al., 1995; Simoes et al., 2004). Data were
detrended by subtracting the best fitting straight line. Mean
amplitudes of pain-induced mu-modulations were calculated in a
time window from 400 to 500 ms after the painful stimuli. A time
window from 400 to 500 ms was chosen because this time window
includes pain-induced suppressions of the mu-rhythm (Ploner et
al., 2006) but no responses to the test stimuli applied 500 ms after
the painful conditioning stimuli. Amplitudes were calculated as
relative amplitudes with reference to a 100-ms prestimulus
baseline. Single trial amplitudes of mu-modulations were used
for correlation analysis. Individual averages were calculated and
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significance of pain-induced mu-modulations was tested by
comparing mean amplitudes of both frequency bands with baseline
amplitudes. Due to the low sample size of 8, the non-parametric
two-tailed Wilcoxon signed rank test was used. In addition, grand
averages of pain-induced mu-modulations were calculated across
trials and subjects for visualization.

Amplitudes of evoked responses to the non-painful test stimuli
originating from the primary (S1) and secondary (S2) somatosen-
sory cortices were determined as a measure of the excitability of
the somatosensory system. Test stimulus-evoked responses were
analyzed on a single trial basis, too. For this purpose, signals were
high-pass filtered at 1 Hz and low-pass filtered at 120 Hz and
rectified. Evoked responses from S1 were averaged across the
same four sensors over the hand region of S1 as the pain-induced
mu-modulations. Evoked responses from bilateral S2 were
averaged across each four sensors over the parietal operculum of
both hemispheres. For each region, mean amplitudes of evoked
responses were calculated during a time window from 50 to
150 ms after test stimuli. This time window includes evoked
responses to non-painful test stimuli, which originate mainly from
contralateral S1 and bilateral S2 and can be modulated by painful
conditioning stimuli (Ploner et al., 2004). Data were detrended by
subtracting the best fitting straight line. Amplitudes were
calculated as relative amplitudes with reference to a 100-ms
baseline before application of the conditioning stimuli. Single trial
amplitudes of evoked responses were used for correlation analysis.
In addition, grand averages of test stimulus-evoked responses were
calculated across trials and subjects for visualization.

The relationship between oscillatory activity and cortical
excitability was investigated by calculating Pearson's correlation
coefficients between pain-induced mu-modulations and evoked
responses to the non-painful test stimuli originating from S1 and
bilateral S2. This single trial-based correlation analysis takes into

S1

S2 cl

S2 1l

account the intertrial variability in amplitude and time course of
responses. Thus, single trial-based analyses are well suited for
investigating the relationship between oscillations and excitability
but, due to the low signal-to-noise ratio, do not explain the
maximum variance of the data.

In order to control for the spatial specificity of the observed
effects, correlations were calculated between mu-modulations over
S1 and evoked responses detected by four sensors outside the
somatosensory system over the left temporo-occipital region. The
distance from these sensors to the S1 sensors was similar to the
distance from the S2 sensors to the S1 sensors. In addition,
correlations were calculated between oscillatory activity over
occipital sensors and evoked responses from S1.

To verify that the channel groups consisting of four sensors
record neural activity from the cortical target areas of interest (S1
and bilateral S2), we computed sensitivity plots. This computation
was based on the solution of the forward problem, which allows to
compute the signals induced in a sensor generated by a given
dipole. For computation of the sensitivity plots, two tangential
dipoles were placed in each voxel (size: 6 %X 6 x 6 mm) of the brain.
For each of these dipoles, the mean squared signal induced in each
sensor group (S1 and bilateral S2) was calculated resulting in a
tomographic map representing the spatial sensitivity distribution
for each sensor group. Group mean sensor sensitivity plots were
computed from the normalized individual sensitivity plots.

Results

In all subjects, conditioning stimuli consistently evoked slightly
painful pinprick-like sensations and test stimuli elicited clear and
consistent non-painful sensations.

Fig. 1B shows the time courses of the a- and f-components of
the mu-rhythm with reference to a prestimulus baseline averaged

Fig. 2. Left, locations of sensors used for analysis of activity from the left primary somatosensory cortex and the bilateral secondary somatosensory cortices.
Right, sensitivity plots of the sensor clusters shown on the left averaged across all subjects.
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across all subjects. The figure illustrates that painful conditioning
stimuli induce a significant suppression of both components of the
mu-rthythm (p<0.01 for both components, two-tailed Wilcoxon
signed rank tests) with a first peak between 400 and 500 ms after
the painful stimuli. Subsequently, the non-painful test stimuli,
which are applied 500 ms after the painful conditioning stimuli,
yield an interim increase in a- and B-power, which is again
followed by a longer-lasting decrease of both components. Fig. 1C
shows the evoked responses recorded over S1 averaged across all
subjects. The figure demonstrates that non-painful test stimuli
evoke responses with a first peak before 50 ms and a later peak
between 50 and 150 ms after application of test stimuli. Due to the
low stimulus intensity, the slightly painful conditioning stimuli do
not yield significant evoked responses (Ploner et al., 2004).

