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1 Einleitung

1.1 Fragestellung aus Sicht der Grundlagenforschung

Auf der Suche nach effektiveren Methoden flr sensorische Lernparadigmen wurden
Protokolle flr passives sensorisches Lernen entwickelt, mit deren Hilfe sich Wahrnehmung
und Verhalten des Menschen ohne dessen aktive Mitarbeit beeinflussen lassen. Die
Effektivitat solcher Protokolle konnte sowohl fur visuelle (Beste et al., 2011) als auch fur
somatosensible (Kalisch et al., 2008) Qualitaten gezeigt werden. Man nimmt an, dass die
verwendeten Stimulationsprotokolle die synaptische Ubertragung und Effizienz veréandern
(Beste and Dinse, 2013; Beste et al., 2011). Uber bestehende Verbindungen zwischen
dem somatosensorischen und dem motorischen Cortex (Jones et al., 1978; Stepniewska
et al., 1993; Wu and Kaas, 2003) konnte man durch eine somatosensible Stimulation
zusatzlich auch die Erregbarkeit des motorischen Cortex beeinflussen (Ridding et al.,
2001), die intracortikale Inhibierung dampfen (Classen et al., 2000) und eine intracortikale
Fazilitation fordern (Kobayashi et al., 2003).

Die repetitive Elektrische Stimulation (rES) der Finger ist eine Form des passiven
sensorischen Lernens, welche die taktile Wahrnehmung verbessern kann und
Plastizitatsprozesse fordert (Godde et al., 2000; Ragert et al., 2008) Bereits die alleinige
Anwendung der repetitiven elektrischen Stimulation bei alteren Probanden I6ste eine
Verbesserung der sensomotorischen Leistung aus (Dinse et al., 2006; Kalisch et al., 2008,
2010). In einer anderen Untersuchung der rES korrelierte der individuelle Lernzuwachs
hinsichtlich der taktilen Diskriminationsfahigkeit mit der Ausweitung der mit der
funktionellen Magnetresonanztomografie (fMRT) gemessenen Reprasentationsareale im
primar somatosensorischen Cortex (S1) (Pleger et al., 2003). Man vermutet daher einen
Zusammenhang zwischen Veranderungen in frihen sensorischen Arealen und der

somatosensorischen Gesamtleistung.

Vor diesem Hintergrund entwickelten wir die Frage, wie sich eine passive somatosensible
Stimulation auf ein motorisches Lernparadigma auswirken kénnte. Zur Beantwortung
dieser Frage muss zunachst erlautert werden, welche Erkenntnisse die Forschung bisher
uber das motorische Lernen erlangt hat. Wie sieht der zeitliche Ablauf der
Aktivitatsanderung der beteiligten Hirnareale aus, und wie hangen Struktur und Funktion
im Detail zusammen? Doyon et al. (Doyon et al., 2002) haben am Beispiel einer
Fingersequenzaufgabe ein Modell fur Lernprozesse im Bereich der Motorik entwickelt. Die
1



neuronale Reprasentation der Bewegungsprogramme wird in den Anfangsstadien des
Lernens im Bereich des cerebellaren Cortex angelegt. In friihen Stadien des Lernens wird
die Information, die zur Ausflihrung der Bewegung bendtigt wird, zunachst im Nucleus
dentatus abgespeichert. Spater, in Stadien mit hohem Automatisierungsgrad, wird die
Information aus den Basalganglien abgerufen, und die cerebellaren Aktivierungen gehen
zuruck. Das Bewegungsprogramm ist zu diesem Zeitpunkt in ein cortico-striatales
Netzwerk eingebunden. Auch Hikosaka et al. (Hikosaka et al., 2002) gehen von einem
solchen Modell aus, bei dem, abhangig von der Art der Ausgangskoordinaten der
Bewegung (raumliche Koordinaten, oder aber mit Bezug auf die motorischen Einheiten
des Kaorpers), entweder cortico-cerebellare oder cortico-striatale Schleifen angelegt
werden. Uber die Bedeutung der GréRe der cortikalen Reprasentation des primar-
somatosensorischen Cortex (S1) und des primar-motorischen Cortex (M1) in Abhangigkeit
von der Dauer der Lerninterventionen gibt es eine kontroverse Debatte. Aufzeichnungen
des BOLD-Signals direkt nach dem Training zeigten eine Zunahme der BOLD-
Ausdehnung in M1 (Lotze et al., 2003). Im Gegensatz dazu wurde in Langzeitstudien von
Trainingseffekten eine fokussierte und 6konomisierte Reprasentation im primar-
motorischen Cortex gefunden (Lotze, 2003; Pau et al., 2013). Ahnliches wurde nach
einem Training der Wahrnehmung fur den visuellen Cortex beschrieben: In den ersten
Wochen nahm sowohl die Aktivierung in der zustandigen Unterregion des primar-visuellen
Cortex (V1) des trainierten Blickfelds als auch die gemessene Leistung in der
Durchfuhrung der Aufgabe zu. Wahrend sich die Performance auf anhaltend hohem
Niveau befand, ging die Hirnaktivierung mit der Zeit wieder auf das Ausgangsniveau

zuruck (Yotsumoto et al., 2008).

1.2 Fragestellung aus klinischer Sicht

Zahlreiche Forschungsgruppen haben insbesondere die motorische Rehabilitation von
Schlaganfallpatienten und Trainingsparadigmen flr altere Menschen untersucht. So
wissen wir heute nicht nur, welches Training eine gute Erfolgsrate zeigt, sondern wir
beginnen auch zu verstehen, wie das Gehirn die notwendigen Umstrukturierungen
bewerkstelligt. Es konnte vielfach gezeigt werden, dass die funktionelle Kartierung der
Hirnleistung weit flexibler ist als gedacht (Thomas et al., 1997; Yotsumoto et al., 2008).
Auch die nichtdominante Hemisphare ist an der Rehabilitation einer geschadigten
Funktion der dominanten Hirnhalfte beteiligt (Carey et al., 2006; Feydy et al., 2002).



Da rES wirksam und leicht anzuwenden ist, wird es bei Patienten mit einem Schlaganfall
oder einer Hirnverletzung eingesetzt (Kalisch et al., 2008, 2010). Bei der Anwendung Uber
Wochen und langere Zeitraume hinweg konnten positive Auswirkungen auf die taktile
Wahrnehmung und die motorische Funktion beobachtet werden (Kattenstroth et al., 2012;
Smith et al., 2009). In Studien zu den Effekten der elektrischen Stimulation des Nervus
medianus wurde aulderdem gezeigt, dass es bei Schlaganfallpatienten zu einer Zunahme
der Handkraft kam (Conforto et al., 2002; Dos Santos-Fontes et al., 2013). Eine
Kombination von peripherer elektrischer Nervenstimulation und einer eintagigen
motorischen Trainingsintervention des Daumens konnte die Trainingseffekte bei

Schlaganfallpatienten verstarken (Sawaki et al., 2006).

Unsere Studie folgt der Frage, wie sich der Effekt eines motorischen Trainingsparadigmas
durch eine vorbereitende passive sensorische Stimulation mittels rES beeinflussen lasst.
Die meisten Studien wiesen Effekte einer elektrischen Stimulation bei Patienten mit
neurologischen Erkrankungen nach (Conforto et al., 2007; Sawaki et al., 2006), zu
Gesunden wurden hingegen bisher relativ wenige Studien verdffentlicht. Wir nahmen an,
dass durch Fazilitierungseffekte auch leistungsstarke junge Erwachsene von einer
Kombination aus rES und motorischem Training profitieren wirden, mit dem Ergebnis
eines schnelleren oder nachhaltigeren Erwerbs motorischer Fertigkeiten. Wir untersuchten
sowohl den Leistungszuwachs der motorischen Fahigkeiten als auch der somatosensiblen
Diskrimination. Uber eine Analyse in vorab definierten Regions of Interest (ROI) priiften wir
mittels funktioneller Magnetresonanztomografie (fMRT), ob sich die cortikalen
Aktivierungen (sekundar-motorische und -somatosensorische Reprasentationen, die durch
motorische Aufgaben aktiviert wurden) im Trainingsverlauf in subcortikal gelegene Areale
(anteriore cerebellare Hemisphare, Basalganglien) verschieben. Wir verglichen die
gemessenen Ergebnisse mit denen einzeln zugeordneter Kontrollprobanden, basierend
auf motorischer Ausgangsleistung und demografischen Parametern (Alter, Geschlecht),
um festzustellen, ob eine Kombination von somatosensibler Stimulation und motorischen
Training gegenuber dem alleinigen motorischen Training zu einem zusatzlichen Effekt
fuhrt. Kenntnis der Wirkung und der Funktionsweise der sensomotorischen Integration
koénnte nicht nur den Eingang der angewandten Methode in die Rehabilitation fordern,
sondern 6ffnet auch Maéglichkeiten fur die Entwicklung leicht implementierbarer
Therapieansatze fur starker betroffene Patienten mit geringer Restfunktion bzw. einer

"poor recovery" (vgl. Carey et al., 2006).



Die Ergebnisse der Studie, die dieser Arbeit zugrunde liegt, wurden in zwei Artikeln bei
PLOS ONE, Band 9 (Ladda et al., 2014) und in Brain Stimulation, Band 10 (Lotze et al.,
2017) veroffentlicht. Eine Kopie beider Publikationen ist am Ende dieser Arbeit beigeflgt.



2 Material und Methoden

In diesem Abschnitt werden die Methoden und Materialien, die in dieser Studie zum
Einsatz kamen, in abgekurzter Form dargestellt; flr detaillierte Informationen
insbesondere zu technischen Geraten, Vorverarbeitung und statistischer Auswertung der
erhobenen Daten sei an dieser Stelle auf den Methodenteil der zugrundeliegenden

Publikationen im Anhang verwiesen.

2.1 Probanden

Wir fuhrten unsere Studie mit insgesamt 30 gesunden jungen Menschen durch, unter
Beachtung der Deklaration von Helsinki und mit Zustimmung der Ethikkommission der
Medizischen Fakultat der Universitat Greifswald. Die eine Halfte der Probanden erhielt vor
dem motorischen Training jeweils eine elektrische sensorische Stimulation der
Fingerspitzen der linken Hand, wahrend in der Kontrollgruppe nur die motorische
Trainingsintervention erfolgte. Die Gruppen wiesen in Bezug auf demografische Parameter
und die motorische Ausgangsleistung eine homogene Verteilung auf. Es handelte sich um
Rechtshander mit ausgepragter Dominanz der rechten Hand (Edinburgh Handedness
Inventory laterality quotient: 96,1+4,7). AuRerdem schlossen wir Instrumentalisten von der
Studie aus. Keiner der Probanden war von einer neurologischen Stérung betroffen, hatte
eine bekannte GefalRerkrankung oder nahm eine Dauermedikation ein (hormonelle
Kontrazeptiva ausgenommen). Diese Kriterien sollten eine hohe Homogenitat innerhalb
der Gruppe sicherstellen, insbesondere bezlglich der hemisphariellen Dominanz. Die
interindividuell unterschiedlich ausgepragten Verbindungen zwischen linker und rechter
Hemisphare werden durch die Dominanz beeinflusst; und die Verteilung der Dominanz
verschiedener funktioneller Areale bei unterschiedlicher Handigkeit verhalt sich nicht
spiegelbildlich zueinander, sodass die Auswertung von Bildgebungsdaten bei gemischten
Gruppen Schwierigkeiten bereiten kann (Perry et al., 2001). DarUber hinaus diente die
starkere Naivitat der linken Hand bezlglich motorischer Funktionen zur Minimierung eines

Deckeneffekts, der im Rahmen des motorischen Trainings auftreten konnte.



2.2 Studienaufbau

Es wurden 30 Rechtshander untersucht, die ihre linke Hand insgesamt 10 Tage lang
motorisch trainierten. Pro Tag wurde etwa 60 Minuten lang trainiert. Die Trainingszeiten
wurden dabei mithilfe einer Software dokumentiert (AFT 1.2, Platz, Greifswald;
Programmierung durch OLIOID GmbH, Berlin, Deutschland). Der einzelnen Sitzung ging
bei 15 Probanden zusatzlich jeweils eine 20-minutige repetitive elektrische Stimulation der
Fingerspitzen der linken Hand voraus (rES-Gruppe). Wahrend der Stimulation sal3en die
Probanden ruhig da, ohne sich im Besonderen auf den Stimulus zu konzentrieren.

Ablenkende Aktivitaten wie Lesen oder Fernsehen waren erlaubt.

Als Ergebnisparameter wurde an drei Messzeitpunkten eine motorische Testung
durchgefuhrt. Am ersten und letzten dieser drei Messtage fanden zudem die Messungen

im Scanner statt — bei der rES-Gruppe zusatzlich auch eine sensorische Testung.

2.3 Trainingsmethoden

Methoden des motorischen Trainings und der elektrischen Stimulation.

2.3.1 Motorisches Training

Die eingesetzte Trainingsmethode, das Arm-Fahigkeits-Training (AFT), ist in der
Rehabilitation von Schlaganfallpatienten bereits etabliert. Es trainiert in acht
verschiedenen Aufgaben systematisch Uberwiegend feinmotorische Fahigkeiten mit
jeweils unterschiedlichen Anteilen einer visuellen und somatosensiblen
Bewegungskontrolle (s. Abb.1) (Platz et al., 2001). Hierzu zahlen schnelle
Zielbewegungen, visuelle Folgebewegungen, Arm- und Handstabilitat, schnelle isolierte

Bewegungen der Finger und die Geschicklichkeit von Hand und Fingern.



Abbildung 1: AFT-Aufgaben. Von links oben: Zielbewegungen, Fingertapping, Durchstreichen, Scheiben
umdrehen, Labyrinth, Schrauben und Muttern, kleine Objekte, gro3e Objekte.

Ziel des Trainings ist eine Reduktion der fir die einzelnen Aufgaben bendtigten Zeit bei
gleichbleibender (oder reduzierter) Fehlerzahl. Uber die eingesetzte Software zur

Dokumentation konnten die Probanden sich die Ergebnisse ihres Trainings grafisch und
numerisch darstellen lassen. An den Tagen der Untersuchungen flhrten die Probanden

das Training unter der Aufsicht des Studienanleiters durch.

2.3.2 Repetitive Elektrische Stimulation

Die 15 Probanden der rES-Gruppe wurden taglich fir 20 Minuten an den Fingerspitzen der
linken Hand stimuliert. In der Kontrollgruppe wurde keine Stimulation durchgefihrt.
Zwischen Stimulation und Trainingsbeginn lagen weniger als 20 Minuten. Die Applikation
erfolgte Uber Klebeelektroden am ersten und dritten Fingersegment (Kathode proximal
gelegen), die an ein TENS-Gerat angeschlossen wurden. Uber ein tragbares
Speichermedium spielte das TENS-Gerat eine festgelegte Sequenz einsekundiger
Stimulusserien in Intervallen von 5 Sekunden ab (Einzelpulsdauer: 0,2 ms,
Rechteckimpuls, Frequenz: 20 Hz). Die Stimulusintensitat entsprach dabei der doppelten
individuellen Reizschwelle der medianus- und ulnarisversorgten Fingerkuppen; im Mittel
10,8 £ 1,5 mA an d1-d3 und 7,8 £ 0,9 mA an d4 und d5.



2.4 Motorisches und sensorisches Assessment
2.4.1 Motorische Testung trainierter Aufgaben

Als primarer Ergebnisparameter wurde die Leistung in den AFT-Aufgaben vor und nach
dem Training bei allen Probanden flr beide Hande einzeln und unverblindet untersucht.
Hierzu wurde die Zeit gemessen, welche flr die Durchfuhrung der einzelnen Aufgaben
bendtigt wurde. Die Veranderungen stellten wir jeweils prozentual fir das komplette

Aufgabenset dar.

2.4.2 Motorische Testung nicht trainierter Aufgaben

Als sekundare Ergebnisparameter ermittelten wir zum einen die maximale Griffkraft mit
einem Vigorimeter (Gebruder Martin & Co. KG, Tuttlingen, Deutschland). Zur Beurteilung
der Feinmotorik wurden auRerdem der NHPT und der Roeder-Manipulative-Aptitude-Test
(RMAT) durchgefliihrt. Es handelt sich bei letzterem um ein Testverfahren, welches
ursprunglich entwickelt wurde, um die feinmotorischen Fahigkeiten und die Auge-Hand-
Koordination potenzieller Arbeitnehmer objektiv zu beurteilen und diese bezuglich der
Berufswahl beraten zu kdnnen (siehe Roeder Manipulative Aptitude Test Manual,

Lafayette Instrument).

2.4.3 Sensorische Testung

Wir verwendeten den Grating Orientation Test (GOT) zur Beurteilung des taktilen
Auflosungsvermogens im Bereich der Fingerkuppen. Die Wahrnehmungsschwelle fur
Druck wurde mittels Frey-Haar-Testung untersucht. Die Testung wurde vor Beginn des

Trainings sowie ca. 18-24 Stunden nach Abschluss der Intervention durchgefuhrt.



2.5 Funktionelle Magnetresonanztomografie (fMRT)

2.5.1 Grundlagen

Zum besseren Verstandnis folgt an dieser Stelle in Ergéanzung zu den Angaben im

Methodenteil der Publikationen ein kurzer Exkurs zur fMRT.

Die funktionellen Magnetresonanztomografie ist eine Untersuchungstechnik, bei der ein
erhdhter Energieverbrauch im Gehirn detektiert und lokal zugeordnet werden kann. Sie
ermdglicht uns, indirekt auf die Aktivitat und Funktion einzelner Hirnareale rickzuschlieRen.
Mittels elektromagnetischer Messung wird die Oxygenierung des Blutfarbstoffes
Hamoglobin bestimmt. Die Oxygenierung ist abhangig von der Sauerstoffausschopfung
und somit letztlich vom Energieverbrauch des durchflossenen Hirngewebes. Das
aufgenommene Signal bezeichnet man als Blood Oxygenation Level Dependent (BOLD).
Da die Anderung des BOLD-Signals von der Flussgeschwindigkeit des Blutes abhangt, ist
die zeitliche Auflésung der Signale limitiert und liegt im Bereich von Sekunden. Die
raumliche Aufldsung der fMRT ist dagegen besonders hoch (< 1cm, u.a. abhangig von der
Starke des Magnetfeldes), z.B. im Vergleich mit der ebenfalls verbreiteten Technik der
Elektroenzephalographie (EEG). Die EEG-Technik ist durch eine hohe zeitliche Auflésung

im Bereich von Millisekunden gekennzeichnet aber eine geringe raumliche Auflésung.

Um die Wahrscheinlichkeit zu bestimmen, mit der eine gemessene Aktivitat der einzelnen
Voxel (= Volumenelemente im Bild im Sinne dreidimensionaler Pixel) auch tatsachlich
aufgetreten ist, wird zunachst mithilfe des Programms SPM (Statistical Parametric
Mapping) pro Voxel eine unabhangige T-Statistik berechnet. Gangig ist dabei die
Annahme einer Irrtumswahrscheinlichkeit von 5%. Aufgrund der hohen Gesamtzahl der zu
testenden Voxel im Gehirn (das Hirnvolumen betragt etwa 1400 cm”3 (Schrenk, 2008))
kommt es mengenmafig zu vielen falsch-positiven Aktivierungen (a-Fehler). Die False
Discovery Rate (FDR) erméglicht, dass man ausschlie3lich die Irrtumswahrscheinlichkeit
fur diejenigen Voxel berlcksichtigt, die als signifikant aktiviert getestet wurden. So
verringert sich die Gesamtmenge der falsch-positiven Voxel. Bei der Family-Wise-Error-
Korrektur (FWE-Korrektur) wird der Verstarkung eines Bias durch multiple statistische
Testungen Rechnung getragen, ublicherweise mittels Anwendung der Bonferroni-
Korrektur auf das Ergebnis. Die Summe n aller getesteten Hypothesen Hy wird verworfen,
wenn die Wahrscheinlichkeit p der einzeln getesteten Hypothese kleiner ist als a/n

(Wikipedia, 2017). Durch weitere Beschrankung auf die ROI reduziert man die Testung auf



festgelegte Hirnregionen, in welchen man relevante Aktivierungen erwartet oder

untersuchen mochte.

2.5.2 Messungen

Die fMRT-Messungen fanden 3-4 Tage vor der Intervention und einen Tag nach der
letzten Trainingseinheit statt. Wahrend der Aufzeichnung der Hirnaktivitat fuhrten die
Probanden im Scanner liegend vier verschiedene motorische Transferaufgaben aus. Zwei
dieser Aufgaben ahnelten den im AFT trainierten Bewegungen (visuell geflhrte
Bewegungen: Abschreibaufgabe; und repetitives Fingertapping: Tastendruck nach
Zahlenfolge), wahrend die anderen beiden Aufgaben das Erreichen einer vorgegebenen
Zielkraft bei wiederholtem Faustschluss sowie die Durchfihrung des Nine-Hole-Peg-Tests
(NHPT) ohne visuelle Kontrolle beinhalteten. Die Aufgaben wurden in einzelnen
Durchgangen getrennt mit der rechten und der linken Hand ausgefuhrt. In der rES-Gruppe
gab es zusatzlich zwei Durchgange mit einer passiven sensorischen Stimulation des
linken und des rechten Zeigefingers. Um die spezifische Hirnaktivitat wahrend der
Aufgaben bzw. der Stimulation gegenuber der Grundaktivitat abzugrenzen, erfolgten die
Scanuntersuchungen im Blockdesign, bei dem sich Ruhephasen und Aktivitdt mehrmals
wahrend eines Scans abwechseln. Uber eine Videoprojektion erhielten die Probanden
Start- und Stoppsignale beim Blockwechsel (griner bzw. blauer Bildschirm), und es
wurden die erforderlichen Informationen zur Durchfiihrung der Aufgaben dargestellt
(Zahlenfolge als Kodierung fur das Drlcken korrespondierender Tasten,

Rhythmusvorgabe und Feedback-Balken mit Kraft-Ziellinie beim Faustschluss).

Detaillierte Angaben zur Durchfiihrung der Aufgaben und zu den technischen Details der
fMRT-Untersuchung sowie die statistische Auswertung finden sich jeweils im Methodenteil
der beiden Publikationen im Anhang. Die Ergebnisse der Kontrollgruppe wurden zudem
bereits 2015 publiziert (Walz et al., 2015).

2.6 Zusatzliche Analysen

Hierbei handelt es sich um weitere Daten, die erhoben wurden, jedoch nicht mit in die

Publikationen eingeflossen sind.
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2.6.1 Subjektiv empfundene Konzentration und Effekt des Trainings

Nach der ersten bzw. zweiten Woche baten wir die Probanden um eine Einschatzung
mittels visueller Analogskala. Sie sollten angeben, wie hoch ihre Konzentration wahrend
des Trainings gewesen war und wie hoch sie den Effekt des bisherigen Trainings
einstuften. Der Vergleich der Werte diente zur Abschatzung des Einsatzes der Probanden

und mdglicher subjektiv wahrgenommener Automatisierungsprozesse.

2.6.2 Alltagseinsatz der rechten und der linken Hand

Die Probanden wurden zu Beginn und Schluss der Studie gebeten die prozentuale
Verteilung des Einsatzes der linken und der rechten Hand flr insgesamt acht
Alltagstatigkeiten anzugeben. Abgefragt wurden folgende Aktivitaten: Zahneputzen,
Kammen, Trinken, Essen mit dem Loffel, Staubwischen, Staubsaugen, Aufrdumen und

Wasche waschen/aufhangen.

2.6.3 Box and Block Test

Dieser Test wurde nur in der rES-Gruppe durchgefihrt. Mit diesem Test wird eine
Bewegung der oberen Extremitat untersucht, die grobe Bewegungen des Armes mit einem
Prazisionsgriff nach Art des Pinzettengriffs kombiniert. Der Proband sitzt vor einer
langlichen Box, die in ein rechtes und ein linkes Kompartiment geteilt ist. Innerhalb von 60
Sekunden mussen so viele Holzklétzchen (2,5 cm x 2,5 cm Kantenlange) wie moglich
einzeln vom ersten Kompartiment auf der Seite der zu testenden Hand Uber die

Trennwand in das zweite Kompartiment beférdert werden (Mathiowetz et al., 1985).

11



3 Ergebnisse

Im Folgenden werden die wesentlichen Ergebnisse der Arbeit in kurzer Form vorgestelit.
Der Schwerpunkt liegt hierbei auf dem Vergleich der beiden Studiengruppen. Die

Ergebnisse nicht veroffentlichter Analysen werden ebenfalls vorgestellt.

3.1 Sensorik (nur rES-Gruppe)

Die Probanden der rES-Gruppe zeigten nach der Intervention ein erhohtes taktiles
Auflésungsvermdgen insbesondere fur d2. Darlber hinaus bestand in der
Interventionsgruppe eine Korrelation zwischen verbessertem Auflésungsvermégen von d2
und der Verbesserung des Trainingsergebnisses bei der Aufgabe ,kleine Objekte” fur die
linke Hand. Das unter taktiler Stimulation im MRT aktivierte Areal in Brodmann Area 1

(BA1) war nach der Intervention verkleinert.

3.2 Motorik

Es stellte sich ein insgesamt groRerer Trainingserfolg des AAT bei der rES-Gruppe ein (im
Mittel 32,9% Verbesserung der Leistung mit der linken Hand) gegenuber der rein
motorischen Trainingsintervention ohne vorherige Stimulation (29,5%). Der grofdte
Leistungszuwachs der Stimulationsgruppe gegentber der Kontrollgruppe war bei der
Aufgabe ,Fingertapping“ zu verzeichnen. Auch fur die rechte Hand zeigte sich in der rES-
Gruppe ein vermehrter Leistungszuwachs von 22,0% gegenuber 20,7% in der
Kontrollgruppe. Eine schlechte Ausgangsleistung bei der Aufgabe ,Schrauben® konnte als
Pradiktor fur einen insgesamt besseren Trainingserfolg identifiziert werden. Von den
sekundaren Ergebnisvariablen zeigte die ,Griffkraft” in der rES-Gruppe flr beide Hande
eine Kraftzunahme nach dem Training. Die Griffkraft der linken Hand steigerte sich dabei
signifikant um 10,0% gegenuber 1,9% in der Kontrollgruppe. Die Schreibgeschwindigkeit
der linken Hand nahm in der rES-Gruppe ebenfalls deutlich zu (um 18,6% gegenuber
11,0% bei der Kontrollgruppe). Der Unterschied lag jedoch unterhalb des
Signifikanzniveaus und wies eine moderate Effektstarke auf (Cohen’s delta: 0,53). Beim
NHPT und dem RMAT zeigten sich keine wesentlichen Gruppenunterschiede fur die
rechte oder die linke Hand (RMAT rechte Hand: t(28) = 1,29; n. s.; RMAT linke Hand:
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t(28) = 0,76; n. s.; NHPT rechte Hand: t(28) = 0,74; n. s.; NHPT linke Hand: t(28) = 0,75;
n. s.). Eine initial niedrige ipsilaterale Aktivierung der sensorischen BA1 pradizierte ein
besseres Ergebnis bei einer Transferaufgabe mit somatosensorisch gefuhrten
Bewegungen (RMAT Aufgabe 1: r =0,53; P < 0,05).

3.3 fMRT

Im Direktvergleich der Aktivierungskarten fur alle vier linkshandigen Bedingungen der
fMRT-Untersuchung zeigte sich sowohl pra minus post als auch post minus pra kein

signifikanter Gruppenunterschied.

Die Schreibaufgabe mit der linken Hand nach
dem Training I6ste in der rES-Gruppe eine
verstarkte Aktivierung im contralateralen
Putamen und im ipsilateralen anterioren
Cerebellum aus (Abbildung 2). Mit Ausnahme
der Aktivierung des Putamens entsprach dies
auch dem Ergebnis der Kontrollgruppe. In

beiden Gruppen fand sich bei der

Untersuchung der Fingersequenz nach

dem Training eine GroRenabnahme der Abbildung 2: Zunahme der funktionellen
Aktivierungen der rES-Gruppe im rechten Putamen
aktivierten ROls im bilateralen primar- und linken Cerebellum beim Schreiben mit der linken
. Hand. Gruppenanalyse flir 15 Probanden, Post-
sensomotorischen Cortex, dem minus Pra-Messung; p < 0,05; FWE-Kkorrigiert fiir eine

.. . Regions-of-Interest-Analyse.
supplementar-motorischen Areal (SMA), J Y

dem dorsolateralen prafrontalen Cortex und dem superioren Parietallappen (SPL). Eine
Grollenzunahme der Aktivierung fand sich hingegen bei der Griffkraftmodulierung mit der
linken Hand. Sie zeigte sich in der rES-Gruppe im Bereich von ipsilateralem Putamen und
Pallidum. Wahrend der Durchfuhrung der Fingersequenzaufgabe zeigte sich die Abnahme
aktivierter Areale nur fur die linke Hand. Bei Durchfihrung mit der rechten Hand kam es
nach der Intervention zu einer vermehrten Aktivierung im Bereich von ipsilateralem
Nucleus caudatus und Putamen. In der Kontrollgruppe fand sich die Zunahme der
Aktivierung im Bereich der ipsilateralen anterioren cerebellaren Hemisphare, im Vermis

und im superioren Parietallappen (BAS5). Die Durchfiihrung des NHPT mit der rechten
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Hand war in der rES-Gruppe begleitet von einer abnehmenden Aktivitat im ipsilateralen

Pallidum und einer Aktivitatssteigerung im sekundar-somatosensorischen Cortex (SlI).

Bei der Durchfliihrung mit der linken Hand zeigten sich dagegen bei beiden Gruppen keine

signifikanten Anderungen.

In beiden Gruppen korrelierte ein positiver Trainingseffekt des gesamten AFT (alle acht
Aufgaben) mit einer Zunahme der contralateralen Aktivierung in S1 wahrend der

Durchfihrung der Griffkraftmodulation.

3.4 Ergebnisse zusatzlicher Analysen
3.4.1 Subjektiv empfundene Anstrengung und Konzentration
Die Einschatzung wurde nach der ersten und der zweiten Woche des Trainings erhoben.

In der rES-Gruppe wurde der Effekt des Trainings nach der ersten Woche auf einer
visuellen Analogskala auf durchschnittlich 6,4 £ 0,7 eingeschatzt; nach der zweiten Woche
lag der Mittelwert bei 8,2 + 0,6. Der Wert fur die Konzentration wurde in der ersten Woche

mit 8,0 + 0,8 angegeben, flr die zweite Woche betrug der Mittelwert 8,2 + 0,5.
Die Angaben der Kontrollgruppe unterschieden sich nicht von denen der rES-Gruppe.
3.4.2 Alltagseinsatz der rechten und der linken Hand

Die durchschnittliche Aufgabenteilung zwischen rechter und linker Hand lag fur die rES-
Gruppe in der Pra-Erhebung bei 89,0 + 7,5% bzw. 11,0 £ 7,5%. Nach Abschluss der
Studie lag die Verteilung unverandert bei 89,0 + 6,5% und 11,0 £ 6,5%. In der

Kontrollgruppe war der Alltagseinsatz der Hande vergleichbar.

3.4.3 Box and Block Test

Beim Box and Block Test (BBT) zeigten die Probanden eine signifikante Verbesserung

ihrer Ausgangsperformance beider Hande. Die initiale Leistung lag dabei unterhalb der

14



von Mathiowetz et al. angegebenen Referenzwerte der jeweiligen Altersgruppe
(Mathiowetz et al., 1985).

Box and Block Test

90

85

80

BRechte
Hand

Anzahl Holzwiirfel
=]

OLinke
Hand

Tag 1 Tag 10
Messzeitpunkt

Abbildung 3: Ergebnisse des Box and Block Test fiir die rES-Gruppe. Verbesserung der Leistung der linken
und der rechten Hand mit unverdndertem Seitenverhéltnis. Die senkrechten Linien geben die Gré3e des

Standardfehlers an.

Die repeated measures Analysis of Variance zeigte fur den Faktor Zeit (F26, 2) = 40,61; p <
0,001) und Hand (F(13, 1)= 5,28; p < 0,05) isolierte Effekte (Zeit*Hand: F2 2) = 0,91; n. s.;
zweiseitiger T-Test Zeit: linke Hand t(13) = -6,06; p < 0,001; linke Hand t13) = -6,03; p <
0,001). Zwischen linker und rechter Hand bestand zu keinem Messzeitpunkt ein

signifikanter Unterschied der Performance (pra: t13)=-1,61; n. s.; post: t13) = -1,36; n. s.).
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4 Diskussion

Bezuglich der taktilen Auflésung konnten wir die Ergebnisse vorhergehender Studien mit
dem Grating Orientation Test reproduzieren. Motorisch profitierten die stimulierten
Probanden vom Transfereffekt einer zunehmenden Griffkraft, welcher in der
Kontrollgruppe nicht eintrat. Den BBT flhrten wir nur in der rES-Gruppe durch. Es zeigte
sich eine Zunahme in der Geschwindigkeit der Durchfihrung nach dem Training, und
beide Hande profitierten in ahnlichem Male. Da wir feststellten, dass der NHPT in der
Testsituation bei Gesunden einige Schwachen aufweist (Wegrutschen der Stifte aus der
Mulde), ist zu Uberlegen, ob in zuklnftigen Studien ein anderer motorischer Test
eingesetzt werden sollte. Der BBT untersucht im Vergleich grobere Bewegungen. Der
Spitzgriff kommt zwar zum Einsatz; die feine Diskriminationsfahigkeit im Bereich der
Fingerkuppen ist jedoch aufgrund der GroRRe der Holzkldtze gegenuber den
Anforderungen des NHPT weniger wichtig. Da die Ausgangsleistung der Probanden
unterhalb der angegebenen Referenzwerte lag und der Test in der Kontrollgruppe nicht
zum Einsatz kam, ist die Einordnung der Ergebnisse schwierig. Insbesondere der
durchgehend fehlende Seitenunterschied stellt die Aussagekraft des Tests im

vorliegenden Setting in Frage.

Die funktionellen Aktivierungen in der rES-Gruppe wiesen nach dem Training einige
Veranderungen auf. Es kam zu einer Okonomisierung in bilateralen priméren und
sekundaren sensomotorischen Regionen (M1, S1, SMA, SPL) nach dem Training wahrend
der Durchfiihrung der Fingersequenz. Fiir Langzeittraining ist eine solche Okonomisierung
vorbeschrieben; insbesondere an Sequenzaufgaben wurde sie haufig untersucht (Dayan
and Cohen, 2011; Shadmehr and Krakauer, 2008). Am Beispiel professioneller Musiker
gegenuber Nichtmusikern (Lotze et al., 2003) und Amateuren (Pau et al., 2013) wurde
ebenfalls eine Abnahme der motorischen Aktivierung von SMA, pramotorischem Cortex
und ipsilateralem M1 bei der Durchfihrung verschieden komplexer Bewegungen
nachgewiesen. Beim Faustschluss stellten wir eine Zunahme der Aktivitat im Putamen und
im ipsilateralen Kleinhirn fest. Beim Schreiben mit der linken Hand zeigte sich die
Zunahme der Aktivierung im contralateralen Putamen. Diese Ergebnisse stutzen ebenfalls
die bisherige Datenlage zur Veranderung der Aktivierung durch Langzeitlernen (Dayan
and Cohen, 2011; Tzvi et al., 2015). Die cerebellaren Aktivierungen betrafen dabei sowohl
anteriore als auch posteriore Anteile, zudem waren anteriore Anteile des Vermis beteiligt.
Fir letztere Aktivierung vermuten wir eine Beteiligung bei der Erzeugung einer
rhythmischen Komponente des Schreibens (Penhune et al., 1998). Der in beiden Gruppen
16



beobachtete positive Trainingseffekt im AFT korrelierte mit einer Aktivierungszunahme im
contralateralen S1-Areal wahrend der Griffkraftmodulation. Unsere Ergebnisse legen nahe,
dass die Verarbeitung sensomotorischer Informationen beider Hande durch ein
unilaterales motorisches Training mit einer vorausgehenden somatosensorischen
Stimulation modifiziert werden kann. Diese Veranderungen scheinen dabei durch Areale
im Bereich der Basalganglien und des Cerebellums vermittelt zu werden. Nach der
Stimulation der linken Hand erwarteten wir eine Beeinflussung der Leistung durch eine
erhdhte Erregbarkeit der rechten Hemisphare. Bei der Schreibaufgabe wurden jedoch
weiterhin Ressourcen der dominanten linken Hemisphare rekrutiert. Patienten mit
niedriger Ausgangsleistung z.B. aufgrund einer Hirnschadigung kdnnten von dem Effekt
profitieren, wenn sie beim Training auf Uberlernte Bewegungsmuster der gesunden
Hirnhalfte zurtckgreifen kdnnen. In der Stimulationsgruppe war der Transfereffekt starker
ausgepragt, die Griffkraft nahm zu. Wir gehen daher von einem generalisierten Lerneffekt
fur diese Gruppe aus. Die Aktivierung von S1 hingegen nahm in beiden Gruppen zu.
Dieses Areal ist von hoher Relevanz fur das motorische Lernen. Der Effekt kdnnte durch
eine Beeinflussung der Erregbarkeit der Verbindung zwischen S1 und M1 vermittelt
werden (Veldman et al., 2015). S1 wird durch den pramotorischen Cortex kontrolliert
(Manita et al., 2015). Ein somatosensibles Defizit beeintrachtigt in der Gegenrichtung Uber
diese Verbindung z.B. die motorische Rehabilitation. In Resting-State-Analysen
korrelierten die cortikale Aktivitat und Synchronizitat positiv mit dem taktilen
Diskriminationsvermdgen im Bereich der contralateralen Hand. Nach Anwendung von rES
zeigte sich eine verbesserte funktionelle Konnektivitat zwischen S1 und M1 (Freyer et al.,
2012) und die cortikale Erregbarkeit war nach repetitivem taktilem Training gesteigert
(Schabrun et al., 2012). Dartber hinaus wird eine Steigerung der Erregbarkeit von M1 in
Abhangigkeit von sensorischen Afferenzen Uber das Cerebellum vermittelt (Popa et al.,
2013). Es lasst sich also festhalten, dass Interaktionen zwischen dem motorischen und
dem sensorischen Cortex von zentraler Bedeutung sein kénnten fur die positiven Effekte
eines sensorischen Primings der motorischen Leistung. Aufgrund dieser Vermutungen
gehen wir davon aus, dass eine gesteigerte Erregbarkeit von S1 zu einer relevanten
Verstarkung der primar-sensomotorischen Plastizitat fuhrt, und auch zu den beobachteten
Trainingseffekten in Bezug auf die somatosensible und motorische Leistung. Die Zunahme
der somatosensiblen Leistung kdnnte insbesondere fur die verbesserte Geschwindigkeit
des Fingertappings verantwortlich sein, denn diese Aufgabe zeigte die hochste

Effektstarke aller AFT-Aufgaben in der rES-Gruppe. Diese Aufgabe ware dartber hinaus
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fur den Direktvergleich auch gut im MRT durchflihrbar und kénnte in zuklnftigen Studien

anstelle des NHPT eingesetzt werden.

Einschrankend ist festzustellen, dass es sich um eine niedrige Probandenzahl handelte,
was sich auch im Cohens Delta zeigte. Von der Effektstarke her waren die Ergebnisse
vergleichbar mit denen von Studien zur gesteigerten cortikalen Erregbarkeit durch anodale
transkranielle Gleichstromstimulation (tCDS). Die rES stellt somit eine Alternative zum
anodalen tCDS-Priming dar. Da es sich um Gesunde handelte, war mit einem
Deckeneffekt zu rechnen. So zeigte sich kein statistisch relevanter Gruppenunterschied
der Aktivierungen im fMRT bei der motorischen Testung. Die geringe statistische Power
und die Tatsache, dass die Aufgabensets im Scanner nicht mit dem Training
Ubereinstimmten, durften hierbei eine Rolle gespielt haben. Auch fanden die
Untersuchungen aus organisatorischen Grinden mit einer gewissen Latenz zum Training
statt, sodass mittelfristige passagere Veranderungen nicht in die Ergebnisse mit einflossen.
Kleine Unterschiede zwischen den Gruppen waren so moglicherweise durch das
vorliegende Studiendesign nicht detektierbar. Zudem sind Veranderungen beim Langzeit-
Training gegenuber kurzfristigen Lerneffekten insgesamt weniger stark ausgepragt (Dayan
and Cohen, 2011; Lotze, 2003), daher sind unter Umstanden dann auch die
Gruppenunterschiede bei kleinen Probandenzahlen nicht erkennbar. Ein veranderter
Alltagseinsatz der trainierten Hand im Sinne eines globalen Transfereffekts lie3 sich
ebenfalls nicht nachweisen. In Bezug auf das verwendete rES-Protokoll ist zu erwahnen,
dass unter Umstanden andere Stimulationsprotokolle (Chipchase et al., 2011; Schabrun et
al., 2012) noch effektiver sein konnten in Bezug auf die Modulation von sensomotorischer
Interaktion mittels Priming. Bisher gibt es jedoch keine direkten Vergleiche der einzelnen
Protokolle. Zum Vergleich der Gruppen bildeten wir sogenannte ,matched pairs“. Bei den
Kontrollprobanden fehlte eine sensorische Scheinstimulation und Untersuchung, und es
gab keine Verblindung. Dies schrankt die Aussagekraft des Vergleichs ein. Zudem gab es
keine Kontrollgruppe ohne Training. Gewdhnungseffekte (z.B. bei der fMRT-Untersuchung)
lassen sich daher nicht von den Untersuchungsergebnissen isolieren (Schneider and Fink,
2013).
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6 Zusammenfassung

Mit dieser experimentellen Arbeit gelang ein Einblick in die Auswirkungen und das
Potenzial eines sensomotorisch kombinierten Lernparadigmas. Dessen Uberlegenheit
gegenuber einer rein motorischen Intervention zeigt sich in dem insgesamt groReren
Leistungszuwachs sowohl der trainierten als auch der untrainierten Hand in der
Interventionsgruppe. Wir konnten ein verbessertes taktiles Auflosungsvermégen im
stimulierten Bereich nachweisen, welches einherging mit einer abnehmenden cortikalen
Aktivierung, was in Analogie zu Studien z.B. an Musikern als Effizienzgewinn in der
Informationsverarbeitung zu werten ist. Dass der zusatzliche Trainingsgewinn tatsachlich
durch die somatosensible Stimulation verursacht wird, zeigt sich an der Korrelation
zwischen der Zunahme des taktilen Auflésungsvermdgens und der Verbesserung einer
taktil anspruchsvollen Trainingsaufgabe. Ein positiver Effekt zeigte sich auch bei
untrainierten Aufgaben und resultierte in einer Zunahme der Griffkraft. AuRerdem konnte
ein Pradiktor fur die Ergebnisse einer somatosensorisch gefuhrten Transferaufgabe
identifiziert werden — die niedrige Ausgangsaktivierung in der contralateralen Hirnhalfte
zeigte héheres Lernpotenzial an, was auf Erfolge besonders fir Schlaganfallpatienten mit
schlechter contralateraler Rekrutierung hoffen lasst. Mithilfe der fMRT konnten wir eine
Verschiebung der Informationsverarbeitung von cortikal in Richtung Basalganglien und
Cerebellum nachweisen, was fur einen ausgepragten Lerneffekt spricht. Die repetitive
elektrische Stimulation der Fingerkuppen kénnte eine sinnvolle Strategie darstellen, um
motorisches Training noch weiter zu verbessern. Die durchschnittliche
Leistungssteigerung um 3% macht einen Deckeneffekt bei jungen gesunden Erwachsenen
wahrscheinlich. Aufgrund des Potenzials der Intervention bietet es sich an, die
Untersuchungen nun auf neurologisch erkrankte und altere Populationen auszuweiten.
Aufgrund der festgestellten Assoziation von Leistungszuwachs und Aktivierungszunahme
im primar-somatosensiblen Cortex, sollte das Training bei zuklnftigen Studien

somatosensible Aspekte starker berticksichtigen.
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Abstract

The gold standard to acquire motor skills is through intensive training and practicing. Recent studies have demonstrated
that behavioral gains can also be acquired by mere exposure to repetitive sensory stimulation to drive the plasticity
processes. Single application of repetitive electric stimulation (rES) of the fingers has been shown to improve tactile
perception in young adults as well as sensorimotor performance in healthy elderly individuals. The combination of
repetitive motor training with a preceding rES has not been reported yet. In addition, the impact of such a training on
somatosensory tactile and spatial sensitivity as well as on somatosensory cortical activation remains elusive. Therefore, we
tested 15 right-handed participants who underwent repetitive electric stimulation of all finger tips of the left hand for
20 minutes prior to one hour of motor training of the left hand over the period of two weeks. Overall, participants
substantially improved the motor performance of the left trained hand by 34%, but also showed a relevant transfer to the
untrained right hand by 24%. Baseline ipsilateral activation fMRI-magnitude in BA 1 to sensory index finger stimulation
predicted training outcome for somatosensory guided movements: those who showed higher ipsilateral activation were
those who did profit less from training. Improvement of spatial tactile discrimination was positively associated with gains in
pinch grip velocity. Overall, a combination of priming rES and repetitive motor training is capable to induce motor and
somatosensory performance increase and representation changes in BA1 in healthy young subjects.
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Introduction When applied over weeks or longer, beneficial effects on tactile
perception and motor function have been observed [1,9]. Earlier
studies on effects of electric stimulation of the median nerve have
demonstrated that this procedure increases hand strength in stroke
patients [10]. A combination of tactile stimulation with a one-day
session of thumb motor training has been described to enhance
training effects in stroke patients [11].

While the effectiveness of repetitive sensory stimulation proto-
cols in adult, aged and brain-injury patients is well-documented, so
far no study on the combination of rES with motor training has
been published in healthy young adults yet. In addition, there is a
controversial discussion about associations between representa-
tional map size in primary somatosensory cortex (S1) and primary
motor cortex (M1) following shorter or longer periods of motor
training. Measurements of BOLD -signal immediately after
training demonstrated an increase of BOLD-magnitude in M1
[12]. On the contrary, studies measuring long-term training effects
observed a more focused and economized representation map in
the primary motor cortex [13,14]. A similar observation has been
made for the visual cortex (V1) following perceptual training:
within the first few weeks of visual training, there were increases

Training-independent sensory learning protocols have been
introduced in order to find alternative approaches to motor
training to drive changes on human perception and behavior. The
cffectiveness of such forms of training-independent sensory
learning has been demonstrated in different sensory domains. It
has been explained by the fact that the stimulation protocols used
are capable to alter synaptic transmission and efficacy [1,2].
Repetitive electric stimulation (rES) of the fingers is a form of
training-independent sensory learning and has been demonstrated
to improve tactile perceptual abilities [3,4] and to drive plasticity
processes. Following a single application of rES, individual gains of
tactile discrimination were correlated with expansion of blood
oxygenation level dependent (BOLD) signals in primary somato-
sensory cortex (SI) indicating a close link between changes in early
sensory areas and overall perceptual performance [5]. rES is
similarly effective in elderly individuals thereby resetting the age-
related decline of tactile discrimination [6]. Remarkably, rES of
the fingers also improved sensorimotor performance in elderly
participants [7,8]. Because of its effectiveness and its ease of use,
rES is currently applied in patients after stroke or brain lesion.
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both in activation in the V1 subregion of the trained visual field
quadrant and in task performance. But while performance levels
remained high, brain activation in the corresponding areas
decreased to baseline levels [15]. We hypothesized that through
facilitating effects, even high performing young adults would
benefit from a combination of rES and motor training, resulting in
a more rapid skill acquisition In addition we wanted to explore the
long-term effects on the BOLD-response in relation to tactile
discrimination abilities.

Materials and Methods

To investigate the effect of combining rES with active motor
training, 15 strongly right-handed young participants underwent a
motor training of their left non-dominant hand. We used the left
hand to avoid ceiling effects after training which can be expected
when testing the dominant hand [16]. We applied the so-called
arm ability training (AAT) because it is repetitive, comprehensive,
includes concomitant performance measurement and shows good
training effects in stroke patients [17,18] and healthy subjects [19].
It trains different abilities such as speed, dexterity, aiming and
steadiness. Prior to motor training the finger tips of the left hand
were electrically stimulated repeatedly over a period of 20 min-
utes. Motor outcome was tested with three untrained motor
dexterity tests and hand grip force measurement for both hands
and assessed using the eight trained motor performance tasks from
the AAT. Sensory outcome comprised monofilaments and spatial
tactile resolution testing for different fingers of both hands. In
addition, we tested the BOLD -response to tactile stimulation of
the left index finger pre and post training during fMRI to evaluate
changes in index finger representation over the training period.

Participants

We studied 15 right-handed participants each aged 22 to 28
years (age mean=24.9%2.2 years standard deviation (SD); 7
women). All participants were strongly right-handed (laterality
quotient (LQ)=98.6x3.7; range 89-100) according to the
Edinburgh Handedness Inventory [20]. None of the participants
suffered from any neurological disorder or vascular disease, nor
were they on any regular medication (contraceptives excluded).

Participants were recruited via notice boards at the university
campus. Any previous or current regular activity in playing
musical instruments was considered exclusion criterion for study
participation.

Ethics Statement

All participants gave their written and informed consent
according to the Declaration of Helsinki, and the study was
approved by the ethics committee of the Medical Faculty of the
University of Greifswald (BB 126/11).

Experimental schedule

The training period comprised ten consecutive days of training
plus one day of rest after the sixth day. On days 1, 2 and 5 training
took place in the laboratory in the presence of the instructor. On
all the remaining training days participants practiced indepen-
dently at home. Motor performance was assessed prior to the first
training session, on day 5 after the training unit was completed,
and one day after the last training session at the end of the second
week. Sensory assessment was conducted prior to the first training
session and on the day after the last training session as well. {MRI
examinations were carried out four days before training started
and one day after the last day of training in order to detect long-
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term effects only and to avoid short term effects of excitability
increase following stimulation [21].

Training

We used the Arm-Ability-Training (AAT) [17] for repetitive and
comprehensive motor training of the left non-dominant hand.
Participants received detailed instructions on the training method
and the documentation software that was being used (AFT 1.2;
Platz, Greifswald; Programming by OLIOID GmbH, Berlin,
Germany). The AAT comprises eight different tasks (see Figure 1),
divided in two training sessions overall approximating 60 minutes
a day over two weeks (10 days of training). On the first day
participants were taught the correct execution of each task while
the instructor was responsible for operating the software which
documented performance durations of the tasks during training.
From the second day on participants had to operate the software
autonomously, i.e. pressing the space key to start and stop the
integrated stopwatch, while the instructor supervised correct
execution of the tasks.

rES protocol

The participants were stimulated on their left finger tips for
20 minutes/day before they started motor training. The method
used was described earlier by Kalisch et al. [7,8]. The rES
sequence consisted of stimulus trains of 1 s (single pulse-duration:
0.2 ms (square), frequency: 20 Hz) and inter-train intervals of 5 s.
The sequence was played back from a digital storage device that
triggered a standard two-channel TENS device (SM2-AKS,
Pierenkemper, Germany) via a custom-made input-channel. The
pulses were transmitted via adhesive surface electrodes (1 * 4 cm,
Pierenkemper, Germany) fixed on the first and third finger-
segment (cathode proximal; see Figure 1). Stimulation intensity
was adjusted to the twofold sensory threshold separately for
median and ulnar nerve innervated fingers resulting in an average
initial stimulation intensity of 10.8%£1.5 mA on dl-d3 and
7.8+0.9 mA on d4 and d5.

Strength and sensory assessment

Maximum grip force [bar] of both hands was assessed using a
vigorimeter (Martin Vigorimeter). Three measures were taken and
averaged for each time of measurement.

A Grating Orientation Task (GOT) was used as described by
Van Boven et al. [22] to assess the tactile acuity threshold for the
area of the fingertip. All fingers of the left hand were tested prior to
the first training session and approximately 18-24 hours after
completion of the last training session in week 2; additional testing
of the right middle finger served as a control condition. Nine
different types of hemispherical domes were used for assessment,
measuring grating distances of between 0.5 and 3.0 mm. For each
size type, 16 trials were performed, and testing started with the
greatest distance of gratings. Subjects were asked to close their eyes
during the test. Gratings were applied to the distant pad of each
finger, either horizontally or vertically oriented, resulting in an
indentation of approximately 2 mm and lasting for about
1.5 seconds. The participants were required to make an instant
statement about the perceived orientation of the gratings. Testing
was aborted when the error-rate of 25% was reached.

For assessment of minimal force-detection threshold, Frey-Hair
testing was performed for different localizations: on the fingertips
of left d1-d5 and on the dorsum of the left hand, in the radial
nerve area. The right hand served as a control condition, testing
dl and d3. Participants were asked to close their eyes and report
whenever they felt a sensation on their skin. The filaments were
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20 min Sensory
Stimulation

60 min Arm Ability
Training
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Figure 1. Description of the stimulation and training procedures. Top: Montage of electrodes for repetitive electric stimulation (rES) of the
finger tips. Bottom: Eight tasks of the arm ability training (AAT) used for training of the left non-dominant hand: aiming, tapping, crossing, turning

coins, labyrinth, bolts and nuts, placing small objects, placing large objects.

doi:10.1371/journal.pone.0084402.g001

pressed against the skin up to three times at a 90° angle until they
bowed and were held in place for 1.5 seconds.

Performance testing of trained tasks

On days 1 (prior to the first training session), 5 and 12 (for 5 and
12 after the training session), performance of each of the eight
tasks of the standardized Arm-Ability-Training was assessed
measuring the time needed [s] to complete the eight AAT-tasks.
The trained and untrained hand were tested in a pseudorando-
mized order. On the first day of testing each participant was
allowed an equal minimum of practice to ensure the execution of
the task was understood. The tasks covered four different types of
movement: Gross force movements (Placing Heavy Objects),
sequential finger movements (Tapping) visually guided (Aiming,
Crossing Circles, Labyrinth) and somatosensory guided move-
ments (Turning Coins, Nuts And Bolts, Placing Small Objects). To
compare different types of movements with regard to the sensory
systems predominantly involved in the execution of the particular
task we contrasted averages of primarily visually-guided move-
ments with those of non-visually guided movements (somatosen-
sory-guided movements, sequential finger movements) We hy-
pothesized that after application of rES, tests with predominantly
visually guided movements would show less improvement com-
pared to the tests that primarily recruit somatosensory resources.

Performance testing of not directly trained tasks

To determine fine motor dexterity the Nine-Hole-PEG-Test
was performed with right and left hand, measuring the time
needed [s] to take nine pegs from a container mold one by one,
insert them into nine holes successively, and then remove the pegs
and replace them into the mold again.

PLOS ONE | www.plosone.org

The Roeder Manipulative Aptitude Test (RMAT) was used to
determine speed and dexterity of arm, hand and finger movements
(see Roeder Manipulative Aptitude Test Manual, Lafayette
Instrument). Test instructions were given in German language.
Performance testing of the first (rods and caps) and the second test
(washers and nuts) was conducted. The test involving bilateral
hand activity was omitted. Each test was practiced in a
standardized way, to allow for stable performance. Each hand
was tested separately and a pseudorandomized order was used.
For statistical calculation, raw scores of the tests were used.

Statistical analysis

SPSS (V20, IBM Corp., USA) was used for statistical analysis. A
3 TIME (pre, week 1, week 2) and 2 HAND (left, right) repeated
measure (RM) ANOVA was conducted to analyze changes of grip
force. Somatosensory performance was analyzed by means of 2

TIME RM-ANOVA, separately for each finger. For trained and
untrained motor tasks 3 TIME (pre, week 1, week 2) and 2 HAND
(left, right)y RM-ANOVA were conducted. The direction of
significant effect was tested with t-tests corrected for multiple
comparisons [23]. For analysis of the AAT-tasks, averages of
similar movement type performance were calculated, resulting in
the above mentioned categories of trained movements. We
performed correlation analyses of the percentual improvement of
different somatosensory-guided motor tasks (Turning Coins,
Placing Small Objects, Bolts and Nuts, NHPT, RMAT) and the
improvement rates of domes discrimination assessment. Based on
a ranking of initial performance-level (averaged for all AAT-tasks)
we investigated the influence of iitial motor performance on the
effect of the training method. Ranking in the individual tasks of the
AAT was weighted by a score between 1 and 15, with the highest
rank (i.e. the fastest performer) receiving 15 points, permitting an
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intertask comparison. Adding the scores for individual tasks an
overall ranking was conducted for the initial level of AAT-
performance. The overall initial performance-level ranking was
used as a covariate in the RM-ANOVA evaluating the averaged
results of all AAT-tasks. Based on the t-values and considering
correlations (r-values) of the data, Cohens’ d was used to calculate
the effect size.

MRI Data Acquisition

We used a 3T MRI-scanner (Verio, Siemens, Erlangen,
Germany) with a 32 channel head coil. Functional imaging was
performed with a standard gradient-echo EPI sequence of 32
transversal slices oriented along the subjects AC-PC plane. In
plane resolution was 2x2 mm?, slice thickness 3 mm and the gap
between slices | mm. The field of view was 208x208 mm?
corresponding to an acquisition matrix of 104 x104. Repetition
time was 2 s, echo time 23 ms, and the flip angle 90°. Structural
imaging was carried out using a sagittal T1l-weighted 3D
MPRAGE with 176 slices, a spatial resolution of 1x1x1 mm®
and a gap of 0.5 mm between the slices. The field of view was
250%250 mm? corresponding to an acquisition matrix of
256 x256. Repetition time was 1690 ms, echo time 2.52 ms, total
acquisition time 3:50 min and the flip angle 9°. In both sequences
GRAPPA with a PAT factor of 2 was used.

Tactile Stimulation and Functional Paradigms during MRI

To investigate the changes in the BOLD-response during tactile
stimulation, pneumatic stimulus finger clips (MEG International
Services Ltd., Coquitlam, Canada) were used to apply tactile
stimuli to the subjects’ left index finger tips. The stimulators were
composed of a support structure and a membrane, with the
membrane measuring about 1 cm in diameter. The stimulators
were mounted via the support structure and the membrane was
actuated by a computer controlled pneumatic valve. During
stimulation, pulses with a length of 50 ms and a variable inter-
stimulus interval with an average duration of 300 ms were applied
for 10 s, resulting in a stimulation frequency of about 3 Hz, which
clicited a feeling of pulsating pressure mainly transmitted by
Merkel cells [24]. Followed by a rest period of 10 s, this blocked
design was repeated 10 times resulting in a total number of 300
stimulations per finger tip. Identical positioning of the stimulators
in the pre- and post-examination was assured by photo
documentation of the stimulator position in each session. Stimuli
application and scanner synchronization were controlled by
Presentation software (Neurobehavioral Systems Inc., Albany,
USA). We asked the participants to focus attention on the stimuli
presented on the index finger.

fMRI Data evaluation

Data were analyzed with the FreeSurfer Analysis Software Suite
v5.1 [25]. Since only regions in the cortex were of interest, the
surface-based stream was used. The structural scans of each
subject were reconstructed automatically and separately for the
pre- and the post-examination. The functional scans were
evaluated using fs-fast. After motion correction the functional
images were co-registered to the subject’s anatomical scans using
boundary based register and are transformed to fsaverage
(MNI305). For removing the effect of individual draining vessels
[26] we performed a group average over all subjects, which should
minimize the effect of vessels due to the variety in their orientation.
Since the somatotopy in Brodmann area 3b needs to be evaluated
individually [26] and somatotopic differentiation within this area
does not stand normalization procedures, data analysis was
restricted to Brodmann area 1 (BAl). BAI processes tactile shape
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recognition [27] and is included in Freesurfer as an anatomical
mask [28]. For restricting the somatotopic region to the index
finger [29], a tolerance of one standard deviation was included in
the label, to account for the variability in the individual functional
representation. The contrast of the activation was computed
against baseline using a GLM and the group result is smoothed
using a Gaussian filter with a 2 mm isotropic kernel. Results were
thresholded using a Bonferroni correction for multiple compari-
sons over the ROI at a significance level of o= 0.05.

Results

Grip force and non-trained tasks

For grip force assessment, repeated measures (RM) ANOVA
showed a significant influence for the factor TME (F 14 =5.24, P<
0.05) but not for the factor HAND (I} 14 =2.31, n.s.; no interactions
between both factors either: Fy ;4 =2.92, n.s.). Over both hands,
from pre- to post-measurement, grip force increased (two-sided t-
test: tog = —3.02, P<0.01). Repeated measures ANOVA of the
Nine Hole Peg-Test showed significant effects of factors TIME
(F1,14=11.60; P<0.001) and nanp (F, 14 =6.00; P<0.05) without
significant interaction. Both hands showed initially similar
performance levels (t; ;4=1.89; n.s.) and both improved over
time (left: t; 14 = 3.14; P<0.01; right: t; ;4 =2.52; P<0.05). After
the intervention performance of the right hand was significantly
faster than left-handed performance (t; ;4 = 3.02; P<<0.01). For the
first task of the Roeder Manipulative Aptitude Test similar effects
of factors TME (F, 14, =61.22; P<0.001;) and HAND (I} 14 =79.95;
P<0.001) were observed, with the right hand at all times
performing at a higher level than the left (pre: t; ;4= —7.71; P<
0.001; post: t;;4=—7.09; P<0.001) and with both hands
increasing performance speed over time (left: t; ;4= —5.92; P<
0.001; right: t; 14, =—5.98; P<0.001). For the second task of the
Roeder Manipulative Aptitude Test, only the factor TIME was
significant (I, 14 = 34.46; P<0.001), with the right hand displaying
better performance only prior to the intervention (t; 14 = —2.98;
P<0.05) and both hands improving over time (left hand: t; ;4= —
5.60; P<<0.001; right hand: t; 14, = —2.97; P<0.001).

Somatosensory assessment

Tactile acuity increased significantly for left d1 (thumb; RM-
ANOVA; dl: F, 1, =7.78, P<0.05), whereas the other digits of the
left hand or d3 of the right hand showed no significant changes
over time (RM-ANOVA; F; 1,=0.93, n. s.). As for the effect size
Cohen’s d was in the middle range for d1 and d3 of the left hand
(dl: d=0.64; d3: d=0.53). For the remaining digits of the left
hand, Cohen’s d was low or very low (d2: d=0.07; d4 =0.46;
d5=0.17) and the same was found for d3 of the right hand
(d=0.11).

Performance of the Frey-Hair test revealed no changes over
time (RM-ANOVA F, 1,=1.35, n. s.).

Trained Tasks (AAT-testing)

The gain in performance over time for all AAT-tasks and for
either hand displayed high improvement rates (left hand:
34.1x1.2%; right hand: 23.8%1.0%; see Figure 2). Repeated
measures ANOVA comparing visually-guided, non-visually-guided
tasks revealed significant effects of factors TIME (g 95 =270.43; P<
0.001) and naND (F;14=167.89; P<<0.001) on performance time.
Significant interactions were found for TIME*HAND (Fy o = 44.98;
P<0.001), nanp*task (Fy ;4 =42.18; P<0.001), and TIME¥*TASK
(Fg,08 =5.87; P<0.01). Subsequently conducted two-sample t-tests
revealed significant improvement of performance for all tasks and
both hands (visually guided left: t;4=14.88; P<0.001; visually
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guided right: t;4 = 12.14; P<0.001; sensory-guided left: t;4 = 16.97;
P<0.001; sensory-guided right: t;4, = 16.59; P<<0.001; placing heavy
objects left: t;4=10.11; P<0.001; placing heavy objects right:
t14 = 6.09; P<<0.001). Initial performance levels for the AAT tasks of
the right hand were significantly higher than those of the left hand
throughout all the tasks (visually-guided: t;4=9.87; P<0.001;
sensory-guided: t;4=7.82; P<0.001; placing heavy objects:
t14=2.78; P<0.05). Performance after two weeks of training
showed comparable levels for both hands for sensory-guided
movements (t;4=—1.28; n.s.) and heavy objects (t;4=—1.62;
n.s.), whereas for visually-guided movements the right hand was
still faster than the left hand (t,4 = 3.47; P<0.01).

Cohen’s d for these tasks was within significant range for both
the left (visually-guided: d =0.94; sensory-guided: d =0.95; heavy
objects: d=0.92) and the right hand (visually-guided: d=0.93;
sensory-guided: d =0.95; heavy objects: d = 0.86).

Correlation Analysis

Increases in discrimination abilities of the left d2 (index finger)
as assessed with the domes discrimination task were positively
correlated with increases in performance of the AAT-task Placing
Small Objects with the left hand (r=0.67, P<<0.01; Figure 3).
Furthermore lower baseline performance tended to predict a
better outcome after training of screwing small objects (r=0.55;
P<0.05). A lower activation maximum in BA 1 ipsilateral to the
stimulated left index finger prior to training predicted a better
training outcome for somatosensory driven movements of the
trained left hand (Roeder test part 1: r=0.53; P<<0.03).

Representation size in BA1

During the pre-measurement BOLD-response after repetitive
tactile stimulation of the left fingertip showed a large representa-
tion area in BAl of the right hemisphere. After 2 weeks, peak
activation decreased only moderately. In contrast, the extent of the
representational map (map size) decreased considerably (from
about 22 to 3 mm?; Figure 3; Table 1) as indicated by a decrease
of cluster size by a factor of 7. For the activation maximum we
observed a shift in the ROI BAI of about 3.9 mm which was lower
than the effective linear voxel extension of 4 mm and is therefore
neglectable.

% Improvement all AAT-tasks
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Discussion

Our study showed that even young adult subjects do profit
considerably for left hand motor function after a 2-week training,
developed for motor training in stroke patients, with a precedent
20 minute period of electric fingertip stimulation. Interestingly,
there was a considerable transfer of performance gain between the
trained and untrained hand, which improved right hand
performance as well thereby hampering a comparison between
trained and untrained hand. As expected, rES in combination with
motor training had a positive effect on tactile acuity confirming
previous findings [3,4,6,7,8]. As a result, subtasks requiring
cutaneous input (e.g placing small objects, bolts and nuts)
benefitted from the combined intervention. At the same time we
also observed benefits for both trained and untrained tasks and
strength of arm and hand-muscles, in line with the findings of
Cohen et al. [10]. Notably, for the trained task “placing heavy
objects” the left hand showed more improvement than the right,
whereas for the untrained (vigorimeter) task both hands profited
equally. At a cortical level, the 2 weeks of training with both rES
and AAT did not result in an increase of size of fMRI-
representation maps of the index finger as one could predict from
single applications, but instead representational maps in BA 1
showed a considerable shrinking in map size.

When applied without prior rES in a former study, the arm
ability training (AAT) resulted also in a considerable increase of
motor function for the left trained hand in young adult healthy
participants [19]. These observations suggest that the AAT might
be suited for modeling effects of a comprehensive hand training in
healthy young adult participants. The observed transfer to the
non-trained right hand was high, in line with studies reporting
high transfer of trained motor patterns to the untrained hand
[30,31], which is independent on the hand side trained, i.e. hand
dominance but dependent on the mode of transfer [31] and age of
the participants [32], underlining the potential for rehabilitation.
Most of the tasks investigated have mirror-image properties and
are highly susceptible to intermanual transfer.

Small but significant improvements of dexterity using a peg
board task have been reported for young adults following a single
session of rES without any motor training [33]. Interestingly in our
study we found higher improvement in a peg board task (NHPT)

Performance time course for AAT-tasks
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Figure 2. Overview on the performance changes over training time. Left: Average percentual improvement in the AAT-tasks plotted for the
trained left and the untrained right hand. Means are provided with standard errors. Right: Detailed absolute increase of performance of the AAT tasks

over ten consecutive days for each type of movement trained.
doi:10.1371/journal.pone.0084402.g002
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Figure 3. Somatosensory findings on changes over time. A. Visualization of the fMRI-map of the BA 1 activation (ROl indicated with a white
line) of the index finger stimulation before (left) and after (right) 2 weeks of intervention (combination of rES and active training). The
representational map is decreased in size after two weeks of training although spatial acuity increase was positively associated with increase of pinch
grip performance as indicated below. B. The correlation of spatial resolution and motor performance of the AAT task placing small objects was

r=0.67; P<0.01.
doi:10.1371/journal.pone.0084402.g003

for the untrained dominant right hand. To give an explanation for
comparable improvement in both hands it would be feasible that
the training optimizes recruitment of resources involved in
sensorimotor interaction, improving or balancing the communi-
cation of the underlying cortical networks. Positive additional
effects might be drivable when testing a cohort of less high
performing individuals as can be expected in elderly subjects. This

hypothesis would also be supported by the association between
baseline-performance and percentual performance gain of a task
involving high sensorimotor interaction (nuts and bolts). As for the
remaining tests, the left hand seemed to profit particularly in the
second RMAT task. The time-crucial component of this task
consists in picking up small thin washers laying in a mold in a

single layer, demanding high-level sensorimotor-interaction,

Table 1. Parameters of the clusters found in the contralateral (right hemispheric) BA1 for the pre- and the post-examination.

time maximal activation [t-value] size [mm?] MNi-coordinates cluster-wise significance
x y z

pre 55 21.8 479 —246 56 36

post 49 3.1 471 —23.7 59.1 1.2

doi:10.1371/journal.pone.0084402.t001
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whereas for the first task, fast movements of the fingers make up a
major component while picking up the different items makes up
the smaller portion of the task.

rES is capable to increase tactile acuity of the finger tips as has
been repeatedly demonstrated for young, adult and elderly
participants [3,4,6,7,8]. In the present study, we tested rES in
combination with motor training. Therefore, it must remain open,
whether the observed increase in acuity of the thumb was due to
the additional rES or to the AAT applied alone. During AAT,
pinching movements are extensively trained (Figure 1). As a
consequence, it is possible that two weeks of AAT affect tactile
acuity. Interestingly, pinching movement performance revealed a
positive correlation between tactile acuity of the index finger
(Figure 3B). A positive association of tactile acuity gain and precise
finger pinching movements has been reported after rESin a group
of elderly participants [8]. Overall, a combination of AAT with
rES might be especially suited for enhancing associations between
tactile and motor performance markers, which has to be further
investigated in more detail.

In contrast to tactile acuity, touch thresholds as measured with
Frey filaments were not altered. This lack of changes of touch
threshold has been repeatedly observed in other studies employing
rES [33]. It had been argued that the beneficial effects of rES
result from changes in synaptic efficacy and synaptic connections.
In contrast, touch thresholds seem to reflect predominantly
peripheral factors such as mechanoreceptor density and mecha-
noreceptor composition, which most likely remain unaffected by
cortical plasticity processes.

Potential mechanisms of combining rES with active motor
training might be related to cortical excitability changes. Cortical
excitability is also increased following repetitive transcranial
magnetic stimulation (r'TMS [34]) or transcranial direct cortical
stimulation (TDCS, for a review see [35]). In addition, more focal
stimulation strategies through somatosensory electrical nerve
stimulation affect cortical excitability [36]. In fact, following rES,
SI excitability increases [37], which might enhance effects of a
subsequent active motor training.

There is an ongoing debate about cortical economization,
habituation effects during repeated measurements and the effect of
short- and long-term training on the size of primary representation
maps in the somatosensory (S1) and motor (M1) cortex. Very early
fMRI studies on repetitive motor training reported a subsequent
enlargement of cortical activity in the contralateral M1 during
learning (and repetition) of rapid finger movement sequences
within the period of a few weeks [38]. Comparably, musicians
show an increase of somatosensory representation areas when
investigated with magnetoencephalography (MEG) during stimu-
lation of their finger tips in comparison to non-musicians [39]. An
enlargement of primary representation areas after training has also
been shown specifically for the frequency spectrum of the
instrument used in the primary auditory cortex [40]. This long-
term training does also result in a more focal representation
centered on the contralateral M1 and S1 after years of
sensorimotor training [13,41]. However, there are also short-term
changes reported for primary motor cortex, where excitability
increases within the first 30 minutes after repetitive motor training
[21]. For the same experimental situation increased contralateral
MI-representations have been demonstrated using fMRI to record
BOLD signals [13]. On the other hand, repeated fMRI-
measurements without any training have been reported to show
habituation effects with decreased representation map size in the
contralateral primary sensorimotor cortex [42]. Overall, our data
support findings reported for the motor system in stroke patients
[43], that an initially high coactivation of the ipsilateral primary
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cortex predicts lower performance gain during training and
extends it to the somatosensory system.

In our current study we applied elaborate imaging and
evaluation techniques using cytoarchitectoral masks for defining
representational maps. For the ROIs tested, we observed no
relevant change of the highest magnitude of activation. Instead, we
found a large change in the extent of the representational area.
Both observations are in line with the notion of economization of
cortical resources after a long-term combined application of rES
and active training. It should be noted that our BOLD analysis
was restricted to cortical responses in BA 1 leaving out BA 3b. This
was based on Schweitzer and colleagues who found that BA 3b
representation shows high differences between subjects and thus a
normalized evaluation is not possible. Since after normalization
Sl-response in BA 3b was absent, our present data confirm the
occurrence of high interindividual differences. Instead, normali-
zation was assessed as a necessary procedure for eliminating
BOLD from vessels which are a relevant problem in evaluating
somatotopic representation in individual brains [44]. In future
studies we recommend a further increase of spatial resolution and
a combination of MRI-angiography and BOLD-imaging to
eliminate BOLD from larger vascular origin from analysis of S1-
representation sites. Similarly, further studies are needed to obtain
analogous information for a group that underwent active motor
training only.

These findings are entirely different to those reported earlier
using electric source localization [45] or fMRI and BOLD signal
recording [5,46] to monitor cortical reorganization following
single rES application.

A similar dissociation of reorganization pattern has been made
for visual cortex (V1) following perceptual training: within the first
few weeks of visual training, there were increases both in activation
in the V1 subregion of the trained visual field quadrant and in task
performance. But while performance is saturated, brain activation
in the corresponding areas decreased to baseline levels [15]. These
findings across areas and modalities indicate that there might be
distinct temporal phases in which the long-term maintenance of
perceptual or behavioral alterations is coded in cortical regions
beyond the primary areas. This pattern of changes has been
captured by the so-called two-stage model [47,48], according to
which plastic changes first develop transiently in carly sensory
areas, but are then transferred to higher cortical areas, thereby
stabilizing the long-term training and learning effects.

Conclusions

Our results point to an increased training effect of sensory
stimulation of the finger tips in advance to repetitive motor
training at least for those participants who start with lower pre-
training motor performance and in particular for tasks that depend
on precise somatosensory feedback. This study however, raises
several questions concerning underlying cortical mechanisms
especially the interactions within the sensorimotor system and
the influence of interhemispherical dysbalances, intermanual
transfer, long-term effects and application in elderly patients
among others which should be addressed in future studies.
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Background: Application of repetitive electrical stimulation (rES) of the fingers has been shown to improve
tactile perception and sensorimotor performance in healthy individuals.

Objective: To increase motor performance by priming the effects of active motor training (arm ability
training; AAT) using rES.

Methods: We compared the performance gain for the training increase of the averaged AAT tasks of both hands
in two groups of strongly right-handed healthy volunteers. Functional Magnetic Resonance Imaging (fMRI)

llf/fg girﬁimn before and after AAT was assessed using three tasks for each hand separately: finger sequence tapping, visu-
Stimulation & ally guided grip force modulation, and writing. Performance during fMRI was controlled for preciseness and
Tactile priming frequency. A total of 30 participants underwent a two-week unilateral left hand AAT, 15 participants with 20
fMRI minutes of rES priming of all fingertips of the trained hand, and 15 participants without rES priming.

Results: rES-primed AAT improved the trained left-hand performance across all training tasks on average
by 32.9%, non-primed AAT improved by 29.5%. This gain in AAT performance with rES priming was pre-
dominantly driven by an increased finger tapping velocity. Functional imaging showed comparable changes
for both training groups over time. Across all participants, improved AAT performance was associated
with a higher contralateral primary somatosensory cortex (S1) fMRI activation magnitude during the grip
force modulation task.
Conclusions: This study highlights the importance of S1 for hand motor training gain. In addition, it sug-
gests the usage of rES of the fingertips for priming active hand motor training.

© 2016 Elsevier Inc. All rights reserved.

Arm ability training

Introduction

Repetitive somatosensory stimulation (rSS) of the fingers, either
tactile or electrical, has been demonstrated to drive plasticity pro-
cesses and to improve tactile perceptual abilities [1]. SS is capable
to reset the age-related decline of tactile discrimination in elderly
individuals [2] and has also an impact on motor function [3]. The
effectiveness of this method has been demonstrated in patients with
chronic cerebral lesions during long (weeks to months) stimula-
tion periods [4], and recently also in patients suffering from
neuropathic pain [5]. Both stimulations of two and three hand nerves
are comparably capable to improve motor function in healthy young

* Corresponding author. Fax: +49 3834 866898.
E-mail address: martin.lotze@uni-greifswald.de (M. Lotze).

1935-861X/© 2016 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.brs.2016.10.004

participants [6]. However, somatosensory electrical stimulation was
not capable to increase short term motor training effects in healthy
volunteers in an earlier study [7].

Besides improvement of somatosensory abilities, application of
1SS also improved motor performance in both healthy adults and
elderly individuals [3,8] and patients [4]. However, how 1SS affects
the motor system remains largely speculative. It is generally be-
lieved that the transfer of beneficial effects to sensorimotor behavior
elicited by sensory stimulation is based on interconnections between
the somatosensory and motor cortices [9-11]. These interconnec-
tions are assumed to elicit a cortical reorganization in the primary
motor cortex after stimulation, resulting in increased excitability
of the motor cortical representations [12], in intracortical facilita-
tion [13], and in a decrease in intracortical inhibition [14]. On the
other hand, accurate sensory perception requires recurrent SI ac-
tivation from the secondary motor cortex [15].
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Based on these interactions, motor training of hand and finger
performance might well profit from somatosensory priming. We
therefore explored the efficacy of a combination of rES of the fin-
gertips before 2 weeks of motor training (arm ability training (AAT)
[16]) of the left arm in healthy right handed participants. With the
current study, we intended to investigate changes of neural repre-
sentation after rES-primed motor training within the sensorimotor
system. AAT is a comprehensive and repetitive motor training that
has originally been developed for stroke patients.

In previous studies, we have demonstrated that AAT is capable
of increasing motor performance of the non-dominant hand in
strongly right-handed healthy participants [17]. In addition, we
showed that both tactile resolution and motor performance in-
creased during rES-primed AAT [18]. In the current study, we
balanced two groups with and without rES before AAT for perfor-
mance (AAT scores before training) and demographic data (age and
gender) in order to quantify possible additional effects of rES priming.

Using fMRI, we aimed to investigate whether neural substrates
underlying performance gain for the rES-primed training were dif-
ferent from those already reported for AAT training alone [17]. We
therefore evaluated changes in fMRI activation over training in
regions of interest (ROI) preselected on the basis of other studies
on long-term motor training [19,20] to evaluate the impact of so-
matosensory stimulation priming on motor learning. We
hypothesized that training should result in an activation decrease
of cortical (secondary motor and somatosensory representation)
areas, and an activation increase in subcortical (anterior cerebel-
lar hemisphere, basal ganglia) areas.

Materials and methods
Participants

For the rES-primed arm ability training we included 15 healthy,
right-handed participants aged 22-28 [25 (mean) + 2.2 years (stan-
dard deviation); 7 women]. Handedness was determined using the
Edinburgh Handedness Inventory with the laterality quotient (LQ),
indicating strong dexterity (mean =98.6 + 3.7, range: 89-100). For
the non-primed training we recruited 15 participants (24 + 3.7 years;
6 women) who were also all strongly right-handed (LQ: 93.5+5.5;
range: 88-100). Both groups were balanced for comparable AAT-
performance at the start of training.

None of the participants suffered from any neurological disor-
der or vascular disease (screening by questionnaire), nor were they
on any regular medication (contraceptives excluded). Participants
were recruited via notice boards at the university campus. Any pre-
vious or current regular activity in playing musical instruments was
considered an exclusion criterion for study participation. All par-
ticipants gave their written and informed consent according to the
Declaration of Helsinki, and the study was approved by the ethics
committee of the Medical Faculty of the University of Greifswald
(BB 126/11).

Experimental schedule

The training period extended over two weeks and comprised ten
days of arm training. On days 1, 2 and 5, training took place in the
laboratory in the presence of the instructor. On all other days, the
participants practiced at home. A custom-made software was used
(for details, see below) to document the performance times of each
task during the training sessions, including graphical feedback to
check for plausibility. Motor performance was assessed immedi-
ately prior to the first training session and after the second MRI scan.
Whenever training or assessment was conducted, the participants
were instructed to perform as fast as they could while keeping the

number of errors low, unless the task design included externally
paced movements (fist clenching in the scanning session with 1 Hz
visually paced).

Training method

Both the rES-group and the non-priming group were enrolled
in the active upper limb training. We used a comprehensive finger-
hand training developed for stroke patients with moderate upper
limb motor impairment (arm ability training; AAT [16]). The AAT
targets different sensorimotor abilities such as aiming (i.e. ability
to perform quick goal-orientated movements: aiming), arm-hand
steadiness (i.e. ability to keep the hand or arm steady; labyrinth,
aiming and other trials), wrist-finger speed (i.e. ability to make fast
isolated alternating movements of wrist and fingers: tapping), finger
dexterity (i.e. ability to manipulate small objects: turning coins; small
objects), manual dexterity (i.e. ability to grip and manipulate large
objects with hands and arms: bolts and nuts; heavy objects) and
visuomotor tracking (i.e. ability to move precisely under continu-
ous visual control: crossing circles; labyrinth) [17,18].

Participants received detailed instructions on the AAT method
and the documentation software that was used (AFT 1.2, Platz,
Greifswald; Programming by OLIOID GmbH, Berlin, Germany). The
time needed for the execution of each of the eight trained tasks was
recorded and fed back graphically. Improved performance was in-
dicated by reduced performance time, while the accuracy demands
of the tasks were kept constant. All participants performed the train-
ing in the same standardized manner with two runs of task
performance in a fixed sequence twice a day. The individual im-
provement was checked for plausibility by the instructor during the
assessment sessions. After completion, the whole set was per-
formed a second time, resulting in a total number of four repetitions
per task. The duration of the daily training session was approxi-
mately 60 minutes.

TES protocol

The participants of the rES-group were stimulated on their left
fingertips for 20 minutes/day before they started motor training.
The time between stimulation end and training was always less than
20 minutes. No stimulation was used in the non-rES group. The rES
sequence consisted of stimulus trains of 1 s (single pulse-duration:
0.2 ms (square), frequency: 20 Hz) and inter-train intervals of 5 s.
The sequence was played back from a digital storage device that trig-
gered a standard two-channel TENS device (SM2-AKS, Pierenkemper,
Germany) via a custom-made input-channel. The pulses were trans-
mitted via adhesive surface electrodes (1 cm x 4 cm, Pierenkemper,
Germany) fixed on the first and third finger-segments (cathode prox-
imal; see Fig. 1). Stimulation intensity was adjusted to the twofold
sensory threshold separately for median and ulnar nerve inner-
vated fingers, resulting in an average initial stimulation intensity
of 10.8+ 1.5 mA on d1-d3 and 7.8 + 0.9 mA on d4 and d5. The ad-
justment of stimulation current was set according to a previous study
exploring the effect of stimulation intensity [1].

Motor performance testing

The performance gain for the left hand was used as an outcome
parameter. As a primary outcome variable, we assessed AAT per-
formance as measured by trained doctoral students before and after
AAT training separately for the left and right hands. Evaluation of
performance was not blinded. The time needed to complete four
repetitions of each of the eight training tasks was assessed (Fig. 1B)
and changes were averaged as a percentage gain for the complete
AAT. As a secondary outcome variable maximum grip force [bar]
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Group A only:

20 min Sensory Stimulation

Group A and B:
60 min Arm Ability Training

Figure 1. Top (A): The rES-primed participant group was treated with a 20 minute repetitive unattended electric stimulation of the fingertips before one hour of arm ability
training. The non-primed group had only arm ability training. Bottom (B): Eight different tasks were applied during the arm ability training (from top left: aiming, tapping,
crossing circles, turning coins, labyrinth, nuts and bolts, placing small objects, placing large objects).

was assessed by an experimenter using a vigorimeter (Gebrueder
Martin GmbH & Co. KG, Tuttlingen, Germany). Grip force was as-
sessed three times and the average value was calculated before and
after training. For “writing”, the number of letters copied was counted
in 4 blocks, each lasting 20 seconds, and averaged.

Performance gain of the left hand was calculated as percentage
changes from the pre-measurement using the following formula:
((post — pre)/pre) x 100. These were compared between training
groups using independent t-tests after testing for relevant differ-
ence from normal distribution using the Kolmogorov-Smirnov-
Test. We did not use an rmANOVA here because AAT-tasks had to
be normalized with percentual improvement before averaging. fMRI-
task performance (grip force modulation, finger sequence, writing)
was monitored for offline analysis. Repeated measures ANOVAs were
conducted with the within-factors group (rES-primed AAT versus
non-primed AAT), time (pre, post) and hand (right, left).

fMRI experimental design

MRI-scanning was performed 3-4 days prior to the first day of
motor training (pre measurement) and one day after the last block
of training had been completed (post measurement). As partici-
pants lay on the patient table inside the scanner in a supine position,
brain activity was measured during the performance of three dif-
ferent motor tasks with each hand. Two of the tasks were comparable
to the trained movements of the AAT, containing the key elements
of visually guided movements and repetitive single-digit tapping.
The third task was a target force fist-clenching condition for eval-
uation of transfer effects. Each task was practiced for two minutes
prior to scanning in order to achieve a stable performance. A block
design was used for each task, alternating five blocks of rest with
four blocks of activity. Each block lasted 20 seconds and visual cues
indicated either activity (green screen) or rest (blue screen). These
cues were transmitted via video projections and a mirror, using Pre-
sentation software (version 13.0; Neurobehavioral Systems; Albany,
NY, USA 2009), which was triggered by the scanner. Using a
pseudorandomized order we assessed each of the following tasks.

Grip force modulation task
A pneumatic rubber ball was squeezed with 1/3 of the maximum
grip strength at 1 Hz frequency; visual feedback indicated force am-

plitude as well as a signal for pacing. Both amplitude and frequency
of fist clenching were monitored and recorded using a Varioport
system that converted pressure levels of the rubber ball into elec-
tric signals. Prior to each scanning session the maximum grip
strength of either hand was assessed. The participant was asked to
squeeze the rubber ball in a maximum voluntary contraction 8-10
times. The participant was then trained for 2 minutes to reach the
target force (1/3 of maximum) and frequency (1 Hz).

Tapping of a finger sequence

Twelve numbers were presented visually, and corresponding
buttons on a keypad (four-finger-keypads by LUMItouch, Harvard,
USA, adapted for each hand) were pressed at 1 Hz frequency. The
numbers 2, 3,4 and 5 corresponded to index, middle, ring and little
finger, respectively. An optic fiber system transferred information
on key presses to a computer, where it was recorded by Presenta-
tion software. The finger sequence was trained outside the scanner
room prior to each scanning session.

Writing

The participants were instructed to copy 12 single terms that were
arranged in two columns on a horizontally oriented sheet of paper
(210x 297 mm) using a pencil and cursive handwriting. The par-
ticipants were asked to begin with the column next to the currently
writing hand. A line underneath each term provided space for
writing. Four sheets of paper with different terms but the same
number of letters were used in a pseudorandomized order. All par-
ticipants of both groups copied the same letters. The sheets were
placed on a small desk with an angled board, positioned above the
participant’s abdomen. Small sandbags supported the upper arm
to avoid additional movement, and a double-mirror attached to the
head coil allowed for visualization during writing. Between blocks,
an assistant standing next to the scanner changed the paper sheets.
Performance measure was the number of letters copied, averaged
over the four trials.

fMRI measurements
Data acquisition was performed with a Siemens Magnetom Verio

3T-scanner (Siemens; Erlangen, Germany), using a 32-channel head-
coil. Field homogeneity was optimized prior to each session using
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a shimming sequence. For anatomical images, 176 T1-weighted slices
in sagittal orientation were acquired (magnetization prepared rapid
gradient echo (MPRAGE); TR=1.69s; TE=2.52 ms; voxel
size=1x1x 1 mm?, two times GRAPPA acceleration). Functional
images were gathered during motor task performance using T2*-
weighted echo planar imaging (EPI) in transversal orientation, parallel
to the AC-PC-line (TR =2.00s; TE =30 ms, flip angle = 90°; FoV
192 x 192 mm?; matrix size = 64 x 64, voxel size =3 x 3 x 3 mm?). In
total, 90 volumes were obtained, consisting of 34 slices each (thick-
ness of 3 mm, with a 1 mm gap in between slices). To allow for T1
equilibration effects, the first two volumes of each session were dis-
carded. 34 phase and magnitude images were acquired in the same
FoV by a gradient echo (flip angle 60°; FoV 192 x 192 mm?; slice
thickness 3 mm; TR =488 ms; TE; =4.92 ms; TE, = 7.38 ms) to cal-
culate a field map in order to correct geometric distortions in EPI
images (unwarping [13]).

fMRI data evaluation

Data were analyzed using SPM8 (The Wellcome Trust Centre for
Neurolmaging, London, UK) running on Matlab version 7.4 (The
MathWorks, Inc.; Natick, MA, USA). The FieldMap toolbox was used
to unwarp EPIs that were geometrically distorted due to magnetic
field inhomogeneities [21]. To correct for movement artifacts, scans
were realigned onto the first scan of each series. The EPIs were then
coregistered to the T1-weighted anatomical image and resliced at
3 x 3 x3 mm®. The T1-image was segmented and normalized to the
Montreal Neurological Institute (MNI) image. To increase the signal-
to-noise ratio, smoothing was performed using a 9 x 9 x 9mm?® full
width half maximum (FWHM) Gaussian Kernel filter. Using the
general linear model (GLM) we evaluated statistical maps of the main
conditions and the comparisons between pre and post measure-
ment for each individual. To perform group analysis, corresponding
contrast images were compared in a full-factorial GLM random effects
analysis. Within-subjects factors were ‘session’ (pre and post) and
‘task’ (grip force modulation, finger sequence, writing).

In a regions-of-interest approach (ROIs) we analyzed the follow-
ing areas (corrected for multiple comparisons within ROIs, p < 0.05,
FWE-corrected; additional cluster threshold: > 5 voxel): primary motor
cortex (M1), primary somatosensory cortex (S1), secondary motor
cortex (supplementary motor area (SMA), premotor cortex (PMC), su-
perior parietal lobe (sensorimotor integration), basal ganglia (putamen,
pallidum, caudate), and anterior cerebellar hemisphere (feedforward
loops; Larsell lobule IV-VII). Within BA 6 the border between SMA
and PMC was defined at the superior frontal sulcus of the MNI-
template (-30 < x <30) marking z =50 as the inferior border of the
PMC. Significant brain areas were spatially assigned using SPM
Anatomy Toolbox Version 1.7 [22] and, if areas were not defined by
Anatomy, using Automated Anatomic Labeling [23]. ROI for S1 was
restricted to the finger area (for somatotopic range of the S1 mask
see Reference 24). The S1 mask has also been applied in previous in-
vestigations on S1 representations of the fingertips [25].

In order to explore associations of changes in neural represen-
tation with changes in motor performance of the trained task (arm
ability training), we calculated a linear regression across all 30 par-
ticipants restricted on the ROIs. We expected specific fMRI-
associations with performance gain in the ROIs contralateral to the
trained hand.

Results
Group homogeneity at training onset

Participant groups were comparable with respect to age (non-
rES: 23.53 £3.70 years, rES: 24.87 £ 2.23 years; n.s.) and left hand

AAT-performance (aiming: non-rES: 71.69+6.72 s, rES: 80.39+10.10 s
(n.s.); tapping: non-rES: 65.55+8.62 s, rES: 70.22 £ 15.05 s (n.s.);
crossing circles: non-rES: 68.40 £ 16.50 s, rES: 61.10 £ 12.51 s (n.s.);
turning coins: non-rES: 50.74 + 7.30 s, rES: 51.60 £ 9.51 s (n.s.); lab-
yrinth: non-rES: 54.65 + 9.41 s, rES: 50.27 + 7.86 s (n.s.); bolts and
nuts: non-rES: 49.21 £ 8.78 s, rES: 61.89 £ 11.64 s (n.s.); small objects:
non-tES: 49.59 + 11.18 s, rES: 50.97 + 742 s (n.s.); heavy objects: non-
rES: 59.49 + 6.67 s, TES: 62.21 £9.52 s (n.s.)) at training onset.
However, both training groups differed with respect to their hand-
edness score (Oldfield handedness inventory: non-rES: 93.53 + 5.50,
rES: 98.6 +3.7; £(28)=2.96; p<0.01).

Performance gain during training

Primary outcome variable: For the non-primed group, motor per-
formance averaged across all trained AAT tasks improved by
29.5 + 3.5% for the trained left hand. AAT-tasks for the non-trained
right hand of this group improved by 20.7 + 5.1%. For the rES-
primed group, motor performance averaged across all trained tasks
improved by 32.9 + 5.1% for the trained left hand. AAT-tasks for the
non-trained right hand of this group improved by 22.0 + 4.4%. For
the trained left hand, the effect of rES-primed AAT was larger than
those of the non-rES group (averaged AAT-tasks; t(28)=2.11; Cohen’s
delta: 0.77; p=0.044; two-sided; see Fig. 2) and was predomi-
nantly driven by finger tapping velocity increase (Cohen’s delta: 0.85;
the other seven tasks improved with an average effect size of Cohen’s
delta: 0.27).

As for the secondary, non-trained outcome variable, maximal grip
strength for the trained left hand of the non-primed group in-
creased by 1.9%, but by 10.0% for the rES-primed group (t(28)=2.02;
p=0.027; one-tailed). Writing with the left hand showed a perfor-
mance increase of 11.0% for the non-primed group, but an 18.6%
increase for the rES-primed group (Fig. 3). The difference between
training groups was not significant for left hand writing perfor-
mance (t(28) = 1.45; n.s.), although it showed a moderate effect size
(Cohen’s delta: 0.53).
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Figure 2. Primary outcome variable: The increase in the primary performance
outcome (averaged the arm ability training (AAT) score) in the rES-group (orange
bar; n=15) for the trained left hand was higher (* p <0.05) than that of the non-
primed group (blue bar; n=15; lines indicate standard error). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Figure 3. Secondary outcome variables. Left: For grip strength with the left hand the increase in performance in the rES-group was slightly higher (* p < 0.05, one-tailed)
compared to the non-primed group. Right: For writing with the left hand, the difference between training groups did not reach significance. Lines indicate standard error.

Performance control in the MRI

Repeated-measures ANOVAs did not reveal significant differ-
ences between groups for the frequency or amplitude of grip force
modulation, finger sequence errors, or number of written words.
For the number of written letters, rmANOVA showed a significant
effect for both time (F(14,1)=37.73; p<0.001) and hand
(F(14,1)=180.85; p<0.001). The number of written letters im-
proved for the trained left hand (rES-primed group: t(14)=6.93;
p<0.001).

FMRI results

Decrease of fMRI-activation after training (pre minus post)

For the rES-primed group a relevant economization of activa-
tion in ROIs was observed only during the finger sequence task with
the trained left hand. Significant ROIs comprised bilateral primary
sensorimotor cortex, SMA, and superior parietal lobe (see Table 1).

Table 1
Pre minus post (economization of fMRI-activation).

These results were not significantly different from those observed
for the non-primed AAT group before [17]. Here left finger se-
quence performance showed an activation decrease in the
dorsolateral prefrontal cortex, ipsilateral S1, ipsilateral parietal lobe,
and bilateral SMA. All other tasks performed with either left or right
hand showed no significant change over time.

Increase of fMRI-activation after training (post minus pre)

For the rES-primed group a relevant increase of MRI-activation
was observed for the grip force modulation task performed with
the trained left hand, consisting of an increase of activation in the
ipsilateral putamen and pallidum (Table 2). This was a compara-
ble effect as those reported for the non-primed AAT group before
[17]. For the writing task with the left hand, an increased activa-
tion after training was observed in the right putamen and left
anterior cerebellum (Table 2, Fig. 4). Except for the putamen effect,
again, the results were the same as those reported for the non-
primed AAT group. The finger sequence task showed only an

Task

Area T-value p(FWE) Cluster X y z
Sequence left M1S1 left 3.86 0.034 19 -12 -36 69
3.77 0.045 32 -39 =27 42
M1S1 right 3.82 0.039 77 48 9 33
3.77 0.044 48 6 42
SMA 4.52 0.002 90 6 24 45
3.98 0.014 6 21 60
Superior parietal left 3.71 0.04 11 -42 -45 57
M1S1: primary sensorimotor cortex; SMA: supplementary motor area.
Table 2
Post minus pre (increase of fMRI-activation).
Task Area T-value p(FWE) Cluster X y z
Fist clenching left Putamen left (le) 4.60 0.001 59 =27 0 3
Pallidum le 433 0.001 22 -24 3 0
Writing left Ant. cerebellum le Larsell lobule 4-7 3.78 0.037 19 -9 -69 -24
Putamen right (ri) 3.69 0.023 6 27 -3 12
Sequence right Caudate nucleus ri 3.67 0.026 16 15 15 6
Putamen right ri 3.52 0.039 17 18 15 3
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Figure 4. Increase in functional activation in the right putamen and left anterior cer-
ebellum in the rES-primed group for the task “writing with left (trained) hand”. Group
analysis for 15 participants with rES-primed AAT over two weeks; post-measurement
minus pre-measurement; p < 0.05; FWE-corrected for a region of interest analysis.

economization of fMRI-activation for the trained hand. However,
finger sequence performed with the non-trained right hand showed
increased right caudate and putamen activation (Table 2). For the
non-primed group, the differences post minus pre for the finger se-
quence were centered on the ipsilateral anterior cerebellar
hemisphere, the cerebellar vermis and the SPL (BA 5).

Direct comparisons of fMRI-activation maps between groups with
and without rES

There were no significant differences between both training
groups when comparing changes of functional representation for
the trained left hand over time (pre minus post or post minus pre,
all three conditions).

Associations between behavioral gain and fMRI activation magnitude

After obtaining negative results from group comparisons, we
asked what neural resources drive the performance gain in the AAT
task. We hypothesized that an increased activation of the contra-
lateral (right) primary somatosensory cortex (S1) is associated with
improved motor performance [26]. We calculated the association
of the increase in fMRI-activation for the grip task over time with
changes in behavior (AAT-performance increase) and used data of
both training groups. Linear regression revealed a positive associ-
ation of fMRI-activation increase in the right S1 and the performance
increase across all AAT-tasks (t=3.85; prwe = 0.039; MNI-coordinates:
21, =33, 48; see Fig. 5).

Discussion

Repetitive electric stimulation of the fingertips applied before
daily arm ability training (AAT) increased performance gain for the
trained tasks in the left upper limb. In addition, training effects were
also observed for tasks not explicitly trained, indicating transfer and
generalization of motor learning. This transfer was substantially larger
in the rES group as compared to the non-primed group, indicating
a beneficial effect of priming. In the rES group, fMRI showed an in-
crease of basal ganglia and anterior cerebellar representation after
training. Performance increase across all trained tasks for all par-
ticipants (rES-primed and non-primed groups) was associated with
an increase of contralateral S1 activation.
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Figure 5. Linear regression analysis between fMRI activation magnitude [beta] in-
crease after training in the contralateral S1 finger area (t = 3.85; MNI-coordinates:
21, -33, 48; projection on the rendered MNI-reference brain on top) during grip force
modulation and performance increase of the AAT task for both training groups
combined. Bottom: plot of linear regression and the corresponding correlation
coefficient r.

Increase of performance gain by rES priming

The arm ability training (AAT) is a comprehensive training, which
is capable of increasing non-dominant hand motor performance in
healthy participants [17]. Our study demonstrates that this perfor-
mance gain can be further enhanced by rES priming of the fingertips.
In addition, the healthy young individuals in our study profited not
only for the trained tasks, but also even more for non-trained
maximal grip strength of the left hand. In contrast, maximal grip
strength was unchanged for non-primed AAT (increase of only 1.9%).
This indicates that rES priming might be particularly efficient in
driving generalization effects of motor training. It is also conceiv-
able that ceiling effects limited a further improvement in the trained
AAT tasks.

It has been demonstrated before that writing with the left or the
right hand recruits common neural substrates in the dominant hemi-
sphere [27,28]. Therefore it could be expected that rES priming of
the left hand might not relevantly affect motor training of this task,
since it should affect excitability of the right hemisphere [29].
However, we observed a quite remarkable effect size for improved
velocity of left hand writing over time suggesting that in partici-
pants with lower initial performance or in patients with brain
damage, rES may lead to significantly increased training outcomes.

The effect of rES amounted to about 3% in addition to the AAT
effect in our healthy young group. The effect size observed here
(between 0.77 and 0.53) is comparable to strategies increasing cor-
tical excitability in the primary motor cortex directly using anodal
TDCS (about 0.59 [30]). This suggests that unattended rES of the fin-
gertips might be an alternative to the more often used anodal
TDCS-priming.

Possible mechanism of rES priming
Repeated electrical stimulation of the fingers has been de-

scribed to result in an increased cortical excitability of the
somatosensory cortex as measured by paired pulse median nerve
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evoked somatosensory potentials [29], increased fMRI-activation
[31,32], parallel to an increase in spatial tactile acuity [6-8]. Typ-
ically, the individual gain in discrimination performance was
positively correlated with an increase in cortical excitability [29],
BOLD signal [31], or EEG-based dipole changes [33].

Somatosensory function and motor function are tightly linked
together. Increasing S1-excitability has a direct effect on primary
motor cortex excitability (for a recent review see Reference 34). So-
matosensory deficits after stroke impair the recovery of voluntary
movements [35]. It has been suggested that top-down control of
the premotor cortex affects primary somatosensory processing and
that the premotor cortex in rodents directly activates layer 5 den-
drites in S1 in the absence of temporal coincidence with a bottom-
up input [15]. In addition, higher BOLD amplitudes and synchronicity
at rest, as measures of cortical activity and synchronicity, are related
to better tactile discrimination abilities of the contralateral hand
[36]. In humans, increased functional connectivity between SI and
MI has been observed following rES [37]. Moreover, an increase in
motor excitability after repetitive tactile training has been demon-
strated [38].

Accordingly, there are ongoing direct interactions between motor
and somatosensory cortex that might be crucial for mediating the
beneficial effects of sensory priming of motor behavior. We there-
fore suggest that an increase in S1 excitability results in a widespread
facilitation of primary sensorimotor plