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Zusammenfassung

Ziel dieser Arbeit war es, cerebrale Hirnaktivitatsmuster assoziiert mit dem Schluckakt
von jungen Gesunden, raumlich und zeitlich zu erfassen. Darliber hinaus wurde die
Maglichkeit einer gemeinsamen neuronalen Struktur zwischen Kiefergelenkbewegun-
gen (Okklusion) und Schluckakt untersucht. Im Anschluss befasste sich diese Studie
mit der Anderung der cortikalen Schluckreprasentation im Alter. Es wurden hierzu
junge und alte, gesunde Versuchspersonen mit Hilfe der fMRT-Bildgebung wéahrend
der Schluckaufgabe untersucht. Um die Spezitat des Schlucknetzwerkes zu testen
wurden als Kontrollparadigma die Kiefergelenkbewegungen bei jungen Gesunden ge-
messen. Voruntersuchungen zeigten, dass sich eine Erh6hung des allgemeinen fMRT-
Aktivierungsniveaus schon allein durch eine Erhéhung der Anstrengung zu erklaren
ist. Um diesen Faktor zu kontrollieren wurden wahrend der fMRT-Untersuchung phy-
siologische Parameter aufgezeichnet, die mit der Anstrengung korrelieren. Insgesamt
wurden fur die Okklusion und das Schlucken ein vergleichbares Reprasentationsmus-
ter gefunden, jedoch waren mehr neuronale Ressourcen erforderlich um den Schluck-
akt durchzufihren. Die peripherphysiologische Messung zeigte, dass diese Mehrakti-
vierung nicht auf eine verstarkte Anstrengung der Aufgabe zuriickzufiihren war. Erst-
malig wurde mittels fMRT eine Reprasentation im Hirnstamm fir Schlucken und Ok-
klusion nachgewiesen. Die Hirnstammaktivierung erfolgte in dem sensorischen Kern
des Nervus trigeminus, sowie dem Nucleus tractus solitarii beim Schlucken und dem
Nucleus trigemini bei der Okklusion. Um die zeitliche Abfolge des Schluckens in
ihrer Reprasentation zu untersuchen, wurde eine zeitlich optimierte fMRT-Messung
aufgenommen. Durch die zeitliche Analyse konnten wir nachweisen, dass eine auf-
einanderfolgende Aktivierung stattfand, beginnend im pramotorischem Cortex mit
Ubergang zum supplementéar-motorischem Areal, gefolgt vom primaren sensomoto-
rischem Cortex, der Insula und dem Cerebellum und letztlich der Aktivierung in der
Pons. Zudem wurde mittels effektiver Konnektivitatsanalyse nachgewiesen, dass ein
Modell mit zwei Eingadngen, ein zum supplementar-motorischem Areal und der an-
dere zum primaren motorisch-somatosensorischem Cortex, die wahrscheinlichste Er-
klarung zeitlich aufeinander folgender Aktivierungsprozesse darstellt. Zur Auswer-
tung der Daten hinsichtlich der Anderung der Schluckreprasentation im Alter wur-
den sowohl klassische als auch Bayes-statistische Verfahren verwendet. Die klassische
Inferenz ist konservativer und die Bayes-Statistik spezi scher. Zudem wird mit letz-
terer das Problem der multiplen Vergleiche vermieden. Den einzigen Unterschied im
Gruppenvergleich lieferte die Bayes-Statistik mit einer signi kanten Aktivierung im
Frontalpol 1 der Brodmann Area 10. Wahrend der Schluckaufgabe zeigten Senioren
eine verlangerte Schluckdauer und eine erhéhte elektrodermale Aktivitat (EDA). Zu-
satzlich zeigte die Korrelation von EDA und fMRT-Daten bei Senioren eine positive
Assoziation in Bereichen der sensomotorischen Verarbeitung, Erregbarkeit und emo-
tionalen Emp ndung. Die Ergebnisse der Senioren weisen darauf hin, dass das hoch
automatisierte Schlucknetzwerk seine Fahigkeiten im Alter konstant beibehélt. Die er-
hohte Aktivierung bei den alteren Versuchspersonen konnte moglicherweise mit der
erhohten Erregbarkeit und Aufmerksamkeitsanforderung zusammen hangen, die sich
aus den EDA-Daten ableiten lasst.
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KAPITEL EINS

Einleitung

Neurogene Dysphagien sind ein hau ges (und potenziell geféahrliches)
Krankheitsbild, das im Rahmen verschiedenster neurologischer Erkran-
kungen auftreten kann. Dabei sind Schlaganfalle zu 80% fur das Auftre-
ten neurogener Dysphagien verantwortlich ( 68). Die Halfte der Schlag-
anfallpatienten weist in der Akutphase eine Dysphagie auf und ein gro-
Ber Teil davon stirbt bereits in den ersten vier Wochen. Deswegen ist
es von auflerster medizinischer Relevanz die cerebrale Steuerung des
Schluckens bei Gesunden wie auch bei Patienten nach der Restitution
der Schluckfunktion zu verstehen. Diese Arbeit befasst sich mit der Dif-
ferenzierung der Schluckphasen und deren Anforderung hinsichtlich der
funktionellen Reprasentation bei jungen Gesunden ! im Vergleich mit &l-
teren Gesunder?. AuRerdem wurde die neuronale Aktivitat von Kiefer-
gelenkbewegungen mit der Schluckrepréasentation verglichen, um poti-
entielle gemeinsame neuronale Strukturen zu beschreiben. Das Ziel die-
ser Arbeit ist ebenso eine Grundlage fur eine Untersuchung von restitu-
lerten Dysphagiepatienten zu schaffen. Sie ist somit der erste Schritt um
eine Veranderung der Schluckareale nach einem Schlaganfall und resti-
tuierter Schluckfunktionen mit funktioneller Bildgebung zu erforschen.
Der Schluckakt besteht aus drei Phasen: der oralen, pharyngealen und

1. Durchschnittsalter 25 Jahre.
2. Durchschnittsalter 65 Jahre.
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der 6sophagealen Phase. Wahrend der oralen Phase wird das Materi-
al durch Mischen mit Speichel, Kauen und Formung eines Boluses fir
die pharyngeale Phase vorbereitet (15). Hierzu gehdren unter anderem
Bewegungen des craniomandibularen Gelenks (CMG). Die pharyngeale
und die 6sophageale Phase laufen unwillkirrlich ab. Fur eine storfreie
Schluckfunktion sind diese nicht auf die Aktion des Cortex angewie-
sen (15; 38; 59).

CMG-Bewegungen sind durch die Okklusion des Kiefers charakteri-
siert. Die Bewegungen des CMG werden durch rhythmische Muskelak-
tivitaten hervorgerufen, die von einem neuronalen Netzwerk beein usst
werden, das sich im Hirnstamm be ndet. Man bezeichnet es als zentrale
Mustergeneratoren (ZMG) (engl. central pattern generators) (61). Die
Gruppen der Neuronen, die dabei involviert sind, be nden sich in der
Umgebung des trigeminalen Systems. Hierbei ist der trigeminale Nerv
entscheidend fir Bewegungen des CMG, zusammen mit dessen assozier-
ten sensorischen, motorischen und premotorischen Kernen (61).

Auf kortikaler und subkortikaler Ebene rufen okklusale Bewegun-
gen Aktivitatsmuster in primaren und sekundéren motorischen Area-
len, Thalamus und cerebralen Hemispharen, im frontoparietalen Netz-
werk, bilateral in der Insel und im cingularen Cortex hervor ( 46). Gene-
rell scheinen die fur die Okklusion zusténdigen Areale deckungsgleich
mit den Schluckarealen zu sein (41). Schon 1955 wurde eine ,linguo-
mandibulare Homotropie* postuliert, mit der Annahme einer funktio-
nellen Uberlappung von Schlucken und CMG Bewegungen (86). AuRRer-
dem suggeriert die direkte Stimulation des priméren motorischen Cortex
bei Tieren (88) und Menschen (22; 66) eine Uberlappung der primaren
motorischen Reprasentationsareale.

Auch die funktionelle Repréasentation des Schluckens ist weitgehend
erforscht und klinisch héchst relevant ( 30), da bei einer Schluckstérung
mit einer unerkannten Aspiration die Mortalitat aufgrund rezidivieren-
der Pneumonien hoch ist (14). Fur die corticale Représentation wurden
folgende Areale beschrieben: bilateraler inferiorer pra- und postzentraler
Gyrus (49; 82), bilaterale anteriore Insel (35; 36; 70), anteriorer cingularer
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Cortex (ACC) (82), bilateraler Temporallappen und das supplementar-
motorische Areal (SMA) (31; 64). Operkulare Areale sind zur linken He-
misphéare lateralisiert (52; 54). Subkortikal wurden das linke Cerebel-
lum und der dorsale Hirnstamm beschrieben, zusammen mit den Ba-
salganglien (Putamen und Pallidum ( 77)) und dem Thalamus (49). In
Tierversuchen wurde, die dem Hirnstamm zugewiesene re ektive Re-
krutierung des Schluckens beschrieben (16). Diese zentralen Musterge-
neratoren sind im vierten Ventrikel im dorsalen Hirnstamm zu nden.
Interessanterweise stimmen sie in ihrer Lokalisation mit denen Uberein,
die beim Schlucken in einer Positron-Emissions-Tomographie-Studie ak-
tiviert wurden ( 31).

Eine Lateralisierung wurde in der linken Hemisphare bei der
Planung des Schluckens und in der rechten Hemisphére wahrend
der Ausfihrung der Aufgabe entdeckt ( 50). In einer zeitaufgeldsten
Magnetenzephalographie-Studie wurde eine Lateralisierung, die einer
friheren Stufe (orale Phase) beim Schlucken entspricht, in der linken He-
misphéare beschrieben. Diese verschiebt sich allmahlich wahrend der spa-
teren Stufen (pharyngeale und 6sophageale Phase) nach rechts78). Den-
noch ist die raumliche Au 6sung der Magnetenzephalographie begrenzt
und die Identi zierung von Dipolen ist in der Tiefe nur ndherungsweise
zu ermitteln ( 42). So bleibt noch offen, wie die zeitliche Abfolge der neu-
ronalen Aktivierung beim Schlucken zwischen den Hirnregionen in ei-
nem funktionellen Magnetresonanztomographie (fMRT) Experiment zu-
sammenhangen.

Neben der zeitlichen Abfolge der Aktivierungen ist die Anderung der
Schluckreprasentation im Alter zu berticksichtigen, denn Schluckstorun-
gen sind hau ger bei Senioren anzutreffen. Verglichen mit jungen Pro-
banden zeigen Experimente mit Senioren einen verzdgerter Beginn des
Schluckaktes (11; 35; 72). Bisherige fMRT Studien zeigen uneinheitliche
Ergebnisse uber die neuronale Aktivitat des Schluckens bei alteren Men-
schen 35; 50; 52, 79). Allerdings ist hier anzumerken, dass die besagten
Studien eine geringe Anzahl an Probanden (9-11) und unterschiedliche
statistische Auswertungsmethoden bentutzt haben. Die vorgeschlagene
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Probandenzahl fir eine robuste fMRT-Gruppenstatstik liegt bei 20 —
optimal wéren 27 (80). Somit bestehen methodische Differenzen, die zu
den unterschiedlichen Ergebnissen gefuihrt haben kdnnten. Der gemein-
same Nenner dieser Studien ist der Vorschlag, dass altere gesunde Men-
schen kompensatorische Mechanismen in der Ausiibung des Schluckak-
tes brauchen.

Die Arbeit der zugrunde liegenden fMRT Studie ist in drei Teile ge-
gliedert. Der erste Teil befasst sich mit der Untersuchung der neuronalen
Aktivitat beim Schlucken und bei der Okklusion, wobei in dieser Stu-
die eine hohere rdumliche Au 6sung angestrebt wurde. Der zweite Teil
behandelt den zeitlichen Verlauf der Gehirnaktivitat und die effektiven
Konnektivitat beim Schlucken. Dies wurde mit einer hdheren zeitlichen
Au 6sung untersucht. Im dritten Teil geht es um den Unterschied in cor-
tikaler Aktivitat wahrend des Schluckakts zwischen jungen und alten ge-
sunden Probanden.

Die Ergebnisse dieser Studien wurden in drei wissenschaftlichen Zeit-
schriften veroffentlicht ( 56, 57, 87). Die Kopien der Publikationen sind
dieser Arbeit beigefligt. An entsprechenden Stellen wird auf diese ver-
wiesen.



KAPITEL ZWEI

Material und Methoden

Die hier beschriebenen Protokolle wurden von der Ethikkommission der
Medizinischen Fakultat der Universitéat Greifswald als ethisch unbedenk-
lich bewertet.

2.1 \ersuchspersonen

Eine Einverstandniserklarung wurde von jeder Versuchsperson unter-
zeichnet. Bei keinem der Versuchspersonen lagen sensorisch-motorische,
Schluck- oder craniomandibulare Beschwerden vor.

Fiur den Vergleich von Schluck- und Okklusionsreprasentation nah-
men 21 neurologisch gesunde Versuchspersonen (Durchschnittsalter:
24,8 3,2 Jahre [Mittelwert Standardabweichung], zwischen 20-33
Jahre, 16 Frauen) an der Studie gegen eine nanzielle Aufwandsent-
schadigung teil. Die zeitliche Analyse und Konnektivitdt umfasste Da-
ten von 16 neurologisch gesunden Versuchspersonen (Durchschnittsal-
ter: 24,9 3,5 Jahre, zwischen 20-33 Jahre, 11 Frauen). 24 junge (Durch-
schnittsalter: 24 3,1 Jahre, zwischen 20-33 Jahre, 16 Frauen) und 27 al-
te gesunde Versuchspersonen (Durchschnittsalter: 64,8 6,5 Jahre, zwi-
schen 50-75 Jahre, 22 Frauen) bilden die Gruppen fir die Untersuchung
der Anderung der Schluckreprasentation im Alter. Alle Versuchsperso-
nen erhielten eine nanzielle Aufwandsentschadigung.
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2.2 Aufgabe

Die Versuchspersonen wurden in eine Schluck- und eine Kieferbewe-
gungsaufgabe eingewiesen. Fur die Schluckaufgabe sollten sie alle 10 s,
2 ml Wasser schlucken, welches mittels einem MR-tauglichen Kontrast-
mittelapplikationsgerat (Spectris Solaris; Medrad, Warrendale, PA) durch
einen dinnen Schlauch in die Mundhohle verabreicht wurde. Es wurde
Wasser verwendet, weil damit das Schlucken leichter ist als mit Speichel,
jedoch nicht so leicht wie mit dickeren Flussigkeiten ( 35). Aul3erdem ist
die Viskositat von Wasser Uber Temperaturschwankungen im Zimmer-
temperaturbereich vernachlassigbar, was eine Reproduzierbarkeit des
Experiments erleichtert. Der Schlauch wurde mittig zwischen den Lip-
pen von den Versuchspersonen gehalten. Die Wasserdarbietung wurde
zeitlich mit einem Farbwechsel (von blau [Ruhe] zu grin [Schlucken])
getriggert, welches in den Scanner projiziert wurde. Die Anweisung lau-
tete, direkt nach vollstandigem Ankommen des Wassers zu schlucken,
und Schlucken in den Ruhepausen zu unterlassen.

Um die genaue Zeit des Schluckes aufzunehmen, wurde die Bewe-
gung des Kehlkopfes mit einem Luftpolster aufgezeichnet. Der Kehlkopf
ubte einen Druck auf das Kissen aus, welches am Hals befestigt war. Die
Veranderung des Luftdruckes wurde durch einen Druckdetektor in ein
elektrisches Signal umgewandelt, welches von einem elektrooptischen
Aufnahmegerat (Vario-b; Becker Meditec, Karlsruhe, Deutschland) ge-
speichert wurde. Hiermit konnte auch kontrolliert werden, ob die Ver-
suchspersonen zwischendurch tatséchlich schluckten.

Fur die Bewegung des Kiefergelenks mussten die Versuchspersonen
innerhalb eines Zeitraums von 2 s drei Okklusionsbhewegungen (soge-
nannte Taps) durchfiihren. Diese sollten alle 10 s bei dem oben beschrie-
benen Farbwechsel statt nden, mit einer Gesamtzahl von 20 Wieder-
holungen pro Durchlauf. Ein weicher Gummischlauch wurde zwischen
dem oberen und unteren Kiefer wie ein Zigel etwa in der Tiefe des ers-
ten oder zweiten Pramolaren (Abb. 2.1, unten) platziert. Mit Hilfe des
Schlauchs wurden okklusale Starke und Frequenz durch einen Druck-
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Abbildung 2.1: Aufbau des Experiments fur Schlucken (oben) und Okklusion (unten).

detektor gemessen, der mit einem elektrooptischen Biosignal-Recorder
(Vario-b, Becker Meditec) verbunden war. Um die Erregung wahrend der
Aufgaben zu kontrollieren, wurde gleichzeitig die Hautleitfahigkeit ge-
messen. Die dafur benutzten Elektroden wurden auf der Hohe des Pha-
lanx distalis an den Zeige- und Mittel nger der rechten Hand geklebt.
Abbildung 2.1skizziert den Aufbau des Experiments.

2.3 Datenerfassung

fMRT Grundlagen

Anfang der 1990er Jahre wurde festgestellt, dass Hirnaktivitat im Men-
schen zu lokalen Signalerhéhungen im MRT fihrte, welches fur die funk-
tionelle Hirnkartierung genutzt werden kann. Dieser Effekt wurde un-

ter dem Namen Blood Oxygenation Level Dependent Effekt, oder kurz
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Abbildung 2.2: (a) Die schematische Darstellung des aufgenommenen Volumens in saggitaler
Richtung fur eine hohe zeitliche Au 6sung. (b) Die sechs hamodynamischen Antwortfunktio-
nen, zeigen schematisch, wie die zeitliche Analyse beim Schlucken durchgefiihrt wurde. Der
Zeitpunk 0 bezieht sich auf den Farbwechsel bzw. die Wasserverabreichung.

BOLD-Effekt bekannt (9). Dieser basiert auf biophysischen und physio-
logischen Prozessen. Zum einen erzeugt Desoxyhamoglobin, sauerstoff-
armes Blut, Magnetfeldgradienten in und um Blutgefal3e, welche das MR
Signal minimieren. Zum anderen reduziert Gehirnaktivitat die Konzen-
tration von Desoxyhamoglobin, welches zu einem schwachen Anstieg
des MR Signals fuihrt (9). Diese Intensitatsunterschiede lassen somit in-
direkt auf neuronale Aktivitatsunterschiede schliel3en.

fMRT Messung

MRT Daten wurden mit einem 3 T Scanner und einer 32-Kanal Kopfspule
erfasst. Es wurden drei funktionelle, eine anatomische und eine kinema-
tographische Sequenz flr jede Versuchsperson aufgenommen.

Um fir den zweiten Teil der Studie eine hohe zeitliche mit gleich-
bleibender rAumlicher Au 6sung zu gewahrleisten, mussten die Anzahl
der Schichten im Messvolumen des Gehirns reduziert werden. Deswegen
wurden nur sieben Schichten gemessen was zu einer Repetitionszeit von
514 ms fuhrte. Diese umfassten PMC, SMA, M1, S1, S2, Thalamus, Insel,
Striatum, ventral das Cerebellum und den Hirnstamm, wie in Abb. 2.2(a)
abgebildet.

Um eine Synchronisation der unterschiedlichen Erfassungsmethoden
zu gewabhrleisten, wurden vom MRT Trigger ausgesendet, die als Refe-
renz benutzt und gleichzeitig mit der Kehlkopf-, Okklusionsbewegung
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und Hautleitfahigkeit synchronisiert wurden.

Fur eine ausfihrliche Beschreibung der Sequenzen, sowie der Vorver-
arbeitung der Daten und der Auswertung der Hautleitfahigkeit sei an
dieser Stelle auf die Methoden der beigeflgten Publikation verwiesen.

2.4 Statistische Auswertung der Daten

Klassisch-frequentistische Datenauswertung

Die statistische Auswertung der fMRT Daten wurde mit dem Programm
Statistical Parametric Mapping (SPM) Version 8 durchgefiihrt. Hierbei
wird eine t-Statistik gegen die Null-Hypothese (d.h. es gibt keinen statis-
tisch signi kanten Effekt) unabhangig fiir jedes einzelne Voxel 3 berech-
net. Um eine grol3e Anzahl falsch positiver Voxel zu vermeiden, die we-
gen der noch groReren Anzahl der getesteten Voxel auftreten kann, wird
mittels Random Field Theorgine sogenannte Familiy-Wise Error (FWE)
Korrektur durchgefiihrt 4. Diese besitzt eine Irrtumswahrscheinlichkeit
von 5%. Hier werden die Daten geglattet und Uber die Grél3e der Glat-
tung, statt des einzelnen Voxels, korrigiert. Eine ausfuihrliche Beschrei-
bung dieser Methode ndet sich unter ( 6).

Erster Teil: Schlucken und Okklusion

Individuelle statistische Karten (auch Kontraste genannt) wurden fir
Schluckaktivierung (Schlucken), Kiefergelenkbewegungen (Okklusion)
und fur den Vergleich der beiden Aktivierungen (Schlucken — Okklusi-
on, Okklusion — Schlucken) berechnet. Die letzten beiden Differenzkon-
traste (Schlucken — Okklusion, Okklusion — Schlucken) testen die Ge-
samtdifferenz zwischen den zwei Aufgaben, um gezielte Regionen und

3. Ein Voxel ist eine 3-dimensionale Bildeinheit.

4. Um dieses sogenannte Problem der multiplen Vergleiche zu vermeiden, sollte man ei-
ne Bonferroni-Korrektur durchfiihren. Allerdings ist diese Korrektur zu konservativ (  6)
und deswegen ist eine FWE-Korrektur zu bevorzugen.
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Aktivitatsstarken zwischen den Aufgaben zu erfassen. Um die Varianz
zwischen den Versuchspersonen zu bericksichtigen, wird eine Random-
Effects-Analyse als Gruppenstatistik berechnet. Das Signi kanzniveau
aller Kontraste wurde mit p < 0.05FWE-korrigiert.

Zur anatomischen Zuordnung der Aktivierungen wurde die Anato-
my Toolbox (20) verwendet, die die Julicher cytoarchitektonischen Wahr-
scheinlichkeitskarten nutzt ( 1; 90). Distanzen zwischen den Reprasenta-
tionsmaxima wurden euklidisch berechnet.

Die Auswertung der elektrodermalen Aktivitat (EDA)-Daten erfolgte
mit dem Ledalab Toolkit ( 3) in Matlab. Die mittleren ,Trough-to-Peak-
Amplituden® von Schlucken und Okklusion wurden mit einem gepaar-
ten t-Test verglichen.

Zweiter Teil: Zeitliche Analyse und Konnektivitat
Statistische Karten uber die Zeit

Statistische Karten (engl. statistical parametric maps [SPM]) wurden flr
die Schluckaktivierung an sechs verschiedenen Zeitpunkten in Schritten
von 1.5 s ( 4.5 s bis 3.0 s) berechnet. Der Zeitpunkt bei null Sekunden
entspricht dem Farbwechsel bzw. der Verabreichungszeit des Wassers
(Abb. 2.2b]). Diese Schritte wurden empirisch gewahlt, um signi kante
Veranderungen zwischen den Intervallen zu erfassen. Kleinere Schritte
fuhrten zu kleineren Veranderungen von einem Bild zum nachsten.

Eine Random-Effects-Gruppenanalyse wurde flir jeden Zeitpunkt be-
rechnet. Aktivititsmaxima wurden mittels anatomischer Masken, auch
als Regions of Interest (ROI) bekannt, aus der Anatomy Toolbox flr
SMA, pramotorischer Cortex (PMC) und primarer sensomotorischer Cor-
tex (M1S1) ausgesucht. Karten furs Cerebellum (Larsell IV-VI), Insel und
Pons wurden dem WFU PickAtlas ( 51) entnommen.
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Varianzanalyse mit Messwiederholungen

Beta-Werte®> wurden mittels einer 6 mm Sphére um den héchsten akti-
vierten Voxel in jedes ROI ausgesucht. Diese wurden dann in einer Vari-
anzanalyse mit Messwiederholungen benutzt um folgende Faktoren zu
untersuchen:

Region (PMC, SMA, M1S1, Insel, Cerebellum),
Seite (rechts, links),
Zeit (Zeitfenster 1, 2, 3, 4, 5, 6).

Basierend auf unseren Hypothesen und Ergebnissen aus vorherigen
Studien, wurden signi kante Effekte in der Varianzanalyse von einem
post-hoc t-test gefolgt:

1. Lateralisationsein uss Uber die Zeit in drei Zeitfenstern: 1, 2 und 6
(drei Vergleiche pro Region; pcorr = 0.016);

2. Zeitein uss fur jede Region (gemittelt fir jede Seite; 6 Vergleiche;
Pcorr = 0.008);

3. Onsetein uss zwischen Regionen (gemittelt fir jede Seite; 5 Ver-
gleiche; pcorr = 0.010).

Dynamic Causal Modelling

Zur Untersuchung effektiven Konnektivitat wurde Dynamic Causal Mo-
deling (DCM) (24) fir SPM8 benutzt. Die effektive Konnektivitat bezeich-
net den Ein uss eines neuronalen Systems auf ein anderes. Dabei geht es
darum Rickschlisse Uber die Kopplung zwischen Hirnregionen und wie
diese Kopplung durch experimentelle Zusammenhéange beein usst wird,
treffen zu konnen.

5. Die Beta-Werte sind die Parameter der Matrix des experimentellen Designs. Sie de-
nieren den Beitrag jeder Komponente (in diesem Fall die Schluckzeiten) der Design-
Matrix und werden geschétzt, sodass der Fehler minimiert wird. Sie werden auch zur
Kontrastberechnung benutzt.
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Die Ziele der DCM -Analyse waren zunéachst die Rolle des Inputs (ei-
ne aullere Stérung, die experimentell herbeigefuhrt wird) zu erforschen,
da es sowohl einen visuellen (Farbwechsel) als auch einen somatosenso-
rischen (Wasser dringt in die Mundhdéhle ein) ,Onset © zur Planung und
Ausfihrung des Schluckakts gab. Basierend auf diese ,,Onsets* wollten
wir zudem Informationen Uber die Richtungsabhangigkeit wéhrend der
motorischen Planung, Durchfiihrung und Vermittlung beim Schlucken
bekommen. Die Modelle wurden einfach gehalten und waren auf drei
Regionen fokussiert: 1. die SMA, welches die Planung und Durchfiih-
rung von komplexen motorischen Bewegungen wie Schlucken verarbei-
tet wird ( 31; 63); 2. M1S1, der eine wichtige Rolle bei der Muskelkontrol-
le und sensorischer Riuckkopplung wahrend des Schluckens spielt (49)
und 3. die Insel, die Verbindungen zum priméren Motorcortex und der
supplementér-motorischen Area besitzt und eine wichtige Rolle bei der
Mediation vom oropharyngealem Schlucken spielt. Der primére motori-
sche Cortex (M1) und der primare somatosensorische Cortex (S1) wur-
den wegen der geringen rdumlichen Au 6sung zusammengelegt. Linke
und rechte Gehirnhalften wurden getrennt analysiert, mit Ausnahme der
SMA wegen ihrer zentralen Lage und der zumeist bilateralen Reprasen-
tation in diesem Areal.

Die Seed Regionen fur die DCM wurden durch eine Kombination von
funktionellen und den oben genannten anatomischen Karten erzeugt. Ei-
ne reprasentative Zeitreihe von den Voxeldaten als erste Eigenvariate in
allen Gberschwelligen Voxeln ( p < 0.05FWE korrigiert) wurde von den
zeitlich hoch aufgelésten Echo-Planar-Imaging (EPI)-Aufnahmen fir alle
Versuchspersonen extrahiert.

Modellauswahl und -vergleich

Die sechs aufgestelltenDCM Modelle sind in Abb. 2.3dargestellt. Im Mo-
dell (a) tritt der Stimulus in die  SMA ein, welches direktional zum M1S1

6. Als Onset bezeichnet man den Beginn der Stimulation.
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Abbildung 2.3: Die sechs DCM Modelle die hier untersucht wurden. Sie unterscheiden sich in
den Verbindungen und Inputs.

verbunden ist. Hier kdnnte der Farbwechsel durch den visuellen Kor-
tex die Vorbereitung des Schluckes beein ussen. Im Modell (b) tritt der
Stimulus hingegen bei M1S1ein. Hier kbnnte das in den Mund eintreten-
de WasserS1stimulieren, das ein Signal an die SMA weiterleitet, um den
Schluck vorzubereiten, der dann durch den M1 ausgefihrt wird. Um die-
se Kommunikation zu gewahrleisten, wurde die Verbindung zwischen
SMA und M1S1in beiden Richtungen angegeben. Modell (c) basiert auf
Modell (b) hat aber zwei Stimuluseingange, den visuellen zur SMA und
den somatosensorischen zumM1S1 Alle Modelle haben eine gerichtete
Verbindung zur posterioren Insel. Modelle (d) bis (f) &hneln denen von
(a) bis (c) mit der Ausnahme, dass die Verbindung zwischen M1S1 und
Insel bidirektional verlauft. Alle Modelle wurden geschatzt und tber die
Gruppe mittels Bayesian Model Selection (BMS) (75) verglichen.

Dritter Teil: Veranderung der kortikalen
Schluckreprasentation im Alter

Zwei statistische Ansatze wurden hier angewendet. Beide basieren auf
das General Linear Model (GLM), welches in SPM8 implementiert ist.
Der erste Ansatz ist der klassisch-frequentistische. Dieser ist konserva-
tiver weil die Korrektur fur die multiplen Vergleiche sehr streng ist ( 25)
und dadurch die Sensitivitat der Inferenz verringert wird. Der zweite An-
satz, die viel spezi schere Bayes-Statistik, hat zudem nicht das Problem
multiple Vergleiche durchzufihren ( 25).
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Klassisch-frequentistische Inferenz

Statistische parametrische Karten wurden fur die Schluckaktivierung
bei jungen und alten Gesunden separat berechnet. Die Hautleitfahigkeit
wurde als Kovariate in eine Regressionsanalyse fur jung und alt separat
berechnet. AuRerdem wurde die durchschnittliche Dauer des Schluckens
als Kovariate mit berechnet.

Bayes Statistik

Die klassisch-frequentistische Inferenz weist ein paar Unzulanglichkei-
ten auf. Zum einen spiegelt der p-Wert nicht das Vorhandensein des Ef-
fekts wider, sondern die Wahrscheinlichkeit der Erscheinung des Fea-
tures wenn der Effekt fehlt ( 23). Zusatzlich kann die alternative Hypothe-
se nie verworfen werden, weil die Wahrscheinlichkeit eines Null-Effekts
null ist. Wenn genug Scans oder Versuchspersonen gemessen werden,
besteht die Mdglichkeit eines Auftreten des Effekts fur jedes Voxel. Au-
Rerdem steigt die Schwelle mit dem einbezogenen Volumen, d.h. klei-
nere Volumen zeigen signi kantere Effekte. Daher andert sich der p-
Wert, auch wenn die Wahrscheinlichkeit eines aktiven Voxels unveran-
dert bleibt (23).

Es macht also mehr Sinn, die Wahrcheinlichkeit des Effekts mit den
gegebenen Daten zu nden, anstatt die Wahrscheinlichkeit der Daten zu
suchen, wenn kein Effekt vorhanden ist. Die Bayes Statistik benutzt ge-
nau diesen Ansatz mit dem Ergebnis einer posterioren Wahrscheinlich-
keit. Diese wird mittels der Anfangswahrscheinlichkeit oder A-priori-
Wahrscheinlichkeit [ P(A)] und der Likelihood [ P(BjA)] mit Hilfe von
dem Satz von Bayes berechnet 44):

P(A) P(BjA)
aaP(A) P(BJA)

P(A]B) =

Posteriore Wahrscheinlichkeitskarten wurden fiur die gleichen Bedin-
gungen berechnet, wie in Abschnitt 2.4 beschrieben, unter Bericksichti-
gung der Baysschen Inferenz. Um den Effekt tber die Gruppe zu berech-
nen, wahlt man die Varianz Uber die Voxel als Anfangswahrscheinlich-
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Abbildung 2.4: Die Flache unter der posterioren Wahrscheinlichkeitsdichte wird fiir jedes Voxel
berechnet, um eine Bayessche Aussage zu treffen. Die Schvidimichnet die Varianz tber

die Voxel gegeben durch die A-priori-Standardabweichung, das sogenannte ,Grundrauschen®.
Die posteriore Wahrscheinlichkeit einer Aktivierung ist durch die Flache unter der posterioren

Wahrscheinlichkeitsdichte und dgrGrenze gegeben.

keit (26). Die A-priori-Standardabweichung kann als neuronales ,,Grund-
rauschen“ betrachtet werden und entspricht einem Aktivierunglevel,
welches das ganze Gehirn umfasst (19). Das Ergebnis ist das Vertrauen,
dass der Effekt eine hohere Wahrscheinlichkeit als das ,,Grundrauschen®,
also als die A-priori-Standardabweichung hat ( 25; 26). Diese Schwelle
wird mit dem Buchstaben g bezeichnet. Ein visuelles Beispiel der A-
priori- und posterioren Wahrscheinlichkeit ist in Abb. 2.4 dargestellt.
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Ergebnisse

3.1 Erster Teil: Schlucken und Okklusion

Schlucken

Die Schluckdauer vom visuellen Reiz zur Kehlkopfbewegung betrug
2,6 0,4 s (Mittelwert  Standardabweichung) und beinhaltet die Zeit
der Wasserverabreichung (1 s), was darauf hinweist, dass die Versuchs-
personen sofort nach vollstdndiger Ankunft des Wasservolumens re-
agiert haben.

Fur die Schluckaufgabe (Abb. 3.1, Tabelle A.1 links) wurden Repra-
sentationsareale bilateral im M1S1, sekundar-somatosensorischer Cortex
(S2, PMC, SMA, medialen Gyrus cinguli, Pars opercularis, Insel, Thala-
mus, Kleinhirnrinde, Vermis cerebelli, Pallidum und Pons identi ziert.
Eine Ubersicht gibt Abb. 3.1 In Tabelle A.1 links sind die Aktivierungs-
maxima und deren Koordinaten dargestellt.

Okklusion

Die drei Taps bei der Okklusionsbewegung hatten eine Dauer von 1,5

0, 2 s. Hier wurden die gleichen Reprasentationsareale wie beim Schlu-
cken gefunden, ausgenommen von der SMA, dem linken Thalamus, dem
rechten Kleinhirn, dem Vermis cerebelli und der linken Pons (Abb. 3.1
und 3.2 Tabelle A.1, mitte).
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Abbildung 3.1: Reprasentationskarten projiziert auf das segmentierte Montreal Neurological
Institute (MNI )-Referenzgehirn. Oben: Schlucken; unten: Okklusion. Hier gezeigte kortikale
Aktivitat wurde im primér somatosensorischem und motorischem Kortex (M1S1), im sekundar-
somatosensorischem Kortex (S2), der Pars opercularis des inferioren frontalen Gyrus (BA 44)
und in den cerebellaren Hemispharen fir beide Aufgaben, und im supplementar-motorischem
Areal (SMA) fur das Schlucken gefunden.
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Abbildung 3.2: Hirnstammaktivitat wahrend Schlucken und Okklusion dargestellt fir 3 sag-
gitale Schnitte. Die Schnittposition wird rechts in der koronaren Ebene gezeigiNlyKoor-
dinate ist oben rechts zu nden). Die x-MNI Koordinate der sagittalen Schnitte be ndet sich
oben links. Oben: Hinstammaktivitat fir Schlucken zeigt den sensorischen Kern des Nervus
trigeminus. Die Aktivierung des Nucleus des Tractus solitarius ist hier nicht gezeigt. Unten:
Hirnstammaktivitat fur Okklusion zeigt Aktivitat im Nervus trigeminus.

Die Reprasentationsmaxima in M1 zwischen Schlucken und Okklusi-
on liegen nebeneinander: Links war die euklidische Distanz 4.5 mm und
rechts 4.9 mm. Eine ndhere Analyse im Hirnstamm zeigte Aktivierung im
sensorischen Kern des Nervus trigeminus und im Nucleus tractus solita-
rii (NTS) fur das Schlucken. Bei der Okklusion zeigte sich die Aktivierung
etwas lateraler im Nervus trigeminus (Abb. 3.2).

Schlucken im Vergleich mit Okklusion

Der Kontrast Schlucken minus Okklusion zeigte signi kante Aktivie-
rung in fast allen Bereichen, die im Haupteffekt beim Schlucken gefun-
den wurden, aul3er im Vermis cerebelli, im rechten Pallidum und in der
Medulla (Tabelle A.1, rechts). Der umgekehrte Kontrast (Okklusion mi-
nus Schlucken) zeigte keine signi kanten Voxel, was die Aussage unter-
streicht, dass beim Schlucken mehr zerebrale und cerebellare Resourcen
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Abbildung 3.3: Hautleitféahigkeit einer Versuchperson beim Schluckexperiment. Die vertikalen

Linien zeigen die Zeit der Wasserverabreichung an. Die hohen Werte am Anfang deuten auf
eine Schreckreaktion zu Beginn des Scannens und die Ungewohnheit der Stimulation (visuell
und somatosensorisch) hin, welches mit der Zeit und mit der Gewdhnung an die Umgebung
absinkt.

als beim Kauen notwendig sind.

Hautleitfahigkeit

Die gepaarten t-Test Ergebnisse der Hautleitfahigkeitsuntersuchung zwi-
schen Schlucken und Okklusion wiesen keine Unterschiede auf. Die Da-
ten zeigten am Anfang eine drastische Anderung des tonischen Signals
gefolgt von ein paar phasischen Peaks die mit dem Lichtonset korrelier-
ten und anschliel3end wahrend des Durchlaufs verschwanden (Abb. 3.3).

3.2 Zweiter Teil: Zeitliche Analyse und
Konnektivitat

Statistische Karten Uber die Zeit

Die Entwicklung der Blood Oxygen Level Dependent ( BOLD)-Aktivitat
uber die Zeit, ermittelt durch die  GLM-Analyse istin Abb. 3.4dargestellt.
Im ersten Zeitrahmen wurde kortikale Aktivitat in der linken posterioren
SMA, dem PMC in der somatotopen Hohe der Lippe und Zunge und im
subkortikalen bilateralen Thalamus gefunden. Zum zweiten Zeitpunkt
wurde die bilaterale anteriore und posteriore SMA und der PMC, der
primare Motorkortex und bilateraler Thalamus aktiviert. Im dritten Zeit-
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Abbildung 3.4: Statistische parametrische Karten fir sechs HRF, die in der GLM Analyse be-
nutzt wurden. Die obere Reihe zeigt die leicht durchsichtigen Gehirne in axialer Richtung. Die
untere Reihe zeigt einen leicht gekoppten coronaren Schnitt, wie ganz rechts gezeigt wird. Der
Farbbalken zeigt die t-Wertkodierung von grau (niedrig) bis leuchtend gelb (hoch).

fenster war die Aktivierung am starksten fir alle bisher beschriebenen
Bereiche. Zusatzlich zeigten sich Aktivierungen im bilateralen Slund S2
sowie bilateral in der Insel. Kaum Unterschied konnte man im nachs-
ten Zeitfenster (Frame 4, Farbwechsel/Wasserverabreichug) erkennen,
mit Ausnahme der Hirnstammaktivitat. Das flnfte Zeitfenster zeigte ei-
ne Restaktivierung in der linken SMA und M1/ S1 Das letzte Zeitfenster
(Frame 6) zeigte keine signi kanten Aktivierungen. Die durch die ana-
tomischen Karten aufgezeichneten Aktivierungsmaxima sind in Tabel-
le A.2 im Appendix A (S.44) fur alle Zeitfenster zusammengetragen.

Fur die Zeitpunkte der oralen und pharyngealen Phasen wurden kei-
ne signi kanten ( FWE korrigiert, p < 0.05) Aktivierungen gefunden.

Varianzanalyse mit Messwiederholungen

Die Varianzanalyse mit Messwiederholungen hatte einen signi kanten
Haupteffekt fir Region Zeit und eine signi kante Interaktion zwischen
Region Zeit und Region Seite Zeit. Post-hoct-Tests zeigten einen
signi kanten Lateralisierungseffekt Gber die Zeit fir M1S1 angefangen
mit einer Linkslateralisierung im Zeitfenster 2 welche abschlie3end nach
rechts im Zeitfenster 6 geriickt war. Eine Lateralisierung in der Insel wur-
de fur das Zeitfenster 3 beobachtet. In anderen Bereichen war jedoch kei-
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ne signi kante Lateralisierung vorhanden. Da der Effekt der Seite nicht
als Hauptfaktor signi kant war, wurden alle Aktivierungsgrof3en pro Re-
gion und Zeit fur beide Hemisphéren gemittelt. Beim Test lber die Zeit
war ein Anstieg im PMC und M1S1 vom ersten zum dritten Zeitfens-
ter zu beobachten, gefolgt von einem Plateau (M1S1und PMC zwischen
Zeitfenster 3 und 4), der schlief3lich in einer signi kanten Abnahme en-
dete (Zeitfenster 4 bis 5). In der SMA kam der Anstieg etwas friher und
kehrte sich schon im dritten zum vierten Zeitfenster um. Es gab keine
relevanten Anderungen tber die Zeit in den Kleinhirnhemispharen.

Dynamic Causal Modeling

Die Analyse durch die Random Effects Bayesian Model Selection hat ge-
zeigt, dass Modell (c) (Abb. 3.5) fur beide Hemispharen alle anderen Mo-
delle tbertroffen hat. Hier ging der Input zur SMA und zum M1S1, wo-
bei beide Areale bidirektional verbunden waren und M1S1 gerichtet zur
Insel verbunden war. Die Erwartungswahrscheinlichkeiten waren 0,30
fur die linke Hemisphare und 0,29 fur die rechte Hemisphare. Die Uber-
schreitungswahrscheinlichkeit 7 (engl. exceedance probability) war 0,49
links und 0,46 rechts.

3.3 Diritter Teil: Veranderung der kortikalen
Schluckreprasentation im Alter

Verhaltensdaten — Schlucklatenz

Die éalteren Probanden wiesen eine etwas verlangerte Schluckzeit auf,
verglichen mit den jungen Probanden (t(39) = 4.69,p < 0.001). Im
Durchschnitt betrug die Schluckzeit bei den alteren 3.42  0.53 s vergli-
chen mit 2.60 0.40 s bei den jungen Gesunden. Beide Werte enthalten

7. Die Wahrscheinlichkeit, dass ein Modell wahrscheinlicher ist als alle anderen unter-
suchten Modelle.
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Abbildung 3.5: Erwartungs- und Uberschreitungswahrscheinlichkeit der sechs geteB©&Mn
Modelle. Die linke Spalte zeigt die Ergebnisse fur die linke Hemisphéare und die rechte Spalte fiir
die rechte Hemisphére.
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eine Sekunde Verzodgerung, die fur die Verabreichung des Wassers not-
wendig ist.

Hautleitfahigkeit

Die Hautleitfahigkeitswerte waren bei den Senioren grél3er als bei den
jungen Gesunden (gemittelt: 0.148 0.126n5 vs. 0.073 0.068nS;t(47) =
2.46,p < 0.05.)

Korrelationsanalyse von elektrodermaler Aktivitat,
Ausfiuhrung und Alter

Wegen der grofR3en Alterspanne bei den &lteren Probanden (zwischen 55-
75 Jahre) wurde eine lineare Korrelation zwischen Alter und EDA, Alter
und Schluckzeit sowie EDA und Schluckzeit berechnet. Es gab keine rele-
vante Assoziation fur Alter und EDA bei den alten Probanden (r?2 = 0.09,
n.s.). Nicht-signi kante Korrelationen gab es bei Alter und Schluckzeit
(r? = 0.02, n.s.) undEDA und Schluckzeit (r® = 0.0002, n.s.) firr die Da-
ten der Senioren.

Die Testung fur EDA und Schluckzeit Gber die ganze Gruppe (jung
und alt) ergab keine signi kante Korrelation ( r? = 0.015, n.s.).

Statistische parametrische Karten — klassische Inferenz

Die schluckbedingte Gehirnaktivitat bei den alten Probanden wurde im
bilateralen M1S1, S2 PMC, der SMA, Broca Areal und Broca Analogon,
der Pars opercularis, in der Insel, im Thalamus, dem Nucleus caudatus,
Pallidum, Putamen, Pons im Gebiet des Nervus trigeminus und NTS,
bilateral in den cerebellaren Hemispharen I-Vlla und im Vermis, dem
bilateralen Hippocampus, der rechten Amygdala, dem ACC, visuellen
Cortex, Lobus parietalis inferior, intraperietalen Sulcus, mittleren und in-
ferioren Gyrus temporalis und auditorischem Kortex gefunden.

Die Gehirnaktivitat der jungen Gesunden wurde im Abschnitt  3.1be-
schrieben. Die Haupteffekte sind mit denen im hier beschriebenen Ab-
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schnitt vergleichbar mit zuséatzlicher Aktivitat im linken medialem cin-
gularem Cortex (MCC) und rechtem posterioren cingularen Cortex.

Der Vergleich der Reprasentationskarten zwischen den beiden Grup-
pen ergab keine relevanten Unterschiede (FWE, p < 0.05). Das selbe gilt
auch fur einen unkorrigierten Test ( p < 0.001) sowie fur eine Begren-
zung des Testvolumens (engl. small volume correction). Diese zusatzli-
chen Tests und deren Ergebnisse unterstreichen die Interpretation eines
fehlenden Unterschieds in den Aktivierungsmuster zwischen Jung und
Alt.

Posteriore Wahrscheinlichkeitskarten — Bayes Statistik

Die Bayes-Statistik bei den alten Gesunden zeigte zuséatzlich zu den oben
genannten aktivierten Arealen Aktivitdtim ACC und bilateral in den ce-
rebellaren Hemispharen I-1X. Bei den jungen Gesunden wurde zusatzlich
im Cerebellum (VII und IX) Aktivitat gefunden. Der Vergleich zwischen
den Gruppen mit einem t-Test bei zwei Stichproben lieferte eine erhdhte
bilaterale Aktivierung bei der alteren Gruppe in Brodmann Areal (  BA) 10
welches dem Frontalpol 1 (Fpl) entspricht (5). Bei den jungen Gesunden
zeigte sich keine statistisch signi kante Aktivitat.

Korrelationsanalyse — klassische Inferenz

Die Korrelationsanalyse der BOLD-Antwort mit dem Alter bei jungen
und alten Gesunden zeigte keine signi kanten Ergebnisse. Das gleiche
Ergebnis wurde gefunden, wenn man die BOLD-Antwort und die EDA
bei den jungen Gesunden korreliert. Die Korrelation von BOLD-Antwort
und Schluckzeit ergab keine signi kante Assoziation bei Jung und Alt.
Allerdings zeigte eine Korrelationsanalyse der BOLD-Antwort mit EDA
bei den alten Probanden aktivierte Voxel in der linken SMA, im linken
superioren Temporallapen und rechtem Broca Analogon ( BA 45). Die Er-
gebnisse sind in der Tabelle A.3 zu nden.
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Korrelationsanalyse — Bayes Statistik

Es gab keine signi kanten Korrelationen zwischen BOLD-Antwort und
Alter sowie BOLD-Antwort und Schluckzeit bei Jung oder Alt. Die Kor-
relation von BOLD-Antwort und EDA bei den jungen Probanden war
nicht signi kant. Allerdings zeigte sich eine signi kante Korrelation zwi-
schen BOLD-Antwort und EDA bei den alten Probanden im bilateralen
M1S1, linken S2 bilateralem SMA, ACC, und MCC, linken BA 44 und BA
45, linken Hippocampus, der linken Insel und dorsolateraler Pons in der
Umgebung des aufsteigenden retikularen Aktivierungssystem (ARAS).
Diese sind in Tabelle A.3 aufgelistet und in Abb 3.6zu sehen.
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Abbildung 3.6: BOLD-Antwort beim Schlucken korreliert positiv mit der Hautleitfahigkeit. (a)
Posteriore WahscheinlichkeitskartePWK) mit Bayes-Statistik berechnet (B 95%) pro-

jiziert auf ein 3D-Gehirn. Dargestellte Aktivierungen sind im primar motorischem Kortex
(M1), primér somatosensorischem Cortex (S1), sekundar somatosensorischem Cortex, bilate-
raler supplementar-motorischer Area (SMA) und im linken Brodmann Areal (BA) 44 und BA
45 zu nden. (b) Die gleiche PWK wie in (a) Uberlagert auf ein gemitteltes normalisiertes T1
Bild von 51 Probanden (coronal: links, saggital: rechts). Das Bild oben zeigt die Aktivierung in
der Pons welches dem aufsteigendem retikularem Aktivierungssystems (ARAS) entspricht. Das
untere Bild zeigt die Aktivierung im Hippocampus. (c) Statistische parametrische Karten welche
mittels klassischer Inferenz berechnet wurden (FWE-korrigiert, p.05. Aktivierungen sind

in der linken SMA, dem rechten Broca Analogon (BA 45) und linkem superiorem temporalem
Gyrus zu nden. (d) PWK fiir den Kontrast alt vs. jung der mit ein®5% Wahrscheinlichkeit

zeigt, dass die Aktivierung im bilaterlem BA 10 grof3er ist als die a-priori Standardabweichung.
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Diskussion

Ziel der zugrunde liegenden Untersuchung war es, zum einen den Un-
terschied in zerebraler Aktivitat zwischen Schlucken und Okklusion mit-
tels fMRT zu untersuchen, wobei der Fokus auf Hirnstammprozesse ge-
legt wurde. Zum anderen wollten wir die zeitliche Abfolge und effektive
Konnektivitat beim Schlucken untersuchen. Zudem sollten Unterschiede
in der Hirnaktivitat wahrend des Schluckens zwischen jungen und alten
Gesunden herausgearbeitet werden. Hautleitfahigkeitsmessungen dien-
ten zur Kontrolle der Anstrengung beim Ausfuhren der Aufgaben. Die
Aktivierung beim Schlucken unterschied sich von derjenigen wahrend
der Okklusion in erster Linie in der Starke und in der Ausbreitung. Im
zweiten Teil wurden funktionelle Bilder mit hoher zeitlicher Au 6sung
aufgenommen und eine GLM Analyse Uber sechs Zeitpunkte berechnet.
Die zeitliche Analyse zeigte eine sukzessive Gehirnaktivitdt angefangen
beim PMC, der SMA und bilateralen Thalamus, gefolgt vom M1S1, der
posterioreren Insel und dem Cerebellum. Das Ende der Sequenz war ge-
kennzeichnet durch eine Aktivierung in der Pons. Die Varianzanalyse mit
Messwiederholungen zeigte eine anfanglich linkshemispharisch laterali-
sierte Aktivierung, welche sich mit der Zeit zur rechten Hemisphére ver-
schob. Das Resultat derDCM Analyse ergab als wahrscheinlichstes Mo-
dell eine bidirektionale Verbindung zwischen SMA und M1S1, mit einer
einseitigen Verbindung von M1S1 zur posterioren Insel. Der dritte Teil
beschaftigte sich mit der Veranderung der Gehirnaktivitat im Alter beim



84.1 ERSTER TEIL 28

Schlucken. Eine Differenz der kortikalen Schluckreprasentation von al-
ten minus jungen Gesunden wurde nur in  BA 10 mit Hilfe der Bayes
Statistik gefunden. Senioren zeigten zudem eine verlangerte Schluckzeit
und hohere Hautleitfahigkeit. Die Gehirnaktivitat war bei manchen Se-
nioren positiv mit der Hautleitfahigkeit assoziiert, was auf eine hdhere
Aufmerksamkeitsanforderung hindeutet.

4.1 Erster Teil: Schlucken und Okklusion

In Bezug auf die beteiligten Bereiche wurde ein gemeinsames Reprasen-
tationsmuster fur beide Aufgaben in den bilateralen primaren und se-
kundaren sensomotorischen Bereichen, den Kleinhirnhemisphéren, dem
Pallidum, dem Thalamus und der Insel gefunden. Die funktionelle Re-
prasentation im Gyrus praecentralis zeigte Maxima beim Schlucken die
inferior-anterior zu den Aktivierungen der Okklusion lagen. Eine vollig
neue Erkenntnis ist die Aktivierung im Mittelhirn und der rechten Pons,
die fur beide Aufgaben beobachtet wurde.

Hirnstammaktivierung fur Schlucken wurde im sensorischen Kern
des Nervus trigeminus und dem NTS gefunden. Basierend auf Expe-
rimenten mit Schafen wird eine Gruppe von Neuronen auf der Ebe-
ne des sensorischen Trigeminuskerns als sensorische Weiterleitungsneu-
ronen klassi ziert. Diese geben sensorische Informationen von Mund-
Rachen-Rezeptoren zu den héheren Nervenzentren weiter und sind nicht
Teil des ZMG -Netzwerkes des Schluckens @9). Mit Hilfe von Mikroelek-
trodenableitungen bei Schafen, Ratten, Hunde, Katzen und Affen konnte
man den NTS in der dorsalen Schluckgruppe als Teil der Schluckneuro-
nen im Hirnstamm lokalisieren ( 38).

Das Hirnstamm-Schlucknetzwerk umfasst den NTS und den Nucleus
ambiguus, mit der Formatio reticularis, die synaptisch mit den Scha-
delmotoneuronenpool bilateral verbunden sind. Unter normaler Funk-
tion empfangt das Hirnstamm-Schlucknetzwerk Informationen von der
Hirnrinde ( 21). Der NTS enthéalt wahrscheinlich die sensorischen Neuro-
nen sowie die Muster-Erzeugungsschaltung der pharyngealen und 6so-



84.1 ERSTER TEIL 29

phagealen Phasen des Schluckens45). Vor kurzem wurde vorgeschla-
gen, dass Wasser eine unabhangige Geschmacksart ist. Somatosensori-
sche Antworten auf Wasser durch wassergerichtete Neuronen innerhalb
des NTS konnten Teil des neuronalen Netzwerkes sein, welches die Re-
exe zur Nahrungsaufnahme produzieren, wie z.B. Schlucken (' 73).

Okklusale Hirnstammaktivitdten wurden lateral im Kerngebiet des
Nervus trigeminus lokalisiert ( 61). Der okklusale ZMG besteht haupt-
sachlich aus Neuronen des Trigeminussystems @45), wahrend der
Schluck-ZMG die Motorkerne der Hirnnerven V, VII, und XII und den
Nucleus ambiguus rekrutiert ( 16).

Einige neuere Studien haben gezeigt, dass Interneuronen, die in dor-
salen oder ventralen Regionen des Schlucknetzwerks zu nden sind auch
wahrend unterschiedlicher motorischer Verhaltensweisen wie Schlu-
cken, Atmung, Kauen und Stimmgebung feuern. Die gemeinsamen Mo-
toneuronen kénnten deshalb durch gemeinsame Pools von Interneuro-
nen ausgelost werden. Diese Ergebnisse zeigen, dass bei Saugetieren
die Neuronen fur Mustererzeugung zu unterschiedlichen ZMGs geho-
ren (38).

Die Hirnstamm-Aktivierung fur beide Aufgaben kommt wahrschein-
lich durch die groRRere Feldstarke von 3 Tesla zustande. Dadurch wird
das Signal-zu-Rausch und Kontrast-zu-Rausch Verhaltnis erhoht, was zu
einer insgesamt grol3eren Emp ndlichkeit fihrt ( 43). Die kleinen Aktivie-
rungsstellen im Hirnstamm kdnnten auch von hoherer rdumlicher Auf-
l6sung und geringerer raumlicher Glattung ( 2) pro tiert haben.

Der Grad der Aktivierung zwischen Schlucken und Okklusion unter-
scheidet sich stark. Schlucken ist eine sehr aufwendige motorische Funk-
tion, die eine Koordinierung von 25 Muskelpaaren im Mund, Rachen,
Kehlkopf und der Speiserthre bendétigt ( 10; 16; 40; 59). AuRerdem liefert
der somatosensorische Reiz eine Rickkopplung fur die richtige Kontrol-
le des Bolus. Die Gehirnaktivitat beim Schlucken zeigte somit eine ku-
mulative Aktivierung von verschiedenen sensorischen und motorischen
biomechanischen Ereignissen.

Im Gegensatz dazu ist Okklusion die Bewegung des craniomandi-
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bularen Gelenks, welches Uberwiegend mit vier Muskelpaaren durchge-
fuhrt wird. Es ist daher nicht verwunderlich, dass wir sowohl eine hohere
BOLD-Antwort im Grosshirn und Kleinhirn sowie ein grof3eres Aktivie-
rungsvolumen (9400 gegeniber 2119 Voxeln) fir die Schluckaufgabe ver-
glichen mit der Okklusionsaufgabe gefunden haben. Allerdings wurde
ein Anstieg der Anstrengung mit Hilfe der EDA-Messungen nicht veri-
ziert. Stattdessen zeigten diese eine Habituation Uber die Zeit, was auf
eine anfangliche Stress-Reaktion hindeutet, die mit der Zeit und dessen
Gewohnung abnimmt ( 91).

Aktivierte Areale, die bei beiden Aufgaben gefunden wurden, waren
eventuell nicht Aufgaben-spezi sch. In einer ,Go, No-Go* Studie wah-
rend einer freiwilligen Schluckaufgabe ( 82) wurde die zingulare Cortex-
Aktivierung der Verarbeitung vom experimentellen Kontext einschliess-
lich der Cues zugeschrieben. In diesem Experiment kbnnte der Farb-
wechsel fur beide Aufgaben und die Wasserverabreichung beim Schlu-
cken als ein Cue bezeichnet werden.

AuBerdem, kdnnte die Aktivierung der rechten Insel bei der Koor-
dination der Aufgabendurchfliihrung helfen ( 18). Der Intensitatsunter-
schied im Aktivierungsmuster ( t = 14.26 bei Okklusion und t = 10.25
beim Schlucken, p < 0.05FWE-korrigiert) konnte mit der erhéhten Auf-
merksamkeit bei der Durchfiihrung von genau drei Okklusionsbewegun-
gen pro visuellem Trigger verbunden sein.

Experimente mit intrakortikaler Mikrostimulation des perizentra-
len/perisylvischen Cortex haben bei wachen Affen Schluckbewegungen
zusammen mit rhythmischen Kieferbewegungen hervorgerufen ( 34; 53
88). Die Autoren schlagen daher vor, dass bestimmte kortikale Areale
Schluck- und Kieferbewegungen integrieren. Ein weiterer erwdhnens-
werter Punkt ist, dass Okklusion den Schluckakt begleitet ( 64). Wenn sich
beispielsweise der Kiefer nach rechts bewegt, so folgt ihm die Zunge, was
bedeutet, dass sie sich in der Bewegung gegenseitig beein ussen. Diese
gleichzeitige und kongruente Bewegung der Zunge und des Kiefers beim
Kauen wurde von Wild (' 86) als linguomandibulare Homotropie beschrie-
ben.
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Insgesamt deuten die erhobenen Daten darauf hin, dass die zerebrale
Reprasentation von Okklusion und Schlucken sich raumlich stark tGber-
lappen. Jedoch unterscheiden sie sich Uberwiegend in der Anzahl der
beteiligten neuronalen Ressourcen.

4.2 Zweiter Teil: Zeitliche Analyse und
Konnektivitat

Unter Verwendung des allgemeinen linearen Modells wurden statisti-
sche t-Karten fur sechs Zeitpunkte fur den gesamten Schluckakt ein-
schlie3lich der oralen und pharyngealen Phase aufgestellt. Die Ergebnis-
se zeigten eine Zunahme der Aktivierung Uber die Zeit angefangen mit
dem PMC und der SMA, gefolgt von M1S1, Insula und Kleinhirn. Akti-
vierungen im PMC und der SMA traten kurz vor der Bewegungsausfih-
rung auf und waren die ersten Areale, die beim Schlucken aktivierten.
Subkortikale Aktivierung im Thalamus kdnnte auf die somatonsensori-
sche Ruckkopplung des Wasserdrucks zuriickgefiihrt werden, welcher
die Zunge stimuliert bevor der Schluckakt ausgelost ist.

Die tatséchliche Ausfiihrung der Bewegung und der damit einherge-
henden somatosensorischen Verarbeitung beim Schlucken wurde in der
Aktivierung von M1S1, Insula und des Kleinhirns ausgedrickt. Zunge
und Lippen fuhren die koordinierte Bewegung durch und werden dabei
durch die sensorische Riuckkopplung unterstitzt, um das Wasser in Rich-
tung des (Mund-)Rachenraums zu dricken. Die Aktivierung der Pons
konnte ein Hinweis auf die pharyngeale Phase des Schluckens sein, in
dem das Wasser in den Rachen gelangt, um in die Speiserthre weiterge-
fuhrt zu werden. Diese Aktivierung entspricht derjenigen aus dem ersten
Teil dieser Arbeit, in welcher der sensorische Kern des Nervus trigeminus
und des Nucleus des Tractus solitarii beim Schlucken aktiviert wurden.

Die Varianzanalyse mit Messwiederholungen zeigte eine Lateralisie-
rung in der Zeit in M1S1, welche langsam von der linken zur rech-
ten Hemisphare (Anfang: Zeitpunkt 1, Ende: Zeitpunkt 6) tberging.
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Frihere Phasen, einschlie3lich der Vorbereitungsphase, waren nach
links lateralisiert, spatere Phasen waren nach rechts lateralisiert. Un-
sere Ergebnisse stehen daher im Einklang mit den Erkenntnissen der
Magnetoencephalographie (MEG)-Studie von Teismann et al. (78), bei
der fur die ersten 600 ms eine linkshemispharische Aktivierung statt-
fand, gefolgt von einer bi-hemisphéareischen Aktivierung in den nachsten
200 ms und welche mit einer rechtshemisphéareischen Aktivierung wah-
rend der letzten 200 ms endete.

Die Insel zeigte eine signi kante Lateralisierung nur im 3. Zeitfenster.
Dies konnte mit einem frihen Anstieg und frihem Abklingen zusam-
menh&angen, da wir in der Interaktion Region Zeit nur eine vergleichs-
weise geringe Aktivierung feststellen konnten. Die  SMA-Aktivierung be-
gann friher und endete friiher entsprechend seiner Funktionen zur Vor-
bereitung des Schluckvorgangs. Dies erklart aber nicht, warum die PMC-
Aktivierung der M1S1-Aktivierung folgt, mit einem relevanten Anstieg
an friheren Zeitpunkten (Zeitfenster 1-3), einem Plateau (Zeitfenster 3-
4) und einer signi kanten Abnahme in den letzten beiden Zeitfenstern.
Die M1S1-Aktivierung ist ein Spiegelbild der sensorisch-motorischen In-
teraktion beim Schlucken. Die sensorischen Aspekte der Wassereinsprit-
zung zusammen mit dem Schluckvorgang fuhren zu einer starken Akti-
vierung dieser Bereiche Uber die Zeit.

Die Ergebnisse der DCM-Analyse zeigten, dass das Modell (c) aus
Abb. 2.3 das wahrscheinlichste ist. Hier agiert der Input auf der SMA
und dem M1S1. Beide sind bidirektional verbunden, wahrend M1S1 zur
Insel durch eine gerichtete Verbindung kommuniziert. Das SMA emp-
fangt wahrscheinlich den Input durch den visuellen Cortex. Aufgrund
der Notwendigkeit einer hohen zeitlichen Au 6sung wurde die Anzahl
der Schichten reduziert, wodurch der visuelle Cortex nicht aufgenom-
men werden konnte. Insofern konnte ein Modell welches diesen kor-
tikalen Bereich einbezieht nicht getestet werden. Der Input zum M1S1
hangt mit dem somatosensorischen Reiz des eingespritzten Wassers zu-
sammen. Die Annahme, dass sowohl der visuelle als auch der somato-
sensorische Reiz eine Rolle spielen, wird durch die beidseitige Verbin-
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dung zwischen SMA und M1S1 widergespiegelt. Der somatosensorische
Cortex gibt die Information der Wassereinspritzung an die SMA weiter,
um die Bewegung vorzubereiten. Kurz bevor dies geschieht, wird die
Versuchsperson durch das Lichtsignal darauf aufmerksam gemacht, dass
das Wasser bald in die Mundhdohle eintrifft. Die Integration dieser beiden
Signale fuhrt dann zum Schluckvorgang, der vom M1 durchgefiihrt wird.

4.3 Diritter Teil: Veranderung der kortikalen
Schluckreprasentation im Alter

Um potentielle Unterschiede in der Gehirnaktivitat beim Schlucken
zwischen jungen und alten Probanden zu untersuchen, wurden zwel
unterschiedliche statistische Verfahren angewendet. Zusatzlich wurde
die Durchfuhrung der Aufgabe und EDA gemessen. Der klassisch-
frequentistische Ansatz zeigte keinen Unterschied in der Gehirnaktivitat
beim Schlucken zwischen den Gruppen. Die Bayes-Statistik war sensiti-
ver und identi zierte eine bilaterale Aktivierung in  Fpl als Teil von BA
10 beim Kontrast alt > jung. Die Gruppe junger Probanden zeigte kei-
ne Assoziation zwischen BOLD-Antwort und EDA oder BOLD-Antwort
und Schluckzeit. Bei den alten Gesunden war die Schluckzeit verlangert,
jedoch wies diese keine Assoziation mit der BOLD-Antwort auf. Dieses
Ergebnis deutet darauf hin, dass obwohl sich die Ausfihrung der Auf-
gabe zeitlich verlangert, die kortikale Reprasentation konstant bleibt. Die
Erregung wahrend der Aufgabe schien ein relevanter Faktor bei der Re-
krutierung von kortikalen Arealen zu sein, die sowohl mit Planung und
Integration von somatosensorischen Aufgaben wie auch mit emotionaler
Verarbeitung bei manchen Senioren assoziiert war.

Die Aktivierung bei Jungen und Alten entsprechen denen aus vor-
herigen Studien die sich mit funktioneller Bildgebung des Schluckaktes
befassen @1; 31; 35; 47, 50; 52, 57; 62; 79). Zusatzlich haben wir Aktivie-
rungen in der Pons beobachten konnen, welche den Gebieten des Nervus
trigeminus und NTS entsprechen konnten. Diese Befunde wurden auch
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iIm ersten Teil dieser Arbeit beschrieben.

Die alten Probanden zeigten eine verlangerte Schluckzeit. Eine ver-
zbgerte pharyngeale Aktivitat in &lteren Probanden wurde in friiheren
Studien beschrieben(11; 72; 83) und wurde mit altersbedingter Abnahme
der Muskelfasern assoziiert (7). Gleichzeitig beein usst die verzdgerte
pharyngeale Phase die Reprasentation des Schluckens auf der kortikalen
Ebene nicht. Es gab keinen Unterschied im Schlucknetzwerk zwischen
der alten und jungen Gruppe, was dem Ergebnis von Malandraki und
Kollegen (48) entspricht. Dieses Ergebnis bestatigte sich auch mit einem
unkorrigierten, liberalerem Ansatz.

Allerdings war die Bayes-Statistik sensitiver. Wir fanden kortikale
Aktivierung im BA 10, insbesondere in Fpl, im Vergleich alt gegen jung.
Der Anstieg in kortikaler Aktivitat scheint bei den alten Probanden auf-
gabenunabhangig zu sein (32, 37; 55; 71; 84). Als Teil des prafronta-
len Cortex ist BA10 mit Aufmerksamkeit und Arbeitsgedachtnisabfragen
verbunden (28). Fpl kdnnte eine wichtige Basis fur organisiertes Verhal-
ten, Handlungsplanung und das Leiten mehrerer Ziele basierend auf epi-
sodischem und Kurzzeitgedachtnis bilden ( 5). Altere Probanden benéti-
gen demnach mehr Aufmerksamkeit bei der Schluckaufgabe, was auch
fur andere motorischen Aufgaben gezeigt wurde ( 32, 37).

Die EDA-Werte waren in dieser Studie bei den alten Probanden er-
hoht. Dies konnte ein Hinweis auf eine gesteigerte Erregung sein und
moglicherweise eine hohere Aufmerksamkeit wahrend des Schluckens
darstellen. Eine lineare Assoziation zwischen der Intensitat von negati-
ven emotionalen Stimuli und EDA wurde unléangst nachgewiesen ( 27). In
unserer Studie konnte eine h6here EDA mit mehr negativen emotionalen
Erfahrungen wahrend des Schluckvorgangs zusammen hangen. Manche
Senioren haben tatsachlich in diesem Experiment AuBerungen Uber die
Angst vor dem Verschlucken im Liegen gemacht, die jungen Probanden
hingegen nicht. Es ist verstandlich, dass manche altere Versuchsperso-
nen sich unwohl fihlten in einer liegenden Position zu schlucken, wenn
man bedenkt, dass laryngeale Penetration beim Schlucken 6&fter bei alten
Gesunden als bei jungen Gesunden statt ndet ( 8). Wenn man die Unter-



84.3 DRITTER TEIL 35

schiede in den Schluckzeiten, motorischer Planung und Aufmerksamkeit
wie oben besprochen interpretiert, darf man einer langeren Schluckzeit
und hoheren Aktivitat in der motorischen Planung nicht zu viel Wichtig-
keit schenken. Angstgefihle und hohere Aufgabenanforderungen kénn-
ten die primaren Ursachen der Gruppendifferenz darstellen.

Die EDA-Werte bei den alten Versuchspersonen waren zwar ho-
her, ergaben aber keine signi kante Assoziation mit dem Alter. Aller-
dings war die kortikale Aktivitat beim Schlucken innerhalb der Senioren-
Versuchsgruppe positiv mit der EDA assoziiert, was zu einer individu-
ellen aber nicht einer altersbedingten Interpretation der kortikalen Uber-
aktivierung fihrt. Zum einen kdnnte die Assoziation der pramotorischen
und somatosensorischen Areale mit einer htheren EDA eine zusatzliche
Verstarkung der kortikalen Areale die fur Planung, Vorbereitung und
Ausfiihrung der komplexen Schluckbewegung darstellen ( 33, 69). Bei-
spielsweise beschreiben andere Studien einen erhéhten BOLD-Effekt in
motorischen Arealen mit einer herausfordernden Aufgabe ( 60; 85). Zum
anderen konnte sich die zusatzliche Aktivierung in der Pons, Insel, ACC,
MCC und Hippocampus auch auf eine hohere Erregung und héhere Auf-
merksamkeit beziehen. Dies hangt wahrscheinlich mit einer gefuhlt an-
strengenderen Aufgabe und emotionalen Verarbeitung zusammen, ver-
glichen mit anderen Senioren ohne erhdhte EDA-Werte. Eine Aktivierung
im Pons wurde zudem als wichtig fir die Erzeugung des EDA-Stimulus
beschrieben ©9). In der vorliegenden Studie wurde die Aktivierung in
der Pons dem aufsteigendem retikularem Aktivierungssystem zugeord-
net, welches wichtig fur die generelle Erregbarkeit ist ( 17). Auch der
ACC wurde als ein integratives Areal fur kognitive Prozesse und auto-
nomische Erregbarkeit beschrieben, angezeigt durch eine héhere EDA,
was mit einer kognitiven Leistung in Aufmerksamkeitsaufgaben asso-
ziert ist (13; 67). Die Aktivierung der Insel zusammen mit dem dorsalen
ACC wurde als charakteristisch fur viszerale Erregung dargestellt, kom-
biniert mit Aufmerksamkeit, Wahrnehmung und Erkenntnis von Emo-
tionen (12 13) wie z.B. Angst (65). Unter Beriicksichtigung all dieser Be-
funde, d.h. der Rekrutierung von ACC, MCC, Insel und Hippocampus,
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konnte man implizieren, dass die alten Versuchspersonen mit hoheren
EDA-Werten mehr erregte Aufmerksamkeit mit einer emotionalen Be-
wertung der Aufgabe aufweisen, weil sie es als fordernder und schwerer
empfanden die Aufgabe auszuiben, zu integrieren und zu koordinieren.

4.4 Einschrankungen

Erster Teil: Schlucken und Okklusion

Bei Experimenten, in denen Bewegung des Kopfes mdglich ist, vor allem
wenn diese mit der Aufgabe synchronisiert sind, kbnnen falsch-positive
Effekte nicht ausgeschlossen werden. Auch wenn diese Bewegungen au-
Berhalb des Bildfeldes sind, kann es zu einer Signalintensitat von der
gleichen oder sogar erhéhten Grol3enordnung des BOLD-Signals im na-
heglegenen Gewebe kommen @9). Um bewegungskorrelierte Aktivitat
zu reduzieren, wurden die Bewegungsparameter als Regressoren im sta-
tistischen Modell einbezogen. Tatsachlich sind ereigniskorrelierte Versu-
che wie der hier beschriebene, weniger von Bewegungsartefakten beein-
usst ( 74) und weil die Aufgabe kurz ist, kann die Bewegung von der
BOLD-Antwort getrennt werden ( 4).

Hirnstammnervenzellen, insbesondere im Nucleus ambiguus sind
so organisiert, dass sie nacheinander feuern, um somit eine sequen-
tielle Anregung der Speiser6hrenmuskulatur, die zur Peristaltik fuhrt,
Zu erzeugen (81). Solche Bewegungen haben eine Laufzeit von 10 oder
mehr Sekunden (29). Diese lang anhaltende Erregung konnte eine Rei-
he von BOLD-Reaktionen induzieren, die sich mit denen vom vorheri-
gen Schluckakt Gberlappen konnten. Allerdings zeigte eine Analyse in
der Zeit mittels der hamodynamischen Antwortfunktion, wie in SPM8
modelliert, eine Hirnstammaktivierung nur bei der eigentlichen Aufga-
be und nicht dazwischen. Diese zeitlich begrenzte BOLD-Antwort konn-
te mit der Tatsache zusammenhangen, dass ein Uberdimensionalisierter
Transport an sauerstoffreichem Blut (9) alle Zellen mit genug Sauerstoff
beliefert, um die Peristaltik auszufuhren.
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Zweiter Teil: Zeitliche Analyse und Konnektivitat

Fur die GLM Analyse wurden keine signi kanten Ergebnisse wéah-
rend der oralen und pharyngealen Zeitpunkte gefunden. Eine erfah-
rene Schlucktherapeutin hat jedoch mit der Hilfe der kinematographi-
schen Bilder die Zeitpunkte der beiden Phasen fir jede Versuchsperson
differenziert. Die temporalen Zeitpunkte der kinematographischen und
funktionellen Daten wurden mittels des pneumatischen Kissens zuge-
ordnet, das die Kehlkopfbewegung aufnimmt. Die Ergebnisse zeigten
keine Uberschwelligen Voxel fur beide Phasen. Allerdings gab es ein kla-
res Indiz fir eine fortlaufende Progression beim Schlucken, welche diese
zwei Phasen beinhaltet, wenn man die Aktivierung Uber die Zeit beob-
achtet. Durchschnittszeiten von der kinematographischen Sequenz wur-
den fir die funktionelle Berechnung benutzt und es gibt keine Garantie,
dass die Versuchpersonen wéhrend der funktionellen Messung &hnlich
geschluckt haben. Die Filmsequenz hatte eine zeitliche Au dsung von
305 ms (ca. 3,3 Bilder pro Sekunde), die vergleichbar ist mit der gepuls-
ten Video uoroskopie die in der Niedrigdosisdiagnostik (3,75 Bilder pro
Sekunde) benutzt wird ( 76). Andererseits konnte das modellierte BOLD-
Signal nicht gut genug zwischen der Aktivierung zum Zeitpunkt Null
(Lichtwechsel, Zeit der Wasserverabreichung) und der berechneten ora-
len Phase des Schluckens differenziert haben. Aufgrund der Natur der
BOLD-Antwort und wie diese in SPM modelliert ist, stellt die Zeitin-
formation, die durch die GLM Analyse extrahiert wird, einen begrenz-
ten Einblick dar und kann verwirrend sein. Die Aktivierung beginnt bei

4,5 s bevor der Farbwechsel statt ndet, und somit vor Wassereinsprit-
zung, was kein getreues Spiegelbild der tats&chlichen Ereignisse ist. Statt-
dessen ist es ein Ergebnis des HRF Modells und dessen Anpassung an
das BOLD Signal. Der nititzliche Informationsinhalt ist hier nicht die ab-
solute Zeiteinteilung sondern die relative Entwicklung der sequentiellen
kortikalen und subkortikalen Aktivierung bezogen auf die Aufgabe.

Um den visuellen vom sensorischen Input tatsachlich zu differenzie-

ren, sollte der visuelle Cortex auch in die Messung und in die DCM Ana-
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lyse einbezogen werden. Eine hohe zeitliche Au 6sung auf Kosten der
raumlichen Abdeckung war jedoch eine Prioritat in diesem Experiment.
Bei hoheren Feldstarken und schnelleren Sequenzen kann auch die raum-
liche Abdeckung in Zukunft mdglich sein. Zusatzlich wurden der PMC,
die Basalganglien, das Kleinhirn und die Pons ausgelassen, um die Kom-
plexitat der Modelle zu reduzieren. Der Hauptfokus der Studie war die
sequentielle Aktivierung beim Schlucken tber die Zeit. DCM ist ein Mit-
tel um herauszu nden, an welcher Stelle der Input im Modell eintrifft
und wie die Richtungsabhangigkeit der Verbindungen zwischen den Re-
gionen zusammen héngt. Diese Ergebnisse helfen bei der Interpretation
der GLM Analyse. Allerdings konnten komplexere Modelle, die Uber drei
Regionen hinausgehen, in einer DCM-spezi schen Analyse von Schlu-
cken in Zukunft hilfreich sein.

Dritter Teil: Veranderung der kortikalen
Schluckreprasentation im Alter

Die alten Versuchspersonen die bei dieser Studie mitgemacht haben,
zeigten eine hohe soziale und sportliche Aktivitat. Es kdnnte sein, dass
diese Studie deswegen einen sogenannten healthy-bias-Effekt aufweist.
In zukUnftigen Studien ist es ratsam den Status der kérperlichen Aktivi-
taten fur jede Versuchsperson einzubeziehen, um die Ergebnisse besser
interpretieren zu kbénnen. Zudem kann es sein, dass die Durchflihrung
der Aufgabe bei diesen Versuchspersonen besser ist als fur Personen, die
wegen anderer Krankheiten oder Behinderungen nicht in der Studie ein-
geschlossen wurden. Eine heterogenere Auswahl der Versuchspersonen
sollte fur eine zukinftige Studie getroffen werden. Wie schon oben be-
schrieben &ulRerten sich manche éltere Versuchspersonen tber Nervositat
oder Anstrengung bei der Aufgabendurchflihrung. Ein objektiver Frage-
bogen oder visuelle Analogskalen Uber die empfundene Aufmerksam-
keitsleistung und Emotion neben der EDA-Messung sollte einbezogen
werden, um besser die neuronale Reprasentation der Erregbarkeit her-
vorzuheben und die emotionale Emp ndung beim Schlucken im Alter
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Schlussfolgerungen

Ziel der vorliegenden Untersuchung war es, die neuronale Aktivitat beim
Schlucken mittels fMRT zu untersuchen. Die erste Fragestellung befasste
sich mit dem Unterschied der corticalen und subcorticalen Reprasentati-
on von Schlucken und Okklusion mit dem Fokus auf automatisierte Pro-
zesse im Hirnstamm. Ferner wurde die zeitliche Abfolge und die effek-
tive Konnektivitat beim Schlucken erarbeitet. Im Anschluss befasst sich
diese Studie mit der Veranderung der neuronalen Schluckreprasentation
im Alter.

Zerebrale Reprasentationsareale zwischen Schlucken und Okklusi-
on zeigten eine erhebliche Uberschneidung, allerdings war das Niveau
der Aktivierung zwischen den Bedingungen wesentlich unterschiedlich.
Dieses Ergebnis gibt den Anlass zur Annahme, dass sich die zerebra-
le Darstellung beider Aspekte der Nahrungsaufnahme qualitativ weit
uberlappen, sich jedoch unterscheiden in Bezug auf die Anzahl der neu-
ronalen Ressourcen die dabei involviert sind. Allerdings ist diese Er-
héhung nicht mit der peripher-physiologisch-gemessenen Anstrengung
(Hautleitfahigkeit) assoziiert. Hirnstammaktivitat beim Menschen mit-
tels fMRT fir Schlucken und Okklusion unterstitzen vorherige Tierstu-
dien und bieten einen neuen Einblick in die subkortikale Verarbeitung
dieser Aufgaben. Hier wurde beim Schlucken der sensorische Kern des
Nervus trigeminus zusammen mit dem Nucleus Tractus solitarii akti-
viert, wahrend Okklusion den Nervus trigeminus aktivierte.

Im zweiten Teil zeigen die Ergebnisse des allgemeinen Linearmodell
eine fortlaufende Aktivierung beim Schlucken von 2 ml Wasser ange-
fangen beim PMC und SMA, gefolgt von M1S1, Insel und Kleinhirn,
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und abschlieR3end der Hirnstammaktivierung. Dieser Verlauf spiegelt die
Vorbereitungs- und Duchfiihrungsphasen des Schluckaktes wider, in-
klusive der unfreiwilligen pharyngealen Phase. Die Varianzanalyse mit
Messwiederholungen ergab eine signi kante Aktivierung Gber die Zeit
in M1S1, angefangen in der linken Gehirnhalfte mit Ubergang zur rech-
ten. Im DCM Modellvergleich hatte die grof3te Wahrscheinlichkeit ein
Modell bestehend aus SMA, M1S1 und Insel mit zwei unterschiedlichen
Inputs: zur SMA und zum M1S1. Zwischen SMA und M1S1 lag eine bi-
direktionale Verbindung, wahrend M1S1 mit einer einfachen Verbindung
zur Insel verknUpft war.

Der dritte Teil befasste sich mit der Anderung im Alter der korti-
kalen Aktivitat beim Schlucken. Die Ergebnisse zeigen eine verlanger-
te Schluckzeit und eine signi kant hohere Hautleitfahigkeit in alten Ge-
sunden verglichen mit jungen Gesunden. Der Bayessche Ansatz brach-
te eine hohere Aktivierung im bilateralen Frontalpol 1 im BA10 in der
alteren Gruppe hervor. Dies kann als eine erhdhte aufgabenspezi sche
Aufmerksamekeit interpretiert werden. Zudem zeigt es die Validitat der
Bayes-Statistik verglichen mit der klassisch-frequentistischen Inferenz.
Senioren mit erhéhten Hautleitfahigkeitswerten zeigten cortikale und
sub-cortikale Aktivitat in Bereichen, die mit sensomotorischer Leistung,
Erregung und Emotion assoziiert waren. Senioren die eine hdhere Erre-
gung beim Schluckakt zeigten, brauchten mehr Aufmerksamkeit fur die
Durchfiihrung der Aufgabe, waren emotional involvierter im Schluck-
prozess und zeigten deswegen eine hohere neuronale Aktivitat in den
beschriebenen Arealen.

Es bleiben noch viele Fragen offen bezlglich der gesunden Schluck-
reprasentation, sowohl raumlich wie auch zeitlich. Der nachste sinnvol-
le Schritt ist jedoch die Untersuchung der neuronalen Vernetzung des
Schlucksystems nach restituierter neurogener Dysphagie. Dieses Krank-
heitsbild bedeutet nicht nur ein Verlust an Lebensqualitat, sondern in den
schwierigen (und recht hau gen) Fallen auch den Tod. So kann man, z.B.
folgende Fragen stellen und versuchen zu beantworten. Gibt es ein spe-
zi sches Muster der Neuanordnung des Schlucknetzwerkes? Was ist der
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Unterschied in der Restitution von einer sub-corticalen verglichen mit
einer corticalen Schadigung? Wo genau liegt die Lasion und warum ver-
ursacht sie eine Schluckstérung?
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Tabelle A.3: Koordinaten der Aktivierungsmaxima bei al-

ten Gesunden korreliert mit EDA. Oben sind SPM Koor-
dinaten — klassische Inferenz (Montreal Neurological Insti-
tute, x, y, z [mm]), k: Anzahl der Voxel, T: t-Wert angege-
ben. Unten sind PPM Koordinaten — Bayes-Statistik mit P-
Werten angegeben. L: links, R: rechts, SMA: supplementar-
motorisches Areal, M1: primar motorisches Areal, S1: pri-
mare somatosensorisches Areal, S2: sekundar somatosenso-
risches Areal, ACC: anterior cingularer Cortex, MCC: me-
dial cingularer Kortex.

SPM (frequentistische Inferenz) k T X 'y z
L SMA (BA 6) 5 7.2 -42 -10 53
L Gyrus temporalis superior 7 694 53 -5 -1

R Brocas analogon (BA45 pars triangularis) 10 7.34 45 16 27

PWK (Bayes-Statistik) k P X 'y z

L M1 (BA 4) 228 1394 -17 -28 63
13.21 -26 -34 56
13.05 -20 -24 57

10 1193 -35 -34 56
9 10.87 -35 -25 53
R M1 (BA 4) 1 11.75 20 -27 69
11 1159 9 -36 56
6 11.58 24 -24 53
3 114 33 -33 57
1 10.58 20 -25 56
1 10.33 23 -33 62
6 10.28 37 -15 51
5 10.26 2 -30 62

L S1(BA1,2,3) 209 1495 -26 -37 56
1442 -41 -37 54
16 11.37 -33 -33 44
5 10.31 -38 -25 53
R S1(BA1,2,3) 8 11.3 33 -33 59
5 11.01 11 -37 56
11 1099 23 -33 60
L S2 8 1281 -51 -4 O
Fortsetzung auf nachster Seite
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PWK (Bayes-Statistik) k P X 'y z
L+R SMA 23 1525 18 -25 72

56 1484 -8 -18 72
12.62 -11 -10 71
25 1422 -18 -9 63
237 1405 15 -12 71
1323 5 -10 69
11.26 25 -13 68
70 1399 24 -22 56
85 13.3 -20 -22 59
6 12.97 -14 -27 62
3 12.24 -21 -27 62
11 1202 -6 -25 56
20 1172 36 -12 50
12 1127 -6 -15 62
4 1043 31 -19 54
1 951 -24 -24 51
L Broca pars opercularis (BA 44/45) 9 1257 -48 9 23
3 10.63 -47 23 11
ACC 4 11.35 11 36 17
MCC 7 114 9 -37 54
4 104 8 8 41
L Hippocampus 121 1427 -53 -3 -1
48 1197 -51 -19 5
56 1168 -53 0 -16
10 11.02 -50 -25 9
1 9.75 -24 -10 -27
1 9.74 -62 3 -13
L Insula 2 1081 -50 -3 O
Pons 8 10.21 9 -37 -40
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Mihai PG, von Bohlen und Halbach O, Lotze M. Differentiation  with the trigeminal nerve being the most important for TMJ

of cerebral representation of occlusion and swallowing with fMRh  movements together with its associated sensory, motor, and
J Physiol Gastrointest Liver Physi@04: G847DG854, 2013. FirStpremotor nuclei (44).

published March 14, 2013; doi:10.1152/ajpgi.00456.2012.NEarly When investigating occlusal movements in a blocked de-

work on representational specibcity and recent bndings on tempq i§n, we found a representational map of primary and second

mandibular joint (TMJ) movement representation raise doubts tha t thal d bellar hemisoh f
specibc swallow representation does exist. Additionally, during cdity motor areas, thalamus and cerebellar hemispheres, a iron

tical stimulation TMJ movements and swallowing show a high ovefoParietal network, bilateral insula, and cingulate cortex (37).
lap of representational areas in the primary motor cortex. It has tHg§mparable to swallowing, a left hemispheric lateralization of
been hypothesized that they overall might share the same nelpéd@teral occlusion of opercular areas to the dominant left
structures. To differentiate these two movements, we performechamisphere was reported (17, 37). Overall, representationdl
functional MRI (fMRI) study that enabled a direct comparison o$ites described during occlusion seem to be widely congruen
functional representation of both actions in the same subject grogg. those described during swallowing (30). Several decade
Effort during these tasks was controlled by skin conductance 8o, a Olinguomandibular homotropyO was postulated, hypot
sponse. When balancing effort, we found a comparable neural repé%‘zing a functional overlap of swallowing and TMJ move-

sentation pattern for both tasks but increased resources necessa . : ;
perform swallowing in direct comparison between tasks. For the b%t T]ts (g.l)' tAddltt.lonla"%/’ Wlltrt]. res.peCt to i%e 5p(;|mar()j/ mQtorI
time, with the usage of fMRI, we demonstrated a representation in t griex, airect cortical sumuiation in man (16, 50) and anima

brainstem for swallowing and occlusion. Increased activation f6P3) Suggests an overlap of primary motor representationg
swallowing was observed in bilateral sensorimotor cortex, bilater@/€as.

premotor and supplementary motor cortex, motor cingulate, thalamus The functional representation of swallowing is widely in-
cerebellar hemispheres, left pallidum, bilateral pons, and midbrairestigated and clinically highly relevant (22). With respect to
Peaks of activation in primary motor cortex between both conditios cortical representation, the following representational sites
were about 5 mm adjacent. Brainstem activation was found corigave been described: bilateral inferior pre- and postcentral gyij
sponding to the sensory nucleus of the trigeminal nerve, the solitaiyg, 59), pilateral anterior insula (25, 26, 51), anterior cingulate
nucleus for swallowing, and the trigeminal nucleus for occlusion. O briex (59), bilateral temporal pole, and the supplementary
data suggest that cerebral representation of occlusion and swallow, Stor area’(SMA) (23, 45) Opercul,ar areas are lateralized

are spatially widely overlapping, differing predominantly with respe \ ’ - .
to the quantity of neural resources involved. Both brainstem ar. e left dominant hemisphere (40, 41). A time-shifted lateral-

primary motor representation differ in location with respect to som&ation corresponding to the oral phase in the dominant hemi
totopy and contribution of cranial nerve nuclei. sphere and the pharyngeal phase in the nondominant hem

sphere is seen in an magnetoencephalography experiment (5]
$vith respect to subcortical representational sites, the left cerf
Ebellum and dorsal brainstem have been reported, along with
the basal ganglia (putamen and pallidum, Ref. 56) and th
thalamus (39). Interestingly, the CPGs inferior to the fourth
TEMPOROMANDIBULAR JOINT (TMJ) movements and swallowing ventricle in the dorsal brainstem, which have been described tp
are both complex motor behaviors that are part of movemar crucially involved in reBective recruitment of swallowing in
patterns necessary for food intake. TMJ movements are chamnimal studies (10), were also observed to be activated durinf
acterized by occlusion of the jaw to form masticatory actions gwallowing in a positron emission tomography study (23).
break down food for easier swallowing. They are usually of The common representational sights presented above led {o
interest for investigation of neurophysiological or pathologicdhe hypothesis that the activated regions of both tasks arg
representation of the jaw, for instance, to debne the cerelpserlapping. Furthermore, swallowing produces a greater cort
representation pattern associated with dysgnatia (36). Rhytisal and subcortical activation compared with TMJ move-
mic muscle activity leading to TMJ movements are determingdents because the extent of movements involved in swallow}
by a neuronal network known as central pattern generatdmng is more complex with respect to the interaction of muscles
(CPG) located in the brainstem (44). The ensemble of neurdngolved and movement patterns performed. The objective o
involved is located in the vicinity of the trigeminal systempur research was to qualitatively and quantitatively distinguish

the cerebral activation of swallowing and occlusion using

Address T - < and ofh g W Lote. Functi functional MRI (fMRI) with a special focus on automated
ress for reprint requests and other correspondence: M. Lotze, Functio : :

Imaging Unit, Ctr. for Diagnostic Radiology and Neuroradiology, Univ. o cesseslln t,he brainstem. . I
Greifswald, Walther-Rathenau-Str. 46, D-17475 Greifswald, Germany (e-mail: SWallowing is composed of a coordinated sequence of moto

martin.lotze@uni-greifswald.de). activities with the help of sensory information to bring the
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G848 CEREBRAL REPRESENTATION OF OCCLUSION AND SWALLOWING

bolus from the mouth to the esophagus. In contrast, occlusigrmtrol for swallowing timing, the movement of the pharynx was
consists of movement of the TMJ mainly involving fourrecorded with a pneumatic cushion. The pharynx exerts a pressure dn
muscle pairs. The difference in complexity and coordinatidhe cushion attached to the neck. The cushion is thus squeezed, apd
may lead to an increased effort during swallowing especiaﬁ change_ln air pressure is transformed by a pressqre_detector into an
in a supine position. Indeed, it has been descrit;ed that ctrical signal measured by an electro-optical biosignal recorde

; - . ... (Varioport-b; Becker Meditec, Karlsruhe, Germany). The pressure]
amplitude of skin conductance responses (SCR) is positiv icates the time of pharyngeal swallowing action. Subjects werg

associated with effort (43). To control for possible differencggsirycted to swallow only when the full water volume arrived in the
in effort, we simultaneously measured SCR during fMRhouth and to avoid swallowing in between water delivery. As a result,
scanning. We thus expect the SCR responses of swallowingéRexive swallowing was avoided and was veribed by the pneumati¢
a supine position to be signibcantly higher than those duringshion signal, which recorded every swallow. If subjects suppressefl
occlusion, in turn mirroring the blood oxygen level-dependeftte thought to swallow and waited for the next water delivery, the
(BOLD) signal between conditions because swallowing r€Bexive swallow became a volitional one.

more exeruve' requ|r|ng a more Complex sensorimotor Coordi_FOr the TMJ movement taSk, SUb]eCtS were instructed to pel’forrT

nation. three jaw-tapping movements within a 2-s period every 10sonacueflg
color change as described above. A total of 20 repetitions per run wasg

MATERIALS AND METHODS performed. A soft rubber tube was held between the upper and lower 2.
jaw like a bridle bit at the depth of the brst or second premolars (Fig|| 3

All procedures were approved by the Ethics Committee of the botton. With the help of this tube, occlusal strength and frequency| @
University of Greifswald (registration number BB 101/08). were measured through a pressure detector connected to an electjos,
Subjects Twenty-one neurologically healthy volunteers [averaggptical biosignal recorder (Varioport-b, Becker Meditec). To reduce| S
age: 24.8 3.2 yr (means SD); range: 20033 yr, 16 female]experimental complexity and to apply the same procedure in apatiertg_
participated in the study in return for monetary compensation. Ipopulation, sham stimuli were avoided. g
formed, written consent was obtained before each study. All subjectspata acquisitionMRI data were collected usira 3 T MRIscanner =
reported no history of sensorimotor, swallowing, or cranio-mandibySiemens Verio, Erlangen, Germany) equipped with a 32-channe] %.
lar pain conditions. head coil. For each scanning session, Peld homogeneity was opfj<.
Tasks.Two functional, event-related imaging runs (duration 4 minmized by a shimming sequence, and a gradient echo sequence (3%
20 s) were recorded during a single experimental session together vyjﬂase and magnitude images, TR 488 ms, ZB2 ms, Tk 7.38 ms, S
a structural T1-weighted high-resolution whole head data set. Subjects 60;) was acquired to calculate a Peld map aiming at correcting| S
were instructed immediately before each task. geometric distortions in the echo planar images. Echo planar imagesS
For the swallowing task, every 10 s, 2 ml (injection velocity: Zvere measured during the two runs using the same beld of view (FoV) 5
ml/s) of room-temperature water was delivered through a soft rublg in the gradient echo sequence (TR 2 s, TE 22 ms, FoV 192 mn|,Q
tube (diameter: 1.5 mm) 20 times using a MR-safe contrast agejfite spacing 2.5 mm, matrix 96 96, 90j, voxel size 2 2 o
injector (Spectris Solaris; Medrad, Warrendale, PA) (Figtdh). 2 mn?). The imaging volume was limited to one that encompasseq
Water was used because it does not provide a high degreep@din areas involved in sensorimotor processing, cerebellum, angi2-
swallowing difpculty compared with saliva and is not as easy #rainstem to obtain the highest possible resolution in the direction of @
swallow as a thicker Ruid (25). The tube was held between tige somatotopy. A total of 34 slices was acquired for each one of thg Z:
subjectOs lips at midline. Water was delivered on a cued color chang§ volumes recorded during one run. Additionally, a T1-weighted ?',3.
(blue to green) projected into the scanner as an ambient light. Subjegigtomical image was acquired (MPRage, TR 1690 ms, TE 2.52 mg,2.

were instructed to swallow right after complete arrival of water. To  90j, matrix 256 256, voxel size 1 1 1 mne).
SCRs were measured during both trials from the distal phalanges df
the index and middle bngers of the dominant hand using Ag/AgCl
electrodes. Data were recorded using the BrainAmp MR systeni

(Brain Products, Munich, Germany) with a gradient of 25 m¥//
sampled at 5,000 Hz, and low-pass Pltered with a cutoff frequency o
250 Hz. Units of skin conductance were recorded in microseconds.
Color changes were triggered with fMRI scans, and each colof
change sent a marker that was simultaneously recorded by the cushi
pressure recorded as well as the SCR recorder. This ensured synchi
nization across multiple modalities without introduction of time lags.
Pharyngeal movement recorded with the pressure cushion was an
lyzed with the cinematographic magnetic resonance sequence. TH
time of cushion compression coincided with the time of elevated
pharynx. This instant was taken to be the end of the oral phase an

beginning of the pharyngeal phase.

Data processingPreprocessing and statistical analysis was per-
formed with Statistical Parametric Mapping 8 (SPM8; Wellcome
Department of Imaging Neuroscience, London, UK) running on

MATLAB (MathWorks, Natick, MA). Unwarping of geometrically
) ) ) ) ~distorted echo planar images was performed in the phase-encodir]
Fig. 1. Functional MRI (fMRI) setup for swallowing and occlusion conditionsgirection with the help of a calculated beld map. These images wer
Swallowing: water was delivered through a tube connected to an MR-Coian motion corrected and realigned to a mean image for each subjec

patible contrast agent injector as soon as the ambient light turned from qu?E_trgho planar images were coregistered to the T1-weighted anatomic

green. A pressure cushion monitored swallowing activity. Occlusion: on co Th IT1i di hi
change from blue to green, subjects produced 3 consecutive jaw movemdft@ge. The structural Image was segmented into gray matter, whit

while pressure from a soft rubber tube in the mouth helped to record occluSatter, and cerebro-spinal Buid maps. This segmentation was th
strength and frequency. For both paradigms, skin conductance respor¥@sis for spatial normalization to the Montreal Neurological Institute
(SCR) were recorded. (MNI) template. All echo planar images were smoothed with 6
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CEREBRAL REPRESENTATION OF OCCLUSION AND SWALLOWING G849

6 mn? full-width half-maximum Gaussian kernel blter to increaséowing and occlusion, Euclidean distances were calculated using th
signal to noise ratio. Low-frequency components were Pltered withPgthagorean formula.
cutoff of 128 s.

Using BrainAmp Analyzer 2.0 (Brain Products), skin conductand@FSULTS
data were artifact corrected, downsampled to 100 Hz, low-pass Pl- ; ;
tered with a cutoff frequency of 40 Hz, and exported to a MATLABWaSSWg:!O\g\IIr;?;S;enZC% fr%nltlge (vrlnseu:rll CueSt[()))Iaflyt:li;( Ta(?tgﬁcmyem
compatible bPle. SCR was analyzed using the Ledalab toolkit (4) .In . ) ;

MATLAB through a deconvolution approach. The signal was sepdicludes the water delivery time (1 s) and shows that subject

rated into tonic and phasic activity, followed by a trough-to -peal€SPonded immediately after full arrival of the water volume.
analysis on the latter, as described in Ref. 4. The mean SCR trouffi the swallowing condition (Fig./A& Table 1,left), repre-
to-peak amplitudes from the swallow and occlusion conditions wegentational sites were found bilaterally in the primary motor
subjected to a pairetitest. and somatosensory cortex (MS1), secondary somatosenso
Statistical analysisEvent intervals between each trial were modeortex (S2), premotor cortex (PMC), SMA, medial cingulate
eled with a boxcar function convolved with a canonical hemodynamigriex (MCC), pars opercularis, insula, thalamus, cerebella

response function. The six movement parameters from the motigBmisphere, cerebellar vermis, pallidum, and pons.
correction were used as regressors to account for coordinated mov

ment artifacts. Individual statistical maps using the Studentéx
were calculated for contrasts of interest: activation elicited by sw howed that the three taps had an average length of D.2 s.

lowing (swallowing), activation elicited by TMJ movements (occlu., he same representational sites as during §WaIIOW|ng wer
sion), and comparison of activation (swallowing minus occlusiofound except for the SMA, left thalamus, right cerebellar

occlusion minus swallowing). Statistical maps display location arffemisphere, cerebellar vermis, and left pons (Figs. 2 and 3

intensity of activation of cortical and subcortical areas that areable 1,middle).
involved in swallowing or occlusion. The latter two differential
contrasts test the overall difference between the two conditions geimary motor cortex, representational maxima during swal-

identify speciPc regions and activation strength between tasks. C@fwing and occlusion were adjacent: for the left hemisphere thg

trast images for each were used in the group statistics calculated s glidean distance between swallowing and occlusion was 4.
random-effects analysis at the second level, which takes the varia

between subjects into account. The signibcance level for all contr . CoS . I
was set toP  0.05 family-wise error rate corrected for the Whol‘?ﬁa location of swallowing in the brainstem revealed activation

brain volume. in the principal sensory nucleus of the trigeminal nerve (MNI
Anatomical maps were debned using the Anatomy Toolbox (13) §90rdinates left: 10, 30, 34; coordinates right: 8, 26,
describe location, intensity, and activated voxels in anatomical re-34; Fig. 3). Additionally, activation of the solitary nucleus
gions (Table 1). To assess distances in three dimensions betw&¥iNI coordinates right: 4, 36, 44) was found more caudal.
highest activated voxels in the primary motor cortex between swdlhe localization of the brainstem activation for the occlusion

Table 1. Coordinates of highest activation

& or the occlusion condition, evaluation of performance data

When focusing on the somatotopic representation in thq

M and 4.9 mm for the right hemisphere. A closer analysis of

Swallowing Occlusion Swallow Minus Occlusion

Area (BrodmannOs Area) k T X y z K T X y z k T X y z
L M1 (BA 4) 161 14.12 52 8 30 74 6.07 54 8 34 145 1029 50 6 0
R M1 (BA 4) 141  16.87 56 6 32 95 7.03 58 8 36 125 10.27 46 8 33
L S1 (BA 1,2,3) 523 1555 52 8 26 91 9.03 58 16 42 238 1167 52 6 24
R S1 506  19.02 58 6 30 123 8.15 54 14 28 309 10.42 54 10 30
LS2 2219 1514 66 16 14 367 953 50 6 10 302 1151 52 8 2
R S2 1574  12.12 56 6 24 340 10.10 58 20 24 262 10.12 54 12 26
L PMC (BA 6 lateral) 108 14.18 60 2 20 79 1113 58 6 28 19 857 56 0 22
R PMC 227 17.97 58 4 30 2 7.17 60 6 34 74 9.21 54 0 36
SMA ant (BA 6 medial) 52 9.78 0 0 52 N N N N N 22 8.26 0 2 66
SMA post 77  10.20 2 4 68 N N N N N 8 7.76 0 0 66
L Pars opercularis (BA 44) 221 1332 60 4 18 273 1233 58 6 22 316 9.19 42 16 30
R Pars opercularis (BA 44) 219 10.46 60 12 10.57 54 12 2 80 8.21 56 10 32
MCC 186 9.66 10 16 36 222 8.49 4 16 30 40 8.90 14 16 42
L Insula (BA 15) 422 1156 48 2 4 273 11.08 38 8 10 1 736 32 24 18
R Insula 437  10.25 42 0 2 435 14.26 40 6 2 29 8.53 34 14 10
L Thalamus 259 9.25 4 10 10 N N N N \ 2 8.40 24 32 8
R Thalamus 376 8.91 6 20 8 5 7.68 4 20 8 157 9.51 8 22 14
L CerHem 539 9.85 8 60 10 3 7.24 42 56 26 335 1487 18 52 18
R CerHem 459  11.30 6 52 10 N N N N N 132 9.32 20 56 16
Cerebellar vermis 182 1039 6 60 10 K N N N N N N N N N
L Pallidum 90 8.65 24 10 2 2 7.42 18 2 6 24 8.64 18 4 4
R Pallidum 36 8.21 22 2 6 3 7.22 20 4 6 K N N N N
L Pons 220 11.83 10 30 34 N N N N N 2 8.39 18 34 30
R Pons 208 10.80 8 26 34 4 9.05 16 26 34 6 7.78 2 24 24
Midbrain 398 12.31 6 28 8 1 6.93 2 14 18 5 8.23 4 24 22

Statistical parametric mapping coordinates (Montreal Neurological Instituyez), t-values (T), and number of activated voxels per mask (k) of the highest]
activated voxel for the conditions swallowing, occlusion, and swallowing minus occlusion. All results are plofeed @105, family-wise error corrected. BA,
BrodmannOs Area; L, left; R, right; ant, anterior; post, posterior; M1, primary motor cortex; S1, primary somatosensory cortex; S2, secondary somato
cortex; PMC, premotor cortex; SMA, supplementary motor area; MCC, medial cingulate cortex; CerHem, cerebellar hemisphere Larsell IVBVII.
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G850 CEREBRAL REPRESENTATION OF OCCLUSION AND SWALLOWING

left hemisphere right hemisphere

SMA swallowing SMA

Fig. 2. Overview of the representational maps pro-
jected on the segmented Montreal Neurological In-

20
stitute (MNI)-reference braintop: swallowing;bot-

tom occlusion. Cortical activation depicted here BA44 CerHem BA44
was found in the sensorimotor cortex (SM1), the
secondary somatosensory cortex (S2), pars opercu-
laris of the inferior frontal gyrus (BA 44), and the
herebellar hemispheres (CerHem) bilaterally for
both tasks and the supplementary motor area (SMA)

: occlusion
only for swallowing.

k) &

CerHem
BA44 BA44

condition was located more laterally in the trigeminal nerve With respect to the areas involved, we found a common
and its nuclei (MNI coordinates: 16,26, 34; Fig. 3). representational pattern of both tasks in the bilateral primary

The contrast swallowing minus occlusion showed signiPcashd secondary sensorimotor areas, the cerebellar hemispher
activation in almost all areas reported for the main effect afie pallidum, the thalamus, and the insula. Functional repre
swallowing except in the cerebellar vermis, right pallidum, angentation in the precentral gyrus was represented as expect
medulla (Table lright). The reverse contrast (occlusion minusyith representation maxima of swallowing inferior-anterior to
swallowing showed no signiPcant voxels, underlining théhose of occlusion. A completely new bnding is a represental
increased cerebral and cerebellar resources necessary forligin the midbrain and the right pons, which was observed for
processing of swallowing. o both tasks, although different in location.

SCR mean amplitude and standard deviation of trough-to-Brajinstem activation for deglutition was found to correspond
peak amplitudes across subjects were 0.079.066 s for g the principal sensory nucleus of the trigeminal nerve and thg
swallowing and 0.076  0.056 s for occlusion. The paired ncleys tractus solitarius (NTS). Based on experiments done ih
t-test results of SCR data between conditions revealed &Qep, a group of neurons at the level of the principal sensory
differences [swallowing minus occlusiot(20) ~ 0.32, n.S.]. igeminal nucleus is classibed as sensory relay neurons. Thefe
The data showed a drastic tonic change at the start of eachv}k%éiﬂ,ide sensory information from the oropharyngeal receptors

T
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accompanied by a few phasic peaks that were correlated he higher nervous centers and are not part of the swallowing

g;riiﬁ?ssheé cjl%r?rtoﬁg%g%ﬁhaet rtSr? (t'):(?glrhr;lng, which subsequerdi¥ s hetwork (27). Microelectrode recordings performed on
s sheep, rat, dog, cat, and monkey place the NTS in the dorsal
swallowing group as part of the brainstem swallowing neurons
DISCUSSION (1, 7, 9, 15, 28, 31, 35, 38, 46, 60). In humans, the cervica
The objective of this experiment was to determine th@sophagus is composed of striated muscles that are innervated
difference in cerebral activation of swallowing compared witRy the lower motor neurons. Peristalsis in this segment is dus
occlusion using fMRI. Furthermore, we controlled for possible® sequential activation of the motor neurons in the nucleus
differences of task effort using SCR measurements. Wheregagbiguus (19).
previous fMRI studies have focused on the cortical areasThe brain stem swallowing network includes the NTS and
involved in deglutition and occlusion, our study was aimed atcleus ambiguus, with the reticular formation linking synap-
subcortical processing networks, specibcally at automated ptioally to cranial motoneuron pools bilaterally. Under normal
cesses in the brainstem. function, the brain stem swallowing network receives descend

1%
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CEREBRAL REPRESENTATION OF OCCLUSION AND SWALLOWING G851

Fig. 3. Brainstem activation during both tasks shown for 3 sagittal slices. Slice position indicated on the coronaMiNitedordinate is indicated on the top
right corner) on the right of the images. ThéVNI coordinate of the sagittal slice is provided on the left top coriiep brainstem activation for the swallow
task showing the principal sensory nucleus of the trigeminal nerve. The activation of the solitary nucleus is not depidBadtberdrainstem activation for
the occlusion task showing activation in the trigeminal nerve.
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ing inputs from the cerebral cortex (14). The NTS probablpneurons might therefore be triggered by common pools o
contains the second-order sensory neurons as well as ititerneurons. These results indicate that, in mammals, th
pattern-generating circuitry of both the pharyngeal and esopteurons liable to be involved in pattern generation can belong
ageal phases of swallowing (34). It recently has been propodedlifferent CPGs (2, 7, 18, 32, 35, 47, 48, 62).
that water may constitute an independent taste modality andBrainstem activation for both tasks is most likely caused by
that somatosensory responses to water by water-dedicatesl greater beld strength of 3 Tesla, which increases th
neurons within the NTS may be part of neural circuits extendignal-to-noise ratio and contrasts to noise ratio, leading to a
ing from the caudal NTS that produce ingestive rel3exes suoterall greater sensitivity (33). The small activation sites seer
as swallowing (53). in the brainstem might also probt from high spatial resolution
Occlusional brainstem responses were localized more latesiatd low spatial smoothing used here (3).
in the trigeminal nerve (CN V) known to be most important for The level of activation between both conditions differed sub-
chewing (44). The Euclidian distance between the two activstantially. Swallowing is a highly elaborate motor function requir-
tion maxima (swallowing and occlusion) on the right side waeg a coordination of a bilateral sequence of activation and
8 mm. The occlusal CPG is primarily composed of neurons inhibition among more than 25 pairs of muscles in the mouth,
the region of the trigeminal system (CN V) (44), whereas thgharynx, larynx, and esophagus (8, 10, 29, 42). §évesory input
swallowing CPG recruits the V, VII, XIl motor nuclei, and theprovides feedback for proper bolus control. The contrast thug
nucleus ambiguus (10). showed a cumulative activation of different sensory and moto
Some recent results have indicated that interneurons lodailemechanical events, involving obligate muscles such as th
ized in the dorsal or ventral regions of the swallowing networggeniohyoid, palatopharyngeus, and thyrohyoid muscles, th
also bre during several motor behaviors, such as swallowipdaryngeal constrictors, muscles of the tongue and uppdr
respiration, mastication, and vocalization. The common moervical esophagus (8, 11), and facultative ones such as tongyie

—— (D 1%
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Fig. 4. SCR curve of a single subject during
swallowing. The vertical lines indicate water
delivery immediately followed by a swal-
low. The high values at the beginning are
associated with a novelty response subse-
quently subsiding, as the measurement pro-
gresses and the subject adjusts to scanner
noise and task.
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muscles, facial muscles, and lip muscles (11). In contrastent-correlated activation. Indeed, event-related experiments
occlusion is movement of one joint (TMJ) predominantlpuch as the one described here, are less affected by motig

n
involving four muscle pairs. It comes as no surprise to see bdatifacts (55), and, because the task occurs brieRy, the motion cgn
s

a higher cerebral and cerebellar BOLD magnitude as well abaseparated from the BOLD response, which has a delay of 5D

larger activated volume (9,400 voxels vs. 2,119 voxels) durirf§). Nonetheless, these precautions offer no guarantee that braip-

the swallowing task as opposed to the occlusion telskvever, stem activation is not a result of motion during swallowing and

an increase of effort was not veribed by simultaneously conducteztiusion, especially because these actions are most prone [to

SCR measurements. Instead they depicted habituation resporsesal motion artifacts in this region (55).
over time, pointing to a novelty stress response to scanner nois8rain stem neurons, in particular in the nucleus ambiguug

rather than increased effort (65). organized to bre consecutively, produce a sequential excitatiop
A signibcant lateralized response, as described by others ddesophageal muscles to provoke peristalsis (52, 58) lasting 1p

occlusion (17, 37) and for swallowing (57) was absent in owr more seconds in conscious humans (20). This long-lasting
study for both tasks. excitation might induce a series of BOLD responses, which
Areas found to be involved in both actions may not necegll overlap with ones from the proceeding swallow, con-
sarily be task specibc. In a OGo, No-GoO study of voluntémynding the signal. Nevertheless, an analysis in time using th
swallowing (59), cingulate cortex activation was attributed tbemodynamic response function model, as implemented i
processing of experimental context including task cues. He&PM8, showed activation in the brainstem timed with the
a change in color of the light used as a task cue for bo#tttual swallowing task and not anywhere in between swallows
swallowing and occlusion, as well as the injection of the watdihis temporally conPned BOLD magnitude might be associ-
into the mouth, could cause the medial cingulate cortex to béed with the initial transport of oxygenated blood to the
activated. Furthermore, right insular activation found in bothrainstem, which supplies enough oxygen to all sequentially
tasks may aid in the coordination of task performance (12). Theganized cells responsible for peristalsis. Indeed, the amour]
difference in intensityt( 14.26 for occlusion and  10.25 of oxygen supplied greatly exceeds the one metabolized (6).
for swallowing,P ~ 0.05 family-wise error corrected) might Conclusionsln conclusion, on a spatial resolution obtained
be associated with heightened attention necessary for tiexe, cerebral representational areas of swallowing and occlu
counting of three occlusal movements right after the ligision showed a considerable overlap although the level o
changed color. activation between conditions differed substantially. This Pnd-
The simultaneous and congruent movement of tongue angd gives rise to the idea that cerebral representations of bot
jaw during mastication, e.g., when the jaw moves to the rightpects of food intake are qualitatively widely overlapping but
so does the tongue, meaning they inBuence movements of ediffer with respect to the quantity of neural resources involved.
other, was described by Wild (61) as linguomandibular homdt#towever, this increase of representational load is not assoc
ropy. Furthermore, experiments using intracortical micrated with effort as controlled by peripheral physiology (SCR).
stimulation of the pericentral/perisylvian cortex (face-MSlAdditionally, human brainstem fMRI activation for both swal-
BA6 immediately lateral to face-M1) in awake monkeysowing and occlusion underlined results from previous animal
evoked pharyngeal swallowing together with rhythmic jawtudies and provided a new insight into subcortical processing
movements (24, 39a, 63). The authors thus suggest that certdirthese tasks. In the brainstem, swallowing activated the
cortical sites may integrate swallowing with TMJ movementsensory nucleus of the trigeminal nerve together with the
Functional MRI measurements during lip pursing, jaw clenclsolitary nucleus, whereas occlusion activated the trigemina
ing, and tongue rolling compared with swallowing of salivamerve (CN V), constituting a part of their individual CPGs.
show a high degree of similarity, suggesting a common pro-
cessing network not specibc to swallowing (30). These SidraNTS
Ianyes encompass th.e regions of .aCtIVItY’ the. volume of This study was supported by the Deutsche Forschungsgemeinschaft DF
activated voxels, and increases of signal intensity. A furthgg 79s/12.1.
point worth mentioning is that occlusion accompanies swal-
lowing (49).
Limitations. Although we carefully optimized the setting inDISCLOSU_RES ) ) )
the scanner, applied realignment procedures, and used realig'NO conRicts of interest, Pnancial or otherwise, are declared by the authorg.
parameters as additional regressor, false-positive effects in-
duced by motion, especially when synchronized with the tagiy THOR CONTRIBUTIONS
cannot be excluded completely. Even if this motion is outside Author contributions: P.G.M. and M.L. performed experiments; P.G.M.
the FoV, an increase in signal intensity of the same orderwl¥ze% Céasll: P-ﬁ-l\&,LO-V-B-U-Ha 2nd M-L-Pirge'\rﬂpretgd éesull_:s of gxlg\JﬂerLi-
above the percent signal change of the BOLD signal is induc@gts; F-G.-M. and M.L. prépared bgures, F.G.M, O.v.B.u.n., and M.L.
i neatby s (69, Susoepupily afacts I the Staoled TSI PG, OBty and L e ard sed man
magnetic Peld caused by transition between different tiSsy& . conception and design of research.
types were made more uniform using a shimming sequence
(21), and the resulting deformations in echo planar imagggrerencES
were unwarped using a bPeld map. Nevertheless, tissue motion
during swallowing or occlusion causes dynamic changes in thle Amri M, Car A, Jean A. Medullary control of the pontine swallowing

. . . :_ heurones in sheefxp Brain Re$5: 1050110, 1984.
static magnetic Peld, which cannot be accounted for by Shm}. Amri M, Lamkadem M, Car A. Effects of lingual nerve and chewing

ming or Peld map unwarpindpstead, the use of motion param-  cortex stimulation upon activity of the swallowing neurons located in the
eters in the model as regressors of no interest reduced the moveregion of the hypoglossal motor nuclelrain Res548: 14955, 1991.
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Abstract: Swallowing consists of a hierarchical sequence of primary motor and somatosensory proc-
esses. The temporal interplay of different phases is complex and clinical disturbances frequent. Of
interest was the temporal interaction of the swallowing network. Time resolution optimized functional
magnetic resonance imaging was used to describe the temporal sequence of representation sites of swal-
lowing and their functional connectivity. Sixteen young healthy volunteers were investigated who swal-
lowed 2 ml of water 20 times per run with a repetition time for functional imaging of 514 ms. After
applying the general linear model approach to identify activation magnitude in preselected regions of
interest repeated measures analysis of variance (rmANOVA) was used to detect relevant effects on later-
alization, time, and onset. Furthermore, dynamic causal modeling (DCM) was applied to uncover where
the input enters the model and the way in which the cortical regions are connected. The temporal analysis
revealed a successive activation starting at the premotor cortex, supplementary motor area (SMA), and
bilateral thalamus, followed by the primary sensorimotor cortex, the posterior insula, and cerebellum
and culminating with activation in the pons shortly before subsiding. The rmANOVA revealed that acti-
vation was lateralized initially to the left hemisphere and gradually moved to the right hemisphere over
time. The group random effects DCM analysis resulted in a most likely model that consisted of inputs to
SMA and M1S1, bidirectionally connected, and a one-way connection from M1S1 to the posterior insula.
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Key words: swallowing; functional magnetic resonance imaging; dynamic causal modeling; high tem-

poral resolution; event related

This article was published online on 17 July 2014. An error was sub-
sequently identiPed. This notice is included in the online and print
versions to indicate that both have been corrected on 25 July 2014.
Contract grant sponsor: Deutsche Forschungsgemeinschaft (DFG);
Contract grant number: LO 795-12; Contract grant sponsor:
National Institute of Health Grants (to S.B.E.); Contract grant
number: R01-MHO074457-01A1; Contract grant sponsor: Deutsche
Forschungsgemeinschaft [DFG (to S.B.E.)]; Contract grant num-
bers: El 816/4-1, LA 3071/3-1; Contract grant sponsor: Helmholtz
Initiative on Systems Biology (to S.B.E.); Contract grant sponsor:
European EFT Program [Human Brain Project (to S.B.E.)].

¥ 2014 W iley Periodicals, Inc.

*Correspondence to: P. G. Mihai; Functional Imaging Unit,
Department of Diagnostic Radiology and Neuroradiology,
Ernst-Moritz-Arndt-Universit at, 17475 Greifswald, Germany.
E-mail: mihaip@uni-greifswald.de

Received for publication 22 January 2013; Revised 2 July 2014;
Accepted 14 July 2014.

DOI: 10.1002/hbm.22597

Published online 17 July 2014
(wileyonlinelibrary.com).

in Wiley Online Library



r Cortical Activity and Effective

Connectivity of Swallowing r

INTRODUCTION

Swallowing consists of a combination of well-timed sen-
sory and motor functions working together to safely and
easily transport saliva or ingested material from the mouth
to the stomach [Dodds, 1989]. It is divided into three
phases: oral, pharyngeal, and esophageal. Both the pharyn-
geal and esophageal phases are involuntarily controlled
[Dodds, 1989; Jean, 2001].

The functional representation of swallowing is widely
investigated and the following representational sites have
been described: bilateral inferior precentral and postcentral
gyri [Malandraki et al., 2009; Toogood et al., 2005], bilat-
eral anterior insula [Humbert et al., 2009; Humbert and
Robbins, 2007; Mihai et al., 2013; Riecker et al., 2009], ante-
rior cingulate cortex [Toogood et al., 2005], bilateral tem-
poral pole, and supplementary motor area (SMA) [Hamdy
et al.,, 1999; Mihai et al., 2013; Mosier and Bereznaya,
2001]. A study on monkeys [Arce et al., 2013] has shown
that orofacial primary motor and somatosensory cortices
are highly involved in the direction of tongue protrusion,
which in turn is of great importance for proper bolus con-
trol during swallowing. Two reviews [Humbert and Rob-
bins, 2007; Michou and Hamdy, 2009] and a meta-analysis
[Soros et al., 2009] describe that the SMA, the primary
motor (M1) and sensory (S1) cortex, the anterior cingulate
cortex, and insular cortex are consistently active during
swallowing in human brain imaging studies. Additionally,
lateralization is seen in the left hemisphere during the
planning stage of swallowing and in the right hemisphere
during execution of the task in young healthy volunteers
[Malandraki et al., 2010]. Furlong et al. [2004] have shown
in a magnetoencephalography (MEG) study that there is a
temporal synchrony relating the sensory and motor corti-
ces during volitional swallowing. Water infusion activates
the caudolateral sensorimotor cortex which is said to
prime the swallowing task and volitional swallowing and
tongue movement provide a stronger activation in the
superior sensorimotor cortex. Another MEG study [Dzie-
was et al., 2003] shows a strong lateralization to the left
during volitional swallowing with activation in the midlat-
eral primary sensorimotor cortex and less left lateralization
during refBexive swallowing. In a more time-resolved anal-
ysis, a lateralization corresponding to the early swallowing
stage in the left hemisphere which gradually shifts to the
right hemisphere during later stages has been recently
reported [Teismann et al., 2009]. Nevertheless, the spatial
resolution of MEG is limited and best identibcation of
dipoles is only possible close to the scalp. Thus, time-
dependent activation during swallowing among the con-
sistently active regions in functional magnetic resonance
imaging (fMRI) experiments is still open to questions on
how they are connected and what their temporal progres-
sion is.

Dynamic causal modeling (DCM) models interactions
between neuronal populations and is based on hemody-
namic time series. It aims to estimate and make inferences

about the coupling among brain areas and how this cou-
pling is inBuenced by experimental context [Friston et al.,
2003]. In this study, DCM was used to make inferences
about the coupling among regions during swallowing and
where the direct inBuence enters the model.

The aim of this study was to investigate changes in acti-
vation over time during a water swallowing task in young
healthy subjects. The swallowing task was cued visually
by a color change, which indicated the 2-ml water infu-
sion. Examining the statistical parametric maps of acti-
vated regions over time, consecutive activation patterns
are expected: starting from the premotor and SMAs relat-
ing to the preparation of the task, continuing on to the
somatosensory cortex, cerebellum, and posterior insula
where conscious action of swallowing takes place and end-
ing with activation in the brainstem, alongside cortical
activation, in line with peristalsis [Goyal and Chaudhury,
2008]. Repeated measures analysis of variance (rmA-
NOVA) was used to bnd signibcant effects on lateraliza-
tion over time, time effect for each region, and onset effect
between regions. With DCM, the effective connectivity
between SMA, M1S1, and the posterior insula was investi-
gated. It was postulated that the motor planning in the
SMA receives the information over the on-screen color
change, that is, the instructions to prepare the swallowing
task, from the visual cortex (not covered in the scanning
volume). Further, the sensory input from the liquid in S1
may also contribute to planning and executing the swal-
low. The information could then be passed on to the pos-
terior insula, which mediates the task.

METHODS
Participants

Sixteen neurologically healthy volunteers [average age:
24.96 3.5 year (means6 standard deviation); range: 20D33
years, 11 female] were analyzed in the study in return for
monetary compensation. Informed, written consent was
obtained from each participant. Subjects were asked for
medication status, signs of chronic pain, sensory debcits,
motor debcits, epilepsy, or problems with swallowing. No
participant reported to have a history of these symptoms.
Three female participants indicated use of an oral contra-
ceptive, one of which also used iron supplements. Three
of the sixteen subjects reported to be left handed.

All procedures were approved by the Ethics Committee
of the Medical Faculty of the University of Greifswald
(registration number BB 101/08).

Procedure

Swallowing was recorded in three different runs: two
functional and one MRI movie sequence. For each of the
two functional runs (one using a slow repetition time (TR)
of 2 s [slow echo planar image (EPI)], another using a fast
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TR of 514 ms (fast EPI)), 20 swallows were recorded per
run with a stimulus onset asynchrony (SOA) of 11 scans
for slow EPI and 22 scans for fast EPI. For the MRI movie
sequence, subjects had to swallow 10 times with a SOA of
6.1 s. The room temperature water (2 ml, injection velocity
2 mil/s) was delivered through a soft rubber tube (diame-
ter: 1.5 mm), held between the subjectOs lips at midline,
using a MR-safe contrast agent injector (Spectris Solaris;
Medrad, Warrendale, PA). Water was used because it does
not provide a high degree of swallowing difpculty com-
pared to saliva. A thicker RBuid reduces the swallowing dif-
pculty further [Humbert et al., 2009], yet the choice of
water was based on its universally reliable viscosity at
room temperature ensuring reproducibility among and
across experiments. Water delivery was marked by a cued
color change (blue: rest, green: water injection) projected
onto a translucent screen placed inside the scanner bore.
The green light lasted for one scan for the slow TR mea-
surement and two scans for the fast TR measurement. Sub-
jects were instructed to swallow right after complete
arrival of water (1 s after color change/water injection)
and to avoid swallowing in between water delivery.
According to a Go-No-Go swallowing experiment [Too-
good et al., 2005] areas most signibcantly related to the
No-Go task were restricted to the cuneus and precuneus,
whereas precentral and postcentral gyri, together with the
anterior cingulate cortex show a signibcantly greater acti-
vation related to the Go swallowing task. Hence, the in3u-
ence of the instruction to avoid swallowing between water
deliveries, which can be interpreted as a No-Go task, is
not related to motor and somatosensory activation. Swal-
lowing timing and task compliance was controlled using a
pneumatic cushion attached to the neck of the subject.
Thyroid cartilage movement exerts a pressure on the cush-
ion during the swallowing task. The change in air pressure
from the cushion is transformed by a pressure detector
into an electrical signal measured by an electro-optical bio-
signal recorder (Varioport-b; Becker meditec, Karlsruhe,
Germany). The pressure was used as a reference to deter-
mine individual starting times for oral and pharyngeal
stages of swallowing. Even though thyroid cartilage move-
ment can refl3ect oropharyngeal movement in the absence
of a pharyngeal swallow, subjects were clearly and repeat-
edly instructed to swallow once after each water delivery.
It is highly unlikely that subjects would have raised the
thyroid cartilage without a proceeding swallow, shortly
after water delivery.

Data Acquisition and Processing

MRI data acquisition was performed on a 3 T MRI scan-
ner (Siemens Verio, Erlangen, Germany) using a 32-
channel head coil. Two functional event-related imaging
runs (one fast, one slow), an MRI movie sequence, and a
T1-weighted high resolution whole head dataset were
recorded in one experimental session. Field homogeneity

was optimized by a shimming sequence and a gradient
echo sequence (34 phase and magnitude images, 7 slices, 3
3 33 4 mm3 peld of view (FoV) 192 mm, TR 488 ms, T
4.92 ms, Tk 7.38 ms,a5 60 ) was acquired to calculate a
beld map aiming at correcting geometric distortions in the
EPI. Fast functional EPI (TR 514 ms, TE 30 ms,a5 90,
FoV 192 mm, voxel size 33 3 3 4 mm?3, distance factor
50%, base resolution 643 64, oblique orientation, 464 vol-
umes, interleaved) consisted of seven slices in order to
increase the temporal resolution of image acquisition for a
more precise sampling of the blood oxygen level depend-
ent (BOLD) signal. In addition, our experience in artifact
reduction suggested the usage of slice orientation parallel
to the central sulcus. This was a tradeoff between high
temporal resolution and volume covered with the focus on
the main sensorimotor areas. Unfortunately, areas such as
the anterior cingulate cortex which has been shown to be
consistently involved in swallowing [Humbert and Rob-
bins, 2007; Michou and Hamdy, 2009; Sros et al., 2009]
could not be included. These slices encompass the brain
areas involved in sensorimotor processing, posterior
insula, and parts of the cerebellum and brainstem as
shown in Figure la. Stereotaxic coordinates for the rele-
vant anatomic regions encompassed by these slices are
found in Table I. Slow functional EPI [Mihai et al., 2013]
were the basis for the functional localizer of swallowing.
The cinematographic (CINE) sequence (cardio vascular
imaging sequence, TR 2.7 ms, TE 1.22 msa5 50, FoV
270 mm, voxel size 2.83 2.83 10 mm, parallel acquisition
using a k-space-based algorithm [GRAPPA] factor 2, dis-
tance factor 10%, base resolution 963 96, sagittal orienta-
tion, 1 slice, 200 volumes) was used to visualize the
movement of water, tongue, and pharynx during 10 swal-
lowing trials. The effective TR was 305 ms which resulted
in a frame rate of 3.3 frames per second. In addition, a T1-
weighted anatomical image was acquired (magnetization-
prepared rapid gradient echo, TR 1690 ms, TE 2.52 ms,
a5 9, FoV 250 mm, voxel size 13 13 1 mm?, parallel
acquisition using a k-space-based algorithm [GRAPPA]
factor 2, matrix 256 3 256, distance factor 50%, transversal
orientation, 176 slices, ascending).

Color changes were triggered with fMRI scans, which in
turn sent trigger signals to the pressure recorder. This
ensured that all data acquisiton modalities were
synchronized, and allowed for exact timing of thyroid car-
tilage movement relative to light change.

The cinematographic imaging data were analyzed by a
speech-language pathologist (MO) to distinguish the time
points of oral and pharyngeal phases for each subject. The
beginning of the oral and pharyngeal phases was marked
relative to the thyroid cartilage movement by visual inspec-
tion of the CINE images. Individual average outset times of
the oral and pharyngeal phases were thus obtained.

Preprocessing of fMRI data was done in SPM8 rev. 5236
(Wellcome Department of Imaging Neuroscience, London,
UK) running on MATLAB R201la (MathWorks, Natick,
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Figure 1.

(a) Only seven slices were recorded in the fast EPI measuremeohset times while the solid linesepresent the corresponding
which limited the scanned vohe to slices encompassing theHRFs. €) Statistical parametric maps for the six HRFs used in the
PMC, SMA, M1, S1, S2, posterior insula, cerebellum, and br&hM analysis. The top row shows the axial view with the render-
stem. This image is a graphical representation of the brain covelied made translucent, so that deeper activations can be seen. The
by the seven slices; the faded parts were not included in the md@ttom row shows a coronal cut, slightly oblique as depicted on
surement. ) A plot of the six different HRFs used in the GLMthe far right. The color bar depicts thescore from gray (lowest)
analysis, named Frame 1 through Frame 6 from left to right. Framee bright yellow (highest). [Color bgure can be viewed in the
4 represents the light onset. The interrupted lines represent thenline issue, which is avaiklait wileyonlinelibrary.com.]

MA). Every swallow causes head movement which is cor-  motion artifacts which were removed with the help of the
related with the stimulus. Movement parameters from a  ArtRepair Toolbox [Mazaika et al., 2009] by interpolating
brst realignment procedure were used to assess these between the adjacent data points. Movement reduced data
were processed as follows. Images were slice time cor-
rected to the middle slice using SPM80s Fourier phase shift

TABLE I. Stereotaxic coordinates of analyzed regions interpolation. Head motion was corrected with SPM80Os

MNI coordinates Realign and Unwarp via a third degree b-spline interpola-

tion using the brst scan of the series as reference. Unwarp-
Region X y z ing of susceptibility by movement interaction was done

with the help of a voxel displacement map calculated
M1S1 L 256 25 224  from the beld map data. Each subjectOs T1 image was core-
MIS1R 60 25 23 gistered using the normalized mutual information from
SMA 2 9 52 the last step to the mean EPI image. T1 images were seg-
gosmr!or Insula L 234 214 12 mented into gray and white matter maps using the modi-

osterior Insula R 37 214 11 bed International Consortium for Human Brain Mapping

Cerebellum L 214 233 223 . . . .
Cerebellum R 17 233 299 (ICBM) tissue probability maps in Montreal Neurological

Institute (MNI) space provided by SPM8. EPI were
Stereotaxic coordinates for central points where there is an overlap ~ normalized to the ICBM 152 nonlinear MNI template
between slice coverage and anatomical regions. L: left, R: right. using a trilinear interpolaton. A 6 3 6 3 6 mm?3
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full-width at half-maximum Gaussian kernel blter was
used to increase the signal-to-noise ratio and reduce inter-
subject differences.

Three methods were used to statistically analyze the fast
functional data. The brst used the general linear model
(GLM) implemented in SPM8. rmANOVA was used to
Pnd signibcant interactions for region, side, and time.
Lastly, effective connectivity of the regions involved in
swallowing was examined.

GLM Analysis

For the brst method within subject, brst-level analysis
was performed using the GLM implemented in SPMS8.
Low frequency components were Pltered with a high-pass
pblter having a cutoff of 128 s, or 0.008 Hz. SPMOs canonical
hemodynamic response function (HRF) was used as the
model for the BOLD response. Motion parameters from
the realignment procedure of the artifact repaired data
were used as covariates in the design matrix. The autocor-
relation inherent in the data was estimated by an autore-
gressive AR(1) model.

Huslmann et al. [2003] used a self-paced task involving
a random button press in a specibc time interval to reveal
a sequential activation in the anterior cingulate cortex
through the SMA and premotor area to the primary motor
(M1) and somatosensory (S1) cortex. Under assumption of
the canonical HRF, the voxelwise calculation of maps prior
and following the self-paced movement were analyzed. A
partially comparable approach was used here. GLMs and
contrasts of interest were calculated for swallowing versus
baseline at six different onset times in steps of 1.5 s from
2 4.5 to 3.0 s with time 0 s being the light change from
blue to green (Fig. 1b), that is, water injection time. The six
onset times when convolved with the HRF cover an epoch
that spans the expected BOLD responses initiated by swal-
lowing. The choice of time windows was based on the
analysis of the BOLD signal relative to the color change
onset. Figure 2 shows a plot of the pressure cushion signal
aligned with the BOLD response in M1S1 and compared
with the theoretical HRF based on two different onsets.
The onsets corresponded to the color change (interrupted
blue vertical line) and to the approximate peak of the pres-
sure signal from laryngeal movement (solid red, vertical
line). The resulting HRFs (onset times convolved with
canonical HRF) clearly showed that they are in agreement
with the color change onset. The pressure signal onset
results in a later HRF which is not mirrored in the meas-
ured signal. A GLM was calculated per time frame for
each subject. These steps were chosen empirically in order
to accommodate for signibcant changes between intervals.
Smaller steps resulted in fewer changes from one frame to
the next. Temporal derivatives were not included in the
design matrix as they are only reliable for 6 1 s [Friston
et al., 2007]. A random effects inference was done with a
one sample t-test on the summary statistic per contrast of
each time frame. Location of activation maxima for all

time points were recorded in a table with the help of ana-
tomical masks obtained from the Anatomy Toolbox [Eickh-
off et al., 2005] for the SMA, PMC, and M1S1. For the
differentiation of the PMC and the SMA, which are
cytoarchitectonically similar, a spatial differentiation was
performed: the PMC was debned as the BA 6 lateral to the
superior frontal sulcus of the MNI-template ( 2 30< x> 30).
Cerebellar maps, comprising LarsellOs classibcation IVDVI
(culmen and declive), insula, and pons were obtained
from the WFU PickAtlas [Maldjian et al., 2003].

Repeated Measures Analysis of Variance

A repeated measures analysis of variance (rmANOVA)
was calculated for the beta-values averaged in a 6-mm
sphere around the highest activated voxel within each
regions of interest (ROI) used in the GLM analysis for the
factors: region (PMC, SMA, M1S1, posterior insula, and
cerebellum), side (left and right), and time (Frames 1, 2, 3,
4, 5, 6). The Greenhouse-Geisser correction was used for
detecting signibcant main effects and interactions. Signib-
cant effects in rmANOVA were followed by the following
post hoc t-tests, based on our hypotheses and the results
from previous studies:

1. Lateralization effect over time for three time frames:
Frame 2, Frame 3, and Frame 6 (three comparisons
per region; peorr 5 0.016);

2. Time effect for each region (averaged for side; six
comparisons; peorr 5 0.008);

3. Onset effect between regions (averaged for side; bve
comparisons; peorr 5 0.01).

Dynamic Causal Modeling

The second method dealt with effective connectivity and
used DCM [Friston et al., 2003] as implemented in SPM8
(DCM10 for SPM8). DCM models interactions at the corti-
cal level using hemodynamic time series. It aims to esti-
mate and make inferences about coupling among brain
regions and how this coupling is inBuenced by changes in
experimental contexts.

DCMOs purpose in this experiment was two-fold. First,
what was the role of the input, especially as there are two
possible cues to plan and execute swallowingNvisual and
somatosensory? Second, based on these cues, what is the
directionality of the connections during motor planning,
motor execution, and mediation? Models were based on
simplicity and focused on three seeds. These included the
SMA, used in planning and execution stages of complex
motor movements such as swallowing [Hamdy et al., 1999;
Mosier and Bereznaya, 2001]. The primary sensorimotor
cortex (M1S1) plays an important role on muscle control
and sensory feedback during swallowing [Malandraki et al.,
2009]. M1 and S1 were grouped together as M1S1 due to
low spatial resolution and smoothing, smearing activation
in such a small volume. Lastly, the insula was included
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Figure 2.
A plot illustrating the pressure cushion signal, BOLD respondage movement (solid line). The HRF aligned with color change

from the highest activated voxel in M1S1 for a representati@nterrupted

line) properly corresponds with the BOLD

subject and onsets convolved with the HRF, plotted against timesponse, as opposed to the HRF aligned with thyroid cartilage
All three plots are synchronized in time. Vertical lines indicatmovement (solid line). [Color bgure can be viewed in the online
onset times for color change (interrupted line) and thyroid cartiissue, which is available at wileyonlinelibrary.com.]

which has connections to primary and supplementary
motor cortices and is key in mediation of oropharyngeal
swallowing [Daniels and Foundas, 1997]. The limitation to
three regions was introduced to reduce the complexity of
the models and to gather information on which input is

used as a cue to swallow, where it enters the model and
how these three regions interact given this input. Further-
more, the seven slices limited the full coverage of the
regions. Left and right hemispheres were analyzed sepa-
rately, save for the SMA due to its central location and
short pathways between hemispheres.

Seed regions for DCM computation were made using a
combination of functional ROI and the Anatomy Toolbox
for SPM8 [Eickhoff et al., 2005] as well as the WFU PickAt-
las [Maldjian et al., 2003]. The functional ROIs were
extracted from the EPI data recorded with a TR of 2 s
(slow EPI). This data had 34 slices and thus a larger vol-
ume providing better coverage. The slow EPI experiment
also showed activation for the three seed ROI in the DCM
analysis [Mihai et al., 2013]. The functional ROl was
masked by the probabilistic ROIs from the Anatomy Tool-
box which included masks for the SMA (combined left
and right hemisphere due to the short connections
between the hemispheres, BA 6), M1S1 (left and right
hemisphere, BA 4a, 4p, 3a, 3s, 1, 2). The insula (left and

right hemisphere) was provided by the WFU PickAtlas
[Maldjian et al., 2003]. A representative time course from
voxel data in terms of the brst eigenvariate in all supra-
threshold voxels (P< 0.05 FWE corrected) in the fast EPI
data was extracted using the combined ROIs for each
subject.

Model Selection and Comparison

Figure 3 shows the models. For model (a), the stimulus
information enters the SMA which is connected direction-
ally to M1S1. The idea here is that color change marking
the time of water infusion through the visual cortex indu-
ces a preparatory activation in the SMA. Model (b) con-
nects both SMA and M1S1 bidirectionally while the input
enters M1S1. Here, the water entering the mouth stimu-
lates S1, which sends the signal to the SMA, inducing
swallowing action through M1. Model (c) is based on (b)
with the exception that the input reaches both the SMA as
a visual input and M1S1 as a sensory input. All models
have a one-way connection from M1S1 to the posterior
insula. The unidirectional connection from M1S1 to the
anterior insula was chosen because it has been suggested
that the function of the posterior insula lays predomi-
nantly in  monitoring body states and integrating
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Figure 3.

Description of the models used to test the effective connectivitpected bidirectionally. All models have a one-way connection from
of the regions. Model (a) receives the input at the SMA, which l41S1 to the posterior insula. Models (d) through (f) are similar to
connected unidirectionally to M1S1. Model (b) receives the inputodels (a) through (c), with the exception of a bidirectional con-
at M1S1,; both regions are connected bidirectionally. Model (c) hasction between M1S1 and insula. [Color bPgure can be viewed in
inputs going to both the SMA and M1S1; both regions are cotie online issue, which is available at wileyonlinelibrary.com.]

somatosensory input to this state [Damasio, 1996]. There-
fore, the direction of the model should be unidirectional
from the sensorimotor system to the posterior insula.
However, to test the inBuence of the bidirectional connec-
tion between M1S1 and posterior insula, three additional
models [Fig. 3 models (d), (e), and (f)] were added. These
were based on the prst three, with an afbxed connection
from anterior insula to M1S1.

The six models were specibed, estimated, and compared
at the group level.

To identify the most likely generative model for the
observed data among the six different models, a random-
effects Bayesian Model Selection (BMS) procedure was
employed [Stephan et al., 2009] where all models were
tested against each other. This Bayesian method treats the
model as a random variable and estimates the parameter
of a Dirichlet distribution, which describes the probabil-
ities for all models being considered and allows comput-
ing the exceedance probability of one model being more
likely than any other model tested.

RESULTS

All results reported here are based on the fast EPI data
(TR5 514 ms).

Task Performance

The swallowing task was veribped with the help of the
pneumatic cushion measurements. All subjects swallowed
20 times except for two, each omitting one swallow. This
was accounted for in the analysis. The mean (6 standard
deviation) time difference across subjects from color
change to pressure cushion signal was 2.86 0.6 s.

GLM Analysis

The evolution of BOLD activity over time as calculated
by the GLM analysis is depicted in Figure 1c. At the brst

time frame, cortical activation was exhibited in the left
posterior SMA and premotor cortex (PMC) in the somato-
topic height of lip and tongue and subcortical bilateral
thalamus. In Frame 2, the bilateral anterior and posterior
SMA and PMC were activated, primary motor (M1) activa-
tion was detected, and the bilateral thalamus was active.
In Frame 3, activation magnitude was highest for all areas
described including bilateral primary and secondary soma-
tosensory cortex (S1 and S2) but also bilateral posterior
insula. Activation difference was minimal in the BOLD
magnitude of the following time frame (Frame 4; light
change/water injection time), compared to the current
one, with the exception of the brainstem activation. The
next time frame only showed residual cortical activation in
the left SMA and left M1/S1. The last frame (Frame 6)
showed no signibPcant activation magnitude. Activation
maxima for all time points using anatomical maps of the
PMC, SMA, M1S1, posterior insula, cerebellum, and brain-
stem can be found in Table II.

No signibcant (FWE, P< 0.05) activation was found for
the individual average outset times of the oral and pha-
ryngeal phases as calculated from the cinematographic
images. The claribcation of this result is given in Discus-
sion Section.

Repeated Measures Analysis of Variance

Repeated measures ANOVA (rmANOVA) revealed a sig-
nibcant main effect for region (PMC, SMA, M1S1, posterior
insula, cerebellum; F(4, 60)5 81.92;P< 0.001), time (six time
frames; F(5, 75)5 8.17;P< 0.01) and a signibcant interaction
for region x time ( F(20, 3006 15.93;P< 0.001), side3 time
(F(5, 75)5 37.40;P< 0.01) and region 3 side 3 time (K20,
300)5 4.30; P< 0.01). Post hoct-tests showed a signibcant
lateralization effect over time for M1S1 starting with a left
lateralization in Frame 2 (t(15)5 2.80;P5 0.011) and ending
with a right lateralization in Frame 6 ( t(155 2 2.94;
P5 0.010). For the posterior insula, a right lateralization at
Frame 3 was observed (1555 2 2.75;P5 0.015) but in other
areas no signibcant lateralization within time frames was
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Figure 4.

Expected and exceedance probabilities for the models tested
the DCM analysis. The left column depicts the results for le

tested are presented. In the left hemisphere, the winning
model as computed with random effects BMS is (c) with
an expected and exceedance probability of 0.30 and 0.49,
respectively. In the right hemisphere, model (c) is also the
winner (expected probability of 0.29, exceedance probabil-
ity of 0.46) with model (f) following closely (expected
probability of 0.28, exceedance probability of 0.43). Both
models (c) and (f) have inputs to the SMA and M1S1
which are bidirectionally connected. The difference
between the two lies in the connection to the anterior
insula. Model (c) has a unidirectional connection from
M1S1 to the posterior insula, while model (f) has a bidirec-
tional connection between the two.

DISCUSSION

Cortical, cerebellar, and subcortical areas contribute to
deglutition. In an attempt to discover the effective connec-
tivity and timing between the most common activated
regions during swallowing in fMRI, GLM analysis over six
different time points during the task and DCM were
examined in young healthy adults. In the general linear
modeling analysis in time, consecutive activations were

é@en during swallowing starting at the PMC, SMA, and
ilateral thalamus, continuing on to M1S1, insula, and cer-

hemisphere while the right column depicts the results for th%bellum and reaching the brainstem shortly before subsi-

right hemisphere.

present. As the side effect was not signibcant as a main fac-
tor, all activation magnitudes were averaged out per region
and time frame for both hemispheres. When testing over
time (moving t-tests to the prior time frame), there was a rele-
vant increase in PMC and M1S1 from Frame 1 up to Frame 3
(Frame 1 to 6: PMC: t(15)5 2 4.59; P< 0.001, M1S1:t(15)5
2 9.62;P< 0.001; Frame 2 to 3: PMCit(15)5 2 7.55;P< 0.001;
M1S1: t(155 2 5.45; P< 0.001), then a plateau (M1S1 and
PMC between Frames 3 and 4) and then a signibcant decrease
(Frame 4 to 5: M1:1(15)5 4.23;P< 0.001; Frame 5 to 6 s: PMC:
t(15)5 6.61;P< 0.001; M1:t(15)5 9.21;P< 0.001). In SMA, the
increase seemed to be earlier (Frame 1 to 61(155 2 7.06;
P< 0.001) and was already reversed at Frame 3 to 4
(t(15)5 2.86; P< 0.012). The increase in the posterior insula
was early (Frame 1 to 2; t(15)52 3.59; P< 0.003) and was
reversed already at Frame 3 to 4 ¢(15)5 3.79;P< 0.002). No
relevant changes were seen for the cerebellar hemisphere over
time. Between the regions, there were highest BOLD-
magnitudes for the PMC and M1S1 compared to SMA during
the whole period between Frames 3 and 6 (t> 5.6; P< 0.001).
The posterior insula showed lower BOLD magnitude during
Framesland4 ¢ 2 4.2;P< 0.001) followed by a comparable
activation magnitude as the SMA.

Dynamic Causal Modeling

In Figure 4, the expected probability (top row) and
exceedance probabilities (bottom row) of the six models

ding. A rmANOVA revealed a signibPcant activation over

time in M1S1 starting in the left hemisphere and moving
to the right hemisphere. The BMS of the six DCM models
resulted in the most likely model having an input to both

the SMA and M1S1, which were bidirectionally connected,
and a one-way connection from M1S1 to the insula.

GLM Analysis

Using the GLM as implemented in SPM, statistical t-
maps were calculated for six time points covering the
whole swallowing response including the oral and pharyn-
geal phases. The results show a gradual increase of activa-
tion over time starting in the PMC, SMA, and bilateral
thalamus, and continuing on to M1S1, posterior insula,
and cerebellum. Activation in PMC and SMA were preced-
ing movement execution and were the Prst sites being
active for swallowing. The visual cue (color change from
blue to green) was the brst indicator of the task and raised
awareness to prepare the swallow. Water infusion, the sec-
ond cue, has been shown to activate the caudolateral sen-
sorimotor cortex [Furlong et al., 2004]. The second frame
shows starting activation in M1S1 suggesting a response to
water infusion. Subcortical activation in the thalamus
might have been due to a somatosensory feedback of the
water pressure stimulating the tongue before the swallow-
ing process is started. The actual execution of movement
and the concomitant somatosensory processing during
swallowing was expressed in the activation of M1S1, pos-
terior insula, and cerebellum. Tongue and lips performing
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the coordinated movement are guided by the sensory feed-
back to push the water toward the oropharynx. The activa-
tion of the pons might be indicative of the pharyngeal
phase of swallowing, where the water enters the pharynx
to be pushed toward the esophagus. The activation
observed in the pons is consistent with the one reported in
a previous study [Mihai et al., 2013] where the sensory
nucleus of the trigeminal nerve and the solitary nucleus
are found to be involved in the swallowing network. This
study employed a lower spatial resolution and also cut
out the ventral part of the brainstem when limited to only
seven slices. This resulted in only one signibcant highest
activation (coordinates: 2 4,2 302 26), the most likely can-
didate being the solitary nucleus.

Repeated Measures Analysis of Variance

The repeated measures ANOVA revealed a lateralization
over time in M1S1 gradually moving from the left hemi-
sphere (starting at Frame 1) to the right hemisphere (end-
ing at Frame 6). Earlier stages, including the preparatory
phase, were lateralized to the left and later stages were lat-
eralized to the right hemisphere. Our Pndings are, there-
fore, consistent with the MEG Pndings of Teismann et al.
[2009], where left hemispheric activation is found for the
prst 600 ms, followed by a bihemispheric activation in the
next 200 ms and ending in a right hemispheric activation
during the last 200 ms. The posterior insula showed a sig-
nibcant lateralization only at Frame 3. This may be due to
its early increase and early reversal, as calculated in the
region 3 time interaction and its comparably low activa-
tion. The SMA over time started earlier and decreased ear-
lier corresponding to its function of readying the
swallowing action. It does not explain, however, why the
PMC mimics the M1S1 activation over time with a rele-
vant increase in the early frames (Frames 1D3), a plateau
(Frames 3 and 4) and a signibcant decrease in the latter
frames. Both these regions also show a signibcantly higher
between region activation when compared to the SMA.
M1S1 activation is a reRection of the sensory-motor inter-
action during swallowing. The sensory aspect of the water
being injected into the mouth, furthered by the swallowing
action, results in a strong activation of these areas over
time. The observed shift in brain activation from left to
right may be associated with different specializations of
cortical areas. Thus, the left hemisphere could be better
specialized in the control of the preparatory phases of
swallowing, while the right hemisphere may play a larger
role in the involuntary phases of swallowing. This is corro-
borated with studies on dysphagic patients after a right
hemispheric stroke. The pharyngeal phase is delayed more
severely and there is a higher incidence of laryngeal pene-
tration and aspiration in patients with right hemispheric
stroke and dysphagia [Robbins, 1993]. Daniels and Foun-
das [1997] have shown that dysphunction and dysmotility
in the pharyngeal swallowing stage were the result of

right hemispheric damage. Using MEG, Dziewas et al.
[2003] showed a strong lateralization to the left during
volitional swallowing with activation in the midlateral pri-
mary sensorimotor cortex and less left lateralization dur-
ing relRexive swallowing. Teismann et al. [2009]
hypothesized that right hemispheric activation, which they
have shown to occur later than left hemispheric activation,
corresponds to the pharyngeal stage whereas the left hemi-
spheric lateralization was attributed to the preparatory
phase of swallowing.

DCM Analysis

The results of the DCM analysis revealed that models (c)
and (f) (Fig. 3) explained the data well. Here, the SMA and
M1S1 are connected bidirectionally with inputs going to
both regions. The difference in models lies in the connec-
tion between M1S1 and posterior insula, with model (c)
having a unidirectional connection, while model (f) a bidir-
ectional connection. The more likely model, however,
involves a unidirectional input from M1S1 to the insula
[model (c)]. In the right hemisphere, models (c) and (f)
have comparable exceedance probabilities, suggesting a
stronger involvement of the posterior insula on M1S1 as
compared to the left hemisphere. It could be argued that
the posterior insula plays a greater role in the modulation
of swallowing in the right hemisphere, suggesting bner
involvement in later swallowing stages. The SMA most
likely receives the input from the visual cortex. Due to the
need for high temporal resolution, the number of slices has
been reduced, omitting the visual cortex. Thus, a model
involving this cortical area could not be tested. The best
model also had an input to M1S1 as the primary somato-
sensory cortex receives information as soon as the water
enters the oral cavity. The assumption that both the visual
and sensory inputs play a role in this experiment is furth-
ered by the bidirectional connection between the SMA and
M1S1. The somatosensory cortex, after sensing the water
entering the mouth passes this information to the SMA to
prepare the motor action of swallowing. Shortly before this
happens, the subject is alerted through the light change
that water will soon enter the oral cavity and is thus ready-
ing the swallow. The integration of both of these cues then
leads to the swallowing action performed by the motor
cortex.

The DCM analysis showed that the most likely starting
candidate would either be the SMA or M1S1. It cannot be
discounted that both SMA and M1S1 simultaneously act as
starting candidates. However, the methods outlined in this
article were unable to provide a debnite answer to this
proposition. It can only be speculated that the visual feed-
back would most likely reach the cortical pathways brst, as
there is a reaction-time lag between color change and
button-press, which results in a water injection delay rela-
tive to color change. As the infusion period is a constant
for all water delivery instances, the only uncertainty factor
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remains the human reaction to push the button. Nonethe-
less, this interruption was always in the subsecond range.

Limitations

A possible interaction of handedness and lateralization
of sensorimotor representation during swallowing has
been discussed before [Daniels, 2000; Dziewas et al., 2003;
Hamdy et al., 1997; Kern et al., 2001; Martin et al., 2001;
Mosier et al., 1999; Teismann et al., 2009]. This study did
not conbne the sample on right handers but used a repre-
sentative one. This might have had a decreasing effect on
lateralization of representation maps; yet excluding left-
handed participants would have decreased the explana-
tory power of the study.

The study has some limitations for both the GLM and
the DCM-analysis. For the GLM analysis, no signibcant
results were found for the individual average start times
of the oral and pharyngeal phases as computed from the
cinematographic images. An experienced swallowing ther-
apist, well versed in the evaluation of cinematographic
data of swallowing, differentiated the onsets of these two
phases. The temporal onset of the cinematographic and
fMRI data was related via the pneumatic cushion which
recorded thyroid cartilage movement during swallowing.
Results showed no suprathreshold voxels active for the
averaged onsets. However, there was a clear indication of
a consecutive progression during swallowing which
included these two phases when examining the activation
over time. Average times from the cinematographic
sequence were used for the functional calculation and
there is no guarantee that the subjects performed similarly
during the functional run. The cinematographic sequence
used to pinpoint individual time points relating to the oral
and pharyngeal phase had a temporal resolution of 305
ms (around 3.3 frames per second) comparable to pulsed
Buoroscopy sequences used in low dose diagnostics (3.75
frames per second) [Stueve, 2006]. The temporal resolution
affords a rough estimate of the sought out time-points
which provides sufbcient precision for the use as onsets in
the design matrix of the GLM. The data are btted using
the canonical HRF which is bxed. Miezin et al. [2000] have
shown that there is a strong amplitude reduction when
using intertrial intervals of 5 s compared to longer ones. If
swallow latency from the oral to the pharyngeal stage is
thought to be in the range of 1 s [Ramsey, 1955; Reimers-
Neils, 1994], it can be assumed that BOLD amplitudes
from the pharyngeal stage are so low that they might fuse
with the amplitudes of the oral stage. Hence, measured
BOLD signal might contain information from both stages
which may be indistinguishable with current methods. A
resolution to this problem would be to differentiate the
phases experimentally by instructing subjects at the Pprst
signal to move the bolus toward the pharynx, lift it, and
wait for the signal to push the bolus into it. The brst signal
would correspond to the oral phase and the second to the
pharyngeal phase. Due to the nature of the BOLD

response and the way it is modeled in SPM, the timing
information extracted through the GLM analysis provides
limited insight and may be confusing. The activation starts
at 2 4.5 s before light change, and thus before water injec-
tion, which is not a true ref3ection of the actual events.
Instead, it is a result of the HRF model and its bt to the
measured BOLD signal. The useful information provided
by this approach is the relative sequential evolution of the
cortical and subcortical activation related to the task, and
not the absolute timing. In short, onset times which are
thought to correspond to the oral and pharyngeal phases
as calculated from the cinematographic images with the
help of the thyroid cartilage movement as a reference
point, do not seem to correspond to the actual time points
for the swallowing stages in question of the functional
images. This is furthered by the fact that BOLD responses
do not correspond to thyroid cartilage movements as seen
in Figure 2.

To truly differentiate the visual from the sensory input,
the visual cortex should also be included in the measure-
ment and DCM models. However, high temporal resolu-
tion at the cost of spatial coverage was a priority in this
experiment. With higher beld strengths and faster sequen-
ces, this may be possible in the future. Additionally, the
PMC, basal ganglia, cerebellum, and pons were left out of
the models to reduce complexity. The main focus of this
study was the activation over time during swallowing.
DCM, although not suited for timing calculations, provided
a means of determining where the input enters the model
and nature of directionality of the connections between
regions. These results help interpret the GLM analysis.

CONCLUSIONS

The GLM results of this study reveal a consecutive acti-
vation during swallowing of 2 ml of water starting at the
PMC, SMA, and bilateral thalamus, continuing on to
M1S1, posterior insula, and cerebellum and reaching the
brainstem shortly before it subsides. This sequence refl3ects
the preparation and execution stages of swallowing,
including the involuntarily controlled pharyngeal phase.
An rmANOVA revealed a signibcant activation over time
in M1S1 starting in the left hemisphere and moving on to
the right hemisphere. In a DCM model comparison, the
model with the highest likelihood is one encompassing the
SMA, M1S1, and posterior insula with two different
inputs: one to the SMA and the other to M1S1. SMA and
M1S1 are connected bidirectionally while M1S1 has a sim-
ple connection going to the posterior insula.
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€ We studied cortical activation of swallowing in healthy young adults and healthy seniors using fMRI.

€ Differences in the swallowing network between seniors vs. young participants were found in BA10 only using Bayesian inference.

€ Seniors showed increased swallowing latency and higher skin conductance response (SCR).

€ fMRI-activation in seniors was positively associated with SCRin areas processing sensorimotor performance, arousal and emotional perception.
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abstract

We investigated the neural representation of swallowing in two age groups for atotal of 51 healthy par-
ticipants (seniors: average age 64 years; young adults: average age 24 years) using high spatial resolution
functional magnetic resonance imaging (fMRI). Two statistical comparisons (classical and Bayesian infer-
ence) revealed no signi“‘cant differences between subject groups, apart from higher cortical activation
for the seniors in the frontal pole 1 of Brodmannes Area 10 using Bayesian inference. Seniors vs. young
participants showed longer reaction times and higher skin conductance response (SCR)during swallow-
ing. We found a positive association of SCRand fMRI-activation only among seniors in areas processing
sensorimotor performance, arousal and emotional perception. The results indicate that the highly auto-
mated swallowing network retains its functionality with age. However, seniors with higher SCRduring
swallowing appear to also engage areas involved in attention control and emotional regulation, possibly
suggesting increased attention and emotional demands during task performance.

© 2015 Elsevier B.V.All rights reserved.

1. Introduction

Morbus Parkinson and dementia [55] leading to as much as 38% of
older people affected by dysphagia [53] . Even without the presence

Swallowing is a complex sensorimotor event that has been of disease, the swallowing process changes with age (presbyphagia)
investigated via several imaging methods such as functional [27] and studying such changes is of utmost importance [27,33].
magnetic resonance imaging (fMRI), magnetoencephalography Compared to young healthy participants, studies of older people
(MEG), positron emission tomography (PET),transcranial magnetic have shown age-related changes in the swallowing process such as
stimulation (TMS) and electroencephalography (EEG). However, delayed initiation of swallowing, prolonged oral phase [9,26,52,54]
little research has been dedicated to healthy older subjects declining laryngo-pharyngeal sensitivity [3], reduced lingual and
[26,33,34,36,58] despite the fact that swallowing dif‘culties are pharyngeal pressure [18,27] accompanied by increased rates of
more prevalent among seniors. Age is a major risk factor for the laryngeal penetration [15].Moreover, agood understanding of the
most common neurogenic causes of dysphagia such as stroke [22], neural control of swallowing in elderly allows acomparison of same

age dysphagic patients. This may lead to a better understanding of
cortical reorganization after dysphagia, enabling possible increased
therapeutic ef‘cacy.
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of swallowing in older populations reported inconsistent results.
(P.G. Mihai). Martin and colleagues described increased neural representation
for seniors in the lateral pericentral, perisylvian and anterior
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cingulate cortex [36] .Humbert et al. [26] described similar “ndings
with increased blood oxygenation level dependent (BOLD)-
magnitude in seniors compared to young healthy volunteers in
primary and secondary motor areas such as the right pre- and
post-central gyri, bilateral frontal lobe, bilateral parietal regions
and right superior temporal gyrus. They also reported increased
lateralization only in young participants to the left hemisphere in
the primary sensorimotor cortex (MS1) and supplementary motor
area (SMA). Using MEG Teismann and colleagues found elevated
bilateral amplitudes over the pre- and post-central gyrus in seniors,
which was interpreted as increased demand in neural processing
with decreasing sensorimotor functionality [58] .

Contrary to the studies stated above, Malandraki and colleagues
used fMRI and found reduced cortical activity in seniors compared
to young adults in the somatosensory cortex, and no signi“‘cant
differences in primary motor or other brain areas [34] . In another
fMRI-study, the same group reported more symmetrical activation
and less lateralization to the dominant hemisphere in seniors dur-
ing swallowing of water [33], and reported no other signi“‘cant
differences between the senior and younger group.

Common to all above mentioned studies is the suggestion that
older people need compensatory mechanisms in the execution of
swallowing. In a study measuring performance of complex motor
tasks in older subjects, Loibl et al. [31] found that those partici-
pants who show early increased recruitment in simple motor tasks
decompensate in motor performance with increasing motor com-
plexity. In swallowing, however, it is unclear whether increased
neural activation in seniors is an indicator of higher arousal and
attentional demand speci“c to swallowing or less overall ef‘ciency
[26] .

In general, a missing between group effect and inconsistent
“ndings in age-related swallowing studies might be the result of
underpowered study designs (group sizes 9...11subjects). Based
on different paradigms, the recommendation for random effects
statistics is at least 20 participants; more optimal would be about
27 participants [60] . Also, different methodological approaches
might also account for discrepant results. Teismann et al. [58]
used MEG where swallowing took place in an upright position
whereas in the case of the fMRI studies participants had to swal-
low in asupine position. Humbert et al. [26] restricted the analysis
to preselected cortical regions and did not correct for multiple
comparisons. Martin and colleagues analyzed neural activity on
a voxel-by-voxel basis with a “xed-effects model [36]. Malan-
draki et al. [33] used Z statistics by employing cluster signi“‘cance
thresholding with an analysis focused on Regions of Interests (ROI).
Additionally, different amounts of water have been used ranging
from 3 to 5ml per swallow or even with a continuous water deliv-
ery of 8...12ml/min in the MEG-study by Teismann et al. [58].
Also, different interstimulus intervals have been used between
the swallows (between 11 and 40 s). Furthermore, age ranges dif-
fer among studies from 60 to 85 (mean ages vary between 64.8
and 74.2 years) making it potentially dif‘cult to compare results
properly.

In order to complement the previous studies, we aimed to
characterize the neural representation of swallowing in healthy
seniors compared to healthy young participants with alarge sample
size (24 young and 27 senior volunteers), high resolution func-
tional imaging methods, and motor performance during imaging.
Furthermore, we wanted to quantify physiological parameters in
order to examine possible changes with age in task performance
and arousal. Swallowing performance and latency was measured
using a pneumatic control of the larynx movement. To monitor
arousal during swallowing while the subject was in the scan-
ner, we measured skin conductance responses (SCR;[30,41]) as
has been done in an earlier swallowing study [40]. SCRshave
been used as a psychophysiological measurement of arousal and

controllability  [44,64] and are described as a useful measure of
distress and effort in recent studies [41,56,57] with increased
BOLD-effects in motor areas during increased task challenge
[41,66] . A higher SCRhas also been associated with task-related
changes in arousal [25,64] . Since seniors report more swallowing
dif‘culties and swallowing disorders, we aimed to evaluate if swal-
lowing dif‘culties are also associated with increased arousal. In
order to detect neural representation differences between seniors
and young healthy participants, we applied two different robust
statistical methods in data evaluation, both of which are based on
the general linear model (GLM) ...classical and Bayesian inference
...to exclude statistical processing dependent effects and ensure
high statistical validity of our results. The classical approach is
more conservative while Bayesian inference is more speci“‘c and
avoids the multiple comparison problem [19]. By using multiple
regression analysis, we looked for associations between BOLD-
magnitude during swallowing, age, changes in arousal measured
by SCR,and changes in performance measured by swallowing
latency.

We hypothesized that seniors show an overall greater bilat-
eral cortical activation in primary and secondary motor areas,
Brodmann Area 44/45 and cerebellum compared to young par-
ticipants as reported in previous studies. Secondly, we expected
a more speci‘c representation and higher sensitivity of activa-
tion related to swallowing using Bayesian inference. Additionally,
we assumed increased activation in elderly accompanied by pro-
longed swallowing latency and an increased skin conductance
response.

2. Methods
2.1. Participants

Data from 24 young healthy volunteers (average age+ standard
deviation: 24.2+ 3.1 years, age range 20...33 years, 16 female)
and 27 old healthy volunteers (average agez* standard deviation:
64.8 + 6.5 years, age range 55...75years, 22 female) were ana-
lyzed in return for monetary compensation. The data from 21
of the 24 participants from the young subject group has been
reported previously using uni‘ed segmentation, normalization,
and the classical statistical approach [40]. Since uni‘ed segmen-
tation is inferior to the New Segment and DARTEL normalization
[2], we felt obliged to report the improved results here. However,
in this study we focused on the comparison of cortical activation
in both groups with respect to the difference of age and arousal.
Senior participants were recruited through posting "yers in “thess
centers, libraries, sports and church groups, and through refer-
ral from a general practitioner. Young participants were recruited
through "yers and personal contacts. Participants were screened
with a questionnaire for medication status, signs of chronic pain,
chronic medical conditions, sensory, motor, swallowing, speech or
otolaryngologic de‘“cits, epilepsy, and history of stroke or other
diseases provoking problems with swallowing. Additionally, they
were asked about swallowing problems in the past. No partici-
pant reported having a history of these symptoms. Three young
participants reported using oral birth control, one of which indi-
cated the use of iron supplements. Of the old participants, ten
mentioned use of medication to regulate blood pressure, one takes
a pain reliever regularly, one uses anti-diabetic medication, and
another uses medication to treat anxiety. Three young subjects
reported to be left handed. Senior participants were all right handed
as con‘rmed by the Edinburgh Handedness Inventory [45]. Pro-
cedures were approved by the Ethics Committee of the Medical
Faculty of the University of Greifswald (registration number BB
101/08).
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Fig. 1. Experimental setup. Two milliliters of water was delivered through athin tube connected to acontrast agent injector. The delivery was marked by achange in ambient
color projected into the scanner bore (blue to green). Thyroid cartilage movement was monitored using a pneumatic cushion secured with a hook-and-loop fastener band
around the subjectss neck. Skin conductance (SCR)responses were measured from the distal phalanges of the index “ngers. (For interpretation of the references to color in

this “gure legend, the reader is referred to the web version of the article.)

2.2. Procedure

A functional imaging run was used to record brain responses
related to swallowing water. Twenty swallows were recorded with
a “xed stimulus onset asynchrony of 6 scans (12 s). The inter-
stimulus interval was 11 s (end of water injection to beginning of
next water injection). The room temperature water (2 ml, injection
velocity 2ml/s) was delivered through a soft rubber tube (diam-
eter =1.5mm), held between the subjectes lips at midline, using a
MR-safe contrast agent injector (Spectris Solaris; Medrad, Warren-
dale, PA, USA). The volume of water was chosen experimentally.
Higher volumes lead to partial swallows of the liquid, resulting in
multiple swallows per trial. Forarobust event related analysis asin-
gle swallow per trial was indispensable. Water was used because
it does not provide a high degree of swallowing dif‘culty and has
a reliable viscosity at room temperature ensuring reproducibility
across experiments. Water delivery was indicated by aqueued color
change (blue: rest, green: water injection) projected onto atranslu-
cent screen placed inside the scanner bore. Subjects were clearly
and repeatedly instructed to swallow assoon asthey felt all of the
water reach the mouth and to avoid swallowing in between water
delivery. To control swallowing timing and task compliance, thy-
roid cartilage movement was measured using apneumatic cushion
placed around the participantss neck. During swallowing thyroid
cartilage movement exerted pressure on the pneumatic cushion.
The pressure was transformed to an electrical signal measured by
an electro-optical biosignal recorder (Varioport-b; Becker Meditec,
Karlsruhe, Germany). Time between water injection and measured
thyroid cartilage movement indicates approximate swallow dura-
tion. A similar procedure has been used in the studies conducted
by Malandraki et al. [34,33] . The experimental setup is depicted in
Fig. 1.

In ahealthy, task-compliant subject, the elevation of the thyroid
cartilage indicates the engagement of the pharyngeal swallowing
phase. If the time between water delivery to thyroid cartilage move-
ment is longer, the oral phase is also longer. If the sensory and motor
aspect is reduced, the subject might need additional time to per-
form the volitional part of swallowing. Therefore, time spent in oral
phase may re’ect the dif‘culty of the task. In this sense, the latency
period measured by pneumatic control of the larynx (as detailed in
[34,33,40] ) may provide an approximation of the swallowing dif-
“culty. Fig. 2 shows a characteristic pneumatic cushion response.
The “rst trigger point marks both the color change of water from
blue to green and the water injection time. At the second trigger
point the color changes back to blue. The marked displacement
of the pressure curve is the time of thyroid cartilage movement.

In order to measure autonomic responses of arousal during swal-
lowing, skin conductance responses (SCR;[30,44]) were recorded
by placing two Ag/AgCl electrodes on the distal phalanges of the
index and middle “nger of the dominant hand asrecently done in
a previous study [40]. Skin conductance as a measure of distress
and effort has been described in two recent studies ([41,56,57]),
which report an increased BOLD-effect in motor areas during more
challenging tasks [41,66] . SCR-datawere recorded using BrainAmp
Analyzer 2.0 (Brain Products, Gilching, Germany).

2.3. Physiological data processing

Laryngeal movement data was recorded and transformed
using an electro-optical biosignal recorder (Varioport-b). The time
between the visual color cue and peak thyroid cartilage movement
after each swallow was singled out using MATLAB R2011a (Math-
Works, Natick, MA, USA). Extracted data of swallowing latency was
compared in young and old participants using a studentes t-test.

SCRswere preprocessed using BrainAmp Analyzer 2.0 (Brain
Products, Gilching, Germany). Data were artifact corrected, down-
sampled to 100 Hz, low-pass ‘“Itered with a cutoff frequency of
40 Hz, and exported to a MATLAB-compatible “le. SCRs were
analyzed using the Ledalab toolkit [5] in MATLAB through adecon-
volution approach. The signal was separated into tonic and phasic
activity. The scoring method was the average phasic driver within
the response window, providing the most accurate representation
of phasic activity given in S.Mean SCRswere computed for each
subject. A studentss t-test assessedthe difference in SCRbetween
young and old participants. In addition, alinear correlation was cal-
culated between age of participant, swallowing latency and mean
SCR.

2.4. MRI data acquisition

MRI data were acquired on a 3T MRI scanner (Siemens Verio,
Erlangen, Germany) using a 32-channel head coil. Functional and
structural images were recorded. Field homogeneity was opti-
mized by a shimming sequence and a gradient echo sequence
(34 phase and magnitude images, 34 slices, 2mm x 2mm x 2 mm,
“eld of view [FoV] 192 mm, repetition time (TR) 488 ms, echo
time (TE); 4.92ms, TE, 7.38 ms, "ip angle ( ) 60 ) was acquired
to calculate a “eld map aiming at correcting geometric distort-
ions in the echo planar images (EPI). Functional EPIimages (TR
2s, TE 22 ms, FoV 192 mm, slice spacing 2.5 mm, matrix 96 x 96,

=90 ,voxel size2mm x 2mm x 2.5 mm) were sliced in an oblique
direction in order to ensure coverage of brain areas involved in
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Fig. 2. Thyroid cartilage movement Single subject measurement of arepresentative air pressure change asadirect result of thyroid cartilage movement during swallowing.
The “rst trigger point marks the color change from blue to green and the water injection time. At the second trigger point the color reverts back to blue. The pressure signal
shows a displacement approximately 2.5s after water delivery marking the time of thyroid cartilage movement.

sensorimotor processing, cerebellum and brainstem. A structural

T1l-weighted anatomical image was measured for each subject
(magnetization-prepared rapid gradient echo, TR 1690 ms, TE
252ms, =9 ,FoV 250 mm, voxel sizelmm x 1 mm x 1 mm, par-
allel acquisition using ak-space based algorithm [GRAPPA]factor 2,
matrix 256 x 256, distance factor 50%,transversal orientation, 176
slices, ascending). To ensure synchronization of all data acquisi-

tion modalities (fMRI, thyroid cartilage movement and SCR)trigger

signals attuned to fMRI scans were recorded for the color change
onset.

2.5. Preprocessingof MRI data

Preprocessing of fMRI data was done in SPM8 rev. 5236 (Well-
come Department of Imaging Neuroscience, London, UK) running
on MATLAB R2011a. Toreduce the in"uence of head motion related
artifacts, a threshold of 2mm translational motion was chosen.
None of the subjects exceeded this threshold. Head motion was
corrected with SPMB8es Realign and Unwarp via a third degree b-
spline interpolation using the “rst scan of the series as reference.
Unwarping of susceptibility by movement interaction was done
with the help of a voxel displacement map calculated from the
“eld map data. Each subjectes structural T1 image was coregis-
tered using normalized mutual information from the last step to
the mean EPIlimage. T1l images were segmented into gray and
white matter, bias corrected and spatially normalized using the
New Segment function of SPM8. A template normalized image
was created with the help of the DARTEL toolbox [2] and the
segmented gray and white matter images from all 51 subjects,
using Linear Elastic Energy regularization. This image was then
normalized to Montreal Neurological Institute (MNI) space using
DARTELesNormalize to MNI Space function with the "ow “elds
of the previous step. The same procedure was used to normalize
the functional and structural images of every participant. The nor-
malized T1 images were averaged to acquire a structural image
representative of the group. Normalized functional images were
smoothed using SPM8sssmoothing function with aGaussian kernel
of 6mm x 6 mm x 6 mm full-width at half-maximum to increase
the signal to noise ratio and reduce inter-subject differences. A
6 mm 3 smoothing isovoxel was used asit provides asignal-to-noise
ratio increase without signi“‘cant smearing across adjacent brain
regions [4]. Furthermore, the same smoothing kernel was used in
our two previous studies [39,40] facilitating comparisons across
studies.

2.6. Statistical analysis of fMRI data

Two different statistical analysis methods were employed in
analyzing the functional swallowing data sets. Both were based
on the general linear model (GLM) as implemented in SPM8. The
“rst method uses the classical statistical approach ...the default
way of analyzing functional data in SPM8. The second method uses
Bayesian inference.

The justi“‘cation to use two statistical analysis methods is that
the classical approach is more conservative but less sensitive while
Bayesian inference is more speci‘c. The classical approach is more
conservative due to the severe correction for multiple comparisons,
which renders the inference relatively insensitive. Bayesian infer-
ence is generally much more speci‘c than classical inference and
avoids the multiple comparison problem altogether [19] .For details
on the difference between classical and Bayesian inference please
refer to the supplementary material.

2.7. Classicalinference

Smoothed data were entered into the GLM. Low frequency com-
ponents were “ltered with ahigh-pass “lter having acutoff of 128 s.
BOLDresponses were modeled using SPMescanonical basis set: the
hemodynamic response function (HRF)and its temporal derivative
(1st order). Onsets were modeled for each swallow and chosen to
correspond to the water injection time (queued by color change)
based on results from previous work [39,40] . In short, the BOLD
responses were in alignment with the color change and not with
the thyroid cartilage movement [39]. This stems from the com-
plicated nature of the swallow, which consists of a multitude of
actions, and is not solely characterized by a movement of thy-
roid cartilage. Swallows which did not correspond to the standard
onsets, as re’ected in the thyroid cartilage movement data, were
modeled with the canonical HRF and included as regressors of no
interest in the design matrix. Every swallow causes head move-
ment which is moderately correlated with the stimulus [26].Even
though head motion and susceptibility-distortion-by-movement-
interaction was corrected using the Realign and Unwarp step [1],
we chose a more conservative approach to ensure the smallest
impact of head motion on the data. Thus, motion parameters from
the realignment procedure were used as regressors of no interest
in the design matrix. The autocorrelation inherent in the data was
estimated by an autoregressive AR(1) model. An explicit mask pro-
vided by SPM8 (brainmask.nii) was used to exclude inference on
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voxels outside the brain. Model parameters were estimated using
Restricted Maximum Likelihood.

Contrasts (swallowing >baseline) were computed for each sub-
ject for the swallow onset. To make inferences about the population
arandom effects two-sample t-test was calculated: the “rst sam-
ple measured swallowing activation in young subjects; the second
measured swallowing activation in senior subjects. In addition,
SCRswere used as covariates in a regression analysis for old and
young subjects separately. We also applied swallowing latency
as a covariate. All contrasts were computed using a family-wise
error-corrected (FWE, p <0.05) threshold. Activation maxima (MNI
coordinates, t-value, cluster size) for the old SCRand young SCR
contrasts were extracted using masks created with the Anatomy
Toolbox [16] .

2.8. Bayesian inference

Non-smoothed data were entered into the GLM [47] using
unweighted Graph Laplacian as signal priors and block type par-
titioning into slices. The autocorrelation inherent in the data
was estimated by an autoregressive AR(3) model. Low frequency
components were ‘“Itered with a high-pass ‘“Iter having a cutoff
of 128 s. BOLD responses were modeled using SPMes canoni-
cal basis set as described in the classical approach. The same
onsets, regressors of no interest, and brain mask were used as
in the classical approach. Approximate posteriors were computed
using variational Bayes, which delivers a factorized, minimum
Kulback...Liebler divergence approximation to the true posterior
density [47] .

Posterior probability maps (PPMs) were computed for each sub-
ject for the swallow onset. Probabilistic empirical Bayes was used
to calculate the conditional distribution for the parameter esti-
mates across subjects at each voxel, by employing the contrasts
from the “rst level. Activation maxima (MNI coordinates, t-value,
cluster size) for the old SCRand young SCRecontrasts were extracted
using masks created with the Anatomy Toolbox [16] as well was
with  WFU Pick Atlas [35] .

3. Results
3.1. Statistical parametric maps ...classical inference

During swallowing senior participants showed activation in
the bilateral primary motor and somatosensory cortex (MS1),
secondary somatosensory cortex (parietal operculum, S2), pre-
motor cortex (PMC), supplementary motor area (SMA), Brocass
area and Brocass analogon, pars opercularis, insula, thalamus,
caudate nucleus, pallidum, putamen, pons in the region of the
trigeminal nerve and the nucleus tractus solitarius (NTS), cere-
bellar hemisphere I...Vllaand vermis, bilateral hippocampus and
in the right amygdala, anterior cingulate cortex (ACC), visual
cortex, inferior parietal cortex, intraparietal sulcus, superior pari-
etal lobules, middle and inferior temporal gyrus and auditory
cortex.

Activation occurred in comparable regions for younger partici-
pants with additional activation in the left medial cingulate cortex
(MCC) and right posterior cingulate cortex.

When comparing neural representation maps during swallow-
ing between both groups using atwo-sample t-test, no signi“cant
differences were found (FWE, p<0.05). This holds true even when
applying an uncorrected approach (p<0.001, uncorr. for multiple
comparisons) or by using small volume corrections. This strength-
ens the interpretation that a true lack of difference exists in
activation patterns between young and old swallowers.

3.2. Posterior probability maps ...Bayesian inference

Regarding the analysis of the senior participantse data with
Bayesian statistics, we found in addition to the above stated areas
activation in the ACCand bilaterally in the cerebellar hemisphere
I...IXj.e. additional activation in lobules VIII and IX and in the vermis
lobules VIII...X.In the representational maps of the group of young
participants, additional bilateral activation in the cerebellum lob-
ules VIII and IX was found. When comparing both subject groups
with atwo-sample t-test, seniors showed increased bilateral acti-
vation in BA10 corresponding to the frontal pole 1 (Fpl) [6].In the
young cohort no such activation was found.

3.3. Correlation analyses ...SPMs.. classical inference

The correlation of BOLD-magnitude with age (Swallowing acti-
vation over young subjects and Swallowing activation over senior
subjects) did not show any signi“‘cant results.

Furthermore, no signi“‘cant activations were found when test-
ing an association between BOLD-magnitude during swallowing
and SCRin young subjects. This also holds true for an association
between BOLD-magnitude and swallowing latency across groups.

However, correlation analysis of BOLD-magnitude during swal-
lowing and SCRin seniors resulted in signi“‘cant voxels for the
left SMA, left superior temporal gyrus and right Brocaes analogon
(BA45) (see Table 1).

3.4. Correlation analyses ...PPMs.. Bayesian inference

Correlating the BOLD-magnitude with agedid not show any sig-
ni“‘cant results. Also, no association between BOLD-magnitude and
swallowing performance, in form of swallowing latency, was found.
Moreover, there were no signi‘cant associations between BOLD-
magnitude during swallowing and SCRin young subjects. However,
SCRand BOLD-magnitude during swallowing in seniors were pos-
itively associated in bilateral MS1, left S2, bilateral SMA, ACCand
MCC, left BA44 and BA45, left hippocampus, left insula and in the
dorsolateral pons in the region of the ascending reticular activating
system (AAS) (see Table 1, Fig. 4).

3.5. Behavioral data

Senior participants needed additional time to swallow than
younger participants (t(39) =4.69, p<0.001). For the seniors the
average time between the visual cue and the thyroid cartilage
movement was 3.42* 0.53s compared to 2.60+ 0.40s in the
younger group. Both values contain the water delivery latency of
1s.

3.6. Skin conductance response

SCRswere larger in seniors (averaged to 0.148 + 0.126 S)than
in younger participants (0.073 £ 0.068 S;t(47) =2.46, p<0.05). At
the beginning of each scan SCRsshowed adrastic tonic change with
phasic peaks correlated with onset light changes. Within the run,
tonic and phasic activity diminished as part of the subjectes adjust-
ment to the scanneres noise and the swallowing task (as depicted in
Fig. 3). The systematic decrease of SCRwith an increasing number
of stimuli of the same mode, such as swallowing, has already been
described earlier [30] . High initial arousal activity through scanner
noise and concentration on task may subside over time [40] .

3.7. Correlation analysis of SCRperformance and age

Since the age range from 55 to 75 years for the seniors was
wide, we performed a linear correlation analysis of age and SCR,
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Fig. 3. Skin conductance response. SCRcurve of asingle subject from the elderly group during swallowing. The vertical lines indicate water delivery followed immediately
by a swallow. The high initial values arise from the sudden onset of scanner noise initiating a startle response, which subsides asthe experiment continues, and the subject

adjusts to the noise and task. After each water delivery there is aclear SCR.This response is overwhelmingly

refer to [40] .

Fig. 4. Cortical activation during swallowing. BOLD-magnitude during swallowing

correlated positively with skin conductance responses. (a) Posterior probabil-

ity maps (PPM) calculated using Bayesian inference (p>95%) displayed on a
3-dimensional rendered brain. Activation is shown in primary somatosensory cor-
tex (S1), bilateral supplementary motor area (SMA), dorsolateral premotor cortex
(dPMC), left Brodmann Area (BA) 45, and Hippocampus (Hipp). Although the hip-
pocampal activation should be below the cortical surface, the rendering was chosen
to depict it on the surface. (b) PPM for the contrast swallowing: old vs.young show-
ing with 95% probability that the activation in the bilateral Fpl of BA 10 is greater
than the prior standard deviation. (c) Same PPMasin (a) overlaid on top of the mean
normalized T1limage from the 51 participants showing the coronal (left) and sagittal
(right) sections. The top images display the activation in the pons possibly corre-

sponding to the ascending reticular activation system (AAS). The bottom images
display activation in the hippocampus.
age and swallowing latency, and SCRand swallowing latency in

the older cohort. The regression analysis between age and SCRin
seniors revealed no signi‘cant associations (r2=0.09; n.s.). Non-
signi“cant correlations were also found for age and swallowing
latency (r2=0.02; n.s.)and SCRand swallowing latency (r?=0.0002;
n.s.) in seniors.

Testing for SCRand swallowing latency across groups (young
and old), resulted in no signi‘cant correlation (r2=0.015; n.s.).

underrepresented in the young patient group. For a comparison

4. Discussion

differences between fMRI-
we applied two different statistical
approaches to a signi“‘cant group sample of senior and young
participants. In addition, we controlled performance and SCR
which is associated with arousal [30,44] . We sought to differen-
tiate patterns of activation in relation to these factors. A classical
statistical approach revealed no differences in neural activation
maps during swallowing between groups even when applying
an uncorrected approach. Bayesian inference was more sensitive,
identifying additional bilateral activation in Fpl of BA 10 as part
of working memory [6,21] when using a two sampled t-test of
elderly vs. young adults. Within the young group, no associations
of BOLD-magnitude and SCRor BOLD-magnitude and swallowing
latency was found. Swallowing latency was delayed in seniors but
not associated with BOLD-magnitude. Arousal as measured by SCR
seemed to be arelevant factor in the recruitment of cortical areas
associated with planning and integrating sensorimotor tasks as
well as emotional processing during task performance in some
seniors when examining the positive association of SCR with
BOLD-magnitude in our study.

To investigate possible
representation of swallowing,

4.1. General considerations on cortical activation during
swallowing

We found activation in several cortical and subcortical areas in
both young and senior subjects in line with “ndings of other func-
tional imaging studies on swallowing [17,23,26,34,36,37,40,43,58] .
We also found additional activation bilaterally in the cerebellum
which has been described before [32,34,42,56,57] . Furthermore,
there were activations in the pons as described recently [40]. In
order to prevent spontaneous swallows to in"uence the experi-
mental results, they were accounted for asregressors of no interest
in the design matrix. This ensures a robust analysis without the
in"uence of unwanted activations.

4.2. Group comparisons: increased prefrontal activation

Our data support previous “ndings between neural swallow-
ing representation of seniors and young subjects [33] . In line with
this study and contrary to other swallowing studies with a small
sample size [26,34,36] , there were no differences in the compari-
son of activation in the swallowing network across groups, when
applying classical inference even with an uncorrected approach
and a more liberal activation threshold. Different experimen-
tal and methodological designs described in detail within the
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Table 1
Coordinates of highest activation for seniors correlated with SCR.

Area (Brodmannes Area) k T X y z

SPM(frequentist inference)

L SMA (BA 6) 5 7.20 342 310 53
L Superior temporal gyrus 7 6.94 S$53 S5 S1
R Brocass analogon (BA45 10 7.34 45 16 27
pars triangularis)
PPM (Bayesian inference) P
L M1 (BA 4) 228 13.94 S17 $28 63
13.21 326 334 56
13.05 520 S24 57
10 11.93 S35 S$34 56
9 10.87 335 325 53
RM1 (BA 4) 1 11.75 20 S27 69
11 11.59 9 $36 56
6 11.58 24 324 53
3 11.40 33 333 57
1 10.58 20 325 56
1 10.33 23 $33 62
6 10.28 37 315 51
5 10.26 2 330 62
LS1(BA 1,2,3) 209 14.95 526 $37 56
14.42 S41 337 54
16 11.37 533 $33 44
5 10.31 538 $25 53
RS1(BA 1,2,3) 8 11.30 33 §33 59
5 11.01 11 337 56
11 10.99 23 333 60
LS2 8 12.81 S51 S4 0
L+RSMA 23 15.25 18 325 72
56 14.84 S8 S18 72
12.62 S11 310 71
25 14.22 318 39 63
237 14.05 15 S12 71
13.23 5 S10 69
11.26 25 313 68
70 13.99 24 522 56
85 13.30 520 S22 59
6 12.97 S14 327 62
3 12.24 321 327 62
11 12.02 S6 $25 56
20 11.72 36 S12 50
12 11.27 36 315 62
4 10.43 31 S19 54
1 9.51 S24 S24 51
L Broca pars opercularis 9 12.57 S48 9 23
(BA 44/45)
3 10.63 S47 23 11
R Broca pars opercularis 2 11.24 52 27 12
(BA 44/45)
ACC 4 11.35 11 36 17
MCC 7 11.40 9 §37 54
4 10.40 8 8 41
L Hippocampus 121 14.27 S$53 S3 S1
48 11.97 S51 S19 5
56 11.68 353 0 316
10 11.02 S50 $25 9
1 9.75 S24 $10 s27
1 9.74 $62 3 S13
L Insula 2 10.81 350 33 0
Pons 8 10.21 9 337 S40

Top row shows statistical parametric mapping (SPM) coordinates. All results are
p<0.05, family-wise error corrected. Posterior probability mapping (PPM) coordi-
nates with posterior expectation of 95%con“dence (P). MNI: Montreal Neurological
Institute, t-value (T), and number of activated voxels in the cluster (k) of the highest
activated voxel for cortical activation in seniors correlated with SCRL: left; R:right;
BA: Brodmannes Area; M1: primary motor cortex; S1: primary somatosensory cor-

tex; S2: secondary somatosensory cortex; SMA: supplementary motor area; ACC:

anterior cingulate cortex; MCC: medial cingulate cortex.

introduction  (use of quantity of water, age range, statistical anal-
ysis methods) might account for the inconsistent results. Also, the
inclusion of the motion parameters as regressors of no interest
may remove some of the expected variance in the data. This is
due to the task correlated movement. Here we needed to balance

loss of sensitivity and task speci“city (arising from task correlated
movement) with expected true activations. We chose the more
conservative approach, i.e.removal of susceptibility-distortion-by-
movement-interaction  through the realign and unwarp step [1] in
the pre-processing pipeline, and inclusion of the estimated motion
parameters as regressors of no interest. This choice might also
be responsible for a lack of neural activation difference between
seniors and young participants, as the inclusion of the motion
parameters reduces the degrees of freedom.

Bayesian inference was more sensitive and found additional
activated areas not seen using the classical frequentist approach.
We found activation in BA 10, particularly Fpl, comparing old
and young participants, a “nding echoing increase of activation
in seniors independent on the task performed [24,28,38,51,65] .
As part of the prefrontal lobe, BA 10 is associated with attention
and working memory retrieval [21]. Speci“cally, Fpl may be an
important substrate for organized behavior, planning of actions
and managing multiple goals based on both episodic and short-
term memory information [6]. It suggests that older participants
utilized additional attention in swallowing performance asseenin
other motor tasks [24,28] .

4.3. Swallowing latency

In line with other studies, seniors showed prolonged swallow-
ing latency. In seniors, a later onset of pharyngeal activity has
been described [9,52,61] and has been associated with age-related
decline of muscle tissue [7].In addition, recent functional imaging
studies on swallowing reported age-related increase in swallow-
ing latency [34] . At the same time, aprolonged swallowing latency
does not seem to impede swallowing representation on the cor-
tical level. This delay most likely implies a longer time spent in
the transport phase, hence a longer time to trigger a pharyngeal
swallow. Older participants may have applied more effort and con-
centration in the oral transport phase in order to reduce the chance
of choking. This is re”ected in the measured SCRMoreover, the Fpl
activation suggests higher concentration on the task.

4.4. Higher skin conductance responsein elderly

In our study, SCRwas signi“cantly larger in the senior group
re’ecting higher arousal and possibly illustrating an increased
attentional demand to perform the task of swallowing. A linear
association between SCRand the intensity of negative emotional
stimuli has been described in arecent study [20], suggesting that
seniors with higher SCRexperienced more negative emotions dur-
ing the swallowing task. It matches unsystematic statements of
some seniors in our study mentioning anxiousness of choking while
lying in the scanner, whereas young participants did not express
any such concern. Also, Croft et al. [13] reported in their study on
autonomic responses to public speaking anxiety arelation between
skin conductance response and experience of anxiety. In our case,it
might also be reasonable and understandable that some older par-
ticipants felt more anxious about lying in asupine position given the
fact that laryngeal penetration while swallowing can occur more
frequently in the healthy older population than in younger ones
[8] . Swallowing in a supine position is rather unnatural and more
dif‘cult than in an upright position. Taking this into account, when
interpreting differences in swallowing latency, motor planning, and
attention, one has to be careful in giving too much importance
to alonger swallowing latency and increased activation in motor
planning. Thus anxiety and increased task requirements might pri-
marily explain group differences.
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4.5. Higher arousal due to higher motor planning, emotional
perception and attentional demand of swallowing

Although SCRswere signi“cantly higher for seniors, they were
not signi“‘cantly associated with age. However, activation mag-
nitude during swallowing of the older cohort was positively
associated with SCR, suggesting an individual and not an age-
related interpretation of our results. This “nding resulted in the
following conclusions. Firstly, association of premotor and sensor-
imotor areas with higher SCRmay suggest additional recruitment
of cortical areas for planning, preparation, and performance of the
complex motor task of swallowing; it may be linked to attentional
arousal [25,50] . This is consistent with other studies describing an
increased BOLD-effect in motor areas with increased task chal-
lenge [41,66] . Secondly, supplementary activation in the pons,
insula, ACC,MCCand hippocampus may indicate higher arousal and
higher attention due to a seemingly more exertive task, emotional
processing, and additional task memorization compared to other
seniors with no increased SCRscores. Pons activation has been
described as important in the excitation process of electrodermal
activity [50] . This is also supported by studies in patients with pons
and ACClesions that show selective loss of SCR[50,62] . In our case,
the localization of the activated region in the pons seemed to be in
line with the ascending reticular activating system (AAS) that has
been described to be important for general arousal [14] . Concerning
ACCactivation, it has also been described as an integrative area of
cognitive processes and autonomic arousal represented by higher
electrodermal activity with an association of cognitive demand in
tasks demanding attention [12,48]. Cognitive processes such as
recalling task instructions might also explain the hippocampal acti-
vation of elderly with higher SCRsince the hippocampus is crucial
for memorizing function [59] .Furthermore, activation of insula and
co-activation with the dorsal ACChas been described as character-
istic for visceral arousal combined with attentional engagement as
well asperception and awareness of emotions [11,12] such asanxi-
ety [46] . Taking all these “ndings together, the recruitment of ACC,
MCC, insula, and hippocampus, as seen in our study, may imply
that those seniors with higher SCRdemonstrated more attentional
arousal accompanied by an emotional valence of swallowing, and
arepeated recall of task instructions. Additionally, they may have
found the swallowing task more demanding and exertive to ful‘ll,
integrate and coordinate.

4.6. Study limitations

Since our studied seniors were relatively healthy and showed a
high level of social and athletic activity, there might be a healthy-
bias effect in our study. In future studies it is advisable to include
the status of physical activity for each subject to better interpret
the results. Moreover, it might be possible that the participantse
performance was better than that of the general age matched pop-
ulation not included in the study due to disease and disability. The
age range of the senior group was chosen to facilitate compari-
son between groups in a future study of dysphagic patients after
stroke. The expected age of dysphagia patients is 59 years [49]
with an expected range of 55...75years. Furthermore, after the age
of 75 people tend to become increasingly frail [63]. Also, it may
be dif‘cult to compare our relatively younger sample of elderly
with those in previously published studies on swallowing. Because
our senior group was comparably younger, it is possible that age
effects occur later, e.g.upwards of 70 years. Hence, a more hetero-
geneous and older sample of participants should be recruited in the
future. Secondly, it would be advisable to standardize the water
bolus volume for all fMRI experiments, since different quantities
of water have been used in previous studies by different research
groups, making it more dif‘cult to compare “ndings. In addition

to the screening questionnaire, an objective sensory and motor
test of tongue movement and swallowing performance should also
be administered to each participant prior to the experiment. This
ensures that participants swallow normally at baseline. Addition-

ally, as stated above, some senior participants expressed fear and
extra effort needed to swallow. It is important to better distin-

guish the source of arousal for seniors with higher skin conductance
responses. In future studies, a more objective questionnaire or a
visual analog scale regarding perceived attentional demand and
emotion should be implemented. This may further explain the neu-
ral representation of arousal and may differentiate the emotional

perception during swallowing in elderly.

In this experiment the inter-trial intervals did not differ in length
soasto prevent an anticipatory effect. The subjects were queued by
acolor change (from blue to green) which also represents the water
delivery time. In this sense, the subjects anticipated the next swal-
low and a randomization of the trials was unnecessary. Further,
activation in each subject group (young and old) was described
extensively in the Results section. This widespread activation in
expected regions (somatosensory, motor, insula, cerebellum, etc.)
found in the literature (and detailed in the introduction) underlines
the robustness of the experiment. Likewise, both groups performed
the same experiment, and any effect due to expected water delivery
would be accounted for in the comparison between groups.

In general, one must exercise caution when analyzing brainstem
responses using fMRI. Cardiac or respiratory effects are strongest in
subcortical regions, particularly the brainstem; however, they are
correlated with the position of blood vessels on the surface of the
medulla and the pons outside the brain tissue or on the boundaries
of the cerebrospinal "uid [10] . Since our data does not exhibit acti-
vations in such regions, we can assume that brainstem BOLD-effects
are task related. Furthermore, the location of brainstem activations
reported here seem anatomically consistent with results on deglu-
tition from microelectrode recordings [29] . Nonetheless, in future
brainstem studies, it is highly advisable to measure and include car-
diac and respiratory responses aseffects of no interest in the design
matrix.

5. Conclusion

In summary, only the Bayesian approach found afunctional acti-
vation difference in old vs.young participants in aswallowing task.
This activation was limited to the bilateral Frontal pole 1 of BA
10, and can be interpreted as an increased task-dependent atten-
tion in the older group. Furthermore, these results seem to show
that neuronal processing of swallowing remains intact as people
age. They also stress the importance and validity of Bayesian infer-
ence compared to the classical-frequentist approach. Additionally,
we found aprolonged swallowing latency aswell asa signi“cantly
higher skin conductance in seniors compared to young participants.
Seniors with a higher measure of skin conductance showed corti-
cal activation in areas associated with sensorimotor performance,
arousal and emotion, possibly suggesting increased attention and
emotional demands during the task.
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