Fig. 2 illustrates the locations of sensors chosen for analysis.
The upper row shows the sensors used for analysis of pain-induced
mu-modulations as well as for analysis of S1 responses evoked by
the non-painful test stimuli. The middle and lower panels show the
sensors used for analysis of evoked responses recorded from
contralateral and ipsilateral S2, respectively. The sensor sensitivity
plots on the right side confirm that these sensor clusters effectively
cover the contralateral S1- and bilateral S2-cortices.

Fig. 3 summarizes the relationship between oscillatory activity
and cortical excitability. By including each single trial of the
experiment the figure shows the correlation analysis between pain-
induced amplitude changes of the mu-rhythm and amplitudes of
evoked responses to the non-painful test stimuli as a measure of
cortical excitability. The figure reveals a significant negative

mu(a) amplitude
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correlation between the a- and B-components of the mu-rhythm
and test stimulus-evoked responses from SI1 (upper row). In
addition, the o- but not the P-component of the mu-rhythm
negatively correlates with the test stimulus-evoked response from
contralateral S2 (middle row). No significant correlation was
observed between both mu-components and responses from
ipsilateral S2 (lower row).

The spatial specificity of these correlations is demonstrated by a
lack of significant correlation between the mu-rhythm and evoked
responses from the temporo-occipital region (mu(o): »=—0.02,
p=0.62; mu(p): »=0.01, p=0.75). This lack of a significant
correlation between temporo-occipital responses and the mu-
rhythm contrasts with the significant negative correlation between
responses from S2 and the mu-rhythm. Because the distance
between the temporo-occipital region and S1 was similar to the
distance between S2 and S1, the latter correlation cannot be due to
insufficient separation of S1 and S2. In addition, oscillatory
activity over occipital areas did not correlate with evoked
responses from S1 (occ(a): #=0.04, p=0.22; occ(B): r=—0.02,
p=0.61). Thus, particularly the a-component of the mu-rhythm but
not oscillatory activity outside the somatosensory system selec-
tively correlates with the excitability of somatosensory cortices.

Discussion
In the present study, we investigated the relationship between

oscillatory activity and excitability in the human somatosensory
system. By using magnetoencephalography and applying a

mu(p) amplitude
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Fig. 3. Single trial-based correlations between the - and 3-components of the mu-rhythm and evoked responses from S1 and bilateral S2. The figure includes
each single trial from all subjects resulting in at least 960 data points in each panel. Amplitudes of mu-rhythm oscillations and evoked responses are relative
amplitudes calculated with reference to baseline period (see Methods for details). S1, primary somatosensory cortex; S2, secondary somatosensory cortex; cl,

contralateral; il, ipsilateral; B, magnetic field power.
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conditioning test stimulus paradigm, our results reveal an inverse
linear correlation between pain-induced modulations of oscillatory
activity and pain-induced modulations of cortical excitability in the
somatosensory system. This correlation particularly applies to the o-
component of the mu-rhythm, indicating that this component is
closely related to the function of the somatosensory system. By
demonstrating a significant association between pain-induced sup-
pressions of spontaneous oscillatory activity and pain-induced
increases in cortical excitability, the present findings extend our
previous observations of both phenomena (Ploner et al., 2004, 2006)
and provide direct evidence for the basic tenet of an association
between oscillatory activity and cortical excitability in humans.

We applied a single trial-based analysis in order to unravel
relationships between oscillations and excitability. This single trial-
based analysis may be particularly sensitive for detecting such
relationships because it takes into account the intertrial variability
in amplitude and time course, which is hidden by response
averaging. On the other hand, due to the lower signal-to-noise
ratio, the analysis of single trials yields a significantly higher
residual variance than the analysis of averaged responses.

Here, we observed a significant correlation between pain-
induced suppressions of the mu-rhythm and pain-induced
increases in excitability at 400-500 ms and 550-650 ms,
respectively. Previous studies on the effects of painful laser
stimuli on the mu-rhythm consistently showed a long duration of
pain-induced mu-suppressions of at least 1000 ms (Mouraux et al.,
2003; Ohara et al., 2004; Raij et al., 2004; Ploner et al., 2006).
None of these studies observed a rebound of the mu-rhythm
carlier than 1000 ms. Thus, it is unlikely that the present
observation reflects a correlation between strengths of pain-
induced mu-suppressions and mu-rebounds. Furthermore, we are
confident that our finding of a negative correlation between
oscillations and excitability is not due to the filtering of the data
because smearing of evoked responses into the prestimulus period
could result in a false positive but not a false negative correlation.

Previous studies on the relationship between oscillatory
activity and excitability in humans yielded inconsistent results.
Some studies in the auditory (Rahn and Basar, 1993b), visual
(Brandt and Jansen, 1991; Rahn and Basar, 1993a), and motor
(Rossini et al., 1991, Chen et al., 1999) system also revealed an
inverse correlation between oscillatory activity and excitability
that, in principle, corresponds to the present results. However, in
these studies spatial information was very limited. Thus, these
findings could only be related to a global level of oscillatory
activity and excitability but not to the function of a particular
system like in the present study. Other studies did not show any
(Simoes et al., 2004) or showed a positive (Brandt et al., 1991;
Arieli et al., 1996; Nikouline et al., 2000; Tamura et al., 2005)
correlation between oscillatory activity and cortical excitability.
However, in most of these studies (Brandt et al., 1991; Arieli et
al., 1996; Nikouline et al., 2000), spontaneous fluctuations in
oscillatory activity have been investigated. These spontaneous
fluctuations are possibly of lower magnitude than fluctuations of
pain-induced modulations of the present study and thus might
have not allowed to detect a comparable relationship between
oscillations and excitability. Furthermore, in the somatosensory
system, only the relationship between oscillations and early
cortical responses up to 80 ms has been investigated (Nikouline et
al., 2000; Simoes et al., 2004). These early responses are known to
be less variable and modifiable (Kakigi et al., 2000; Mauguiére,
2005) than later responses up to 150 ms, which have been

analyzed in the present study. Moreover, in most of these studies
the level of prestimulus oscillations has been determined by using
a time window of at least several hundred milliseconds (Brandt
and Jansen, 1991; Brandt et al., 1991; Rossini et al., 1991; Rahn
and Basar, 1993a,b; Nikouline et al., 2000; Simoes et al., 2004).
These long time windows may not adequately represent the
instantaneous level of oscillatory activity and thus might have
obscured a relationship between oscillatory activity and excit-
ability. Lastly, in all of these studies averaged data have been
analyzed, which may be less sensitive for detecting a relationship
between both phenomena than the present single trial-based
analysis.

Our present study reveals a particular association between the
o-component of the mu-rhythm and the excitability of the
somatosensory system. This is in accordance with previous
studies investigating the relationship between o- and B-compo-
nents of the mu-rhythm and the somatosensory and motor system,
respectively. These studies showed that the a-component of the
mu-rhythm originates from the postcentral sensory cortex whereas
the P-component is generated in the precentral motor cortex
(Salmelin and Hari, 1994; Salmelin et al., 1995; Simoes et al.,
2004). The present findings complement these observations by
providing the first direct functional evidence for an association
between the a-component of the mu-rhythm and the functional
state of the somatosensory system. Because tactile processing in
human somatosensory cortices is mainly serially organized (Kaas,
2004), the correlation between the a-component of the mu-rhythm
and the excitability of S2 may reflect the association between
oscillatory activity and excitability of S1.

The present findings indicate that the recent observations of
pain-induced suppressions of spontaneous oscillatory activity
(Ploner et al., 2006) and pain-induced increases in excitability
(Ploner et al., 2004) are intimately related. It has been proposed
that both phenomena may represent a physiological correlate of
the alerting function of pain (Ploner et al., 2004; Ploner et al.,
2006). This alerting function of pain may be mediated by a
cortical network depending on noradrenergic (NA) modulation
from the locus coeruleus (LC), which is dedicated to the detection
of behaviorally relevant stimuli (Downar et al., 2000; Corbetta
and Shulman, 2002). An association between correlated modula-
tions of oscillatory activity and cortical excitability, activation of
the NA-LC system, and an alerting function is supported by
several previous studies on the NA-LC system. These studies
revealed that activation of the NA-LC system (i) suppresses
oscillatory activity in thalamus and cortex, (ii) enhances
excitability at the thalamic and cortical level, and (iii) relates to
stimulus salience and attention (McCormick et al., 1991; Aston-
Jones et al., 2000; Berridge and Waterhouse, 2003; Coull, 2005).
In addition, pain has been shown to activate LC neurons
projecting to the somatosensory thalamus (Voisin et al., 2005).
Thus, we hypothesize that both the pain-induced suppression of
oscillatory activity and the pain-induced increase in excitability
are associated with a right-lateralized cortical-subcortical network
involving the NA-LC system. This network may shape the
response properties of sensory and motor systems in order to
prepare the individual for processing of and reacting to stimuli of
vital relevance. Behaviorally, this may result in an adequate
optimization of sensory and motor performance (Linkenkaer-
Hansen et al., 2004; Raij et al., 2004).

In conclusion, our results provide direct evidence for the basic
principle of an association between oscillatory activity and cortical
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excitability. Particularly, the a-component of the sensorimotor mu-
rhythm appears to be related to the functional state of the
somatosensory system. Modulations of both oscillatory activity
and excitability exerted by pain may represent a physiological
correlate of an alerting function. Such modulations of oscillatory
activity and excitability may be mediated by a cortical-subcortical
network depending on noradrenergic modulation from the locus
coeruleus.
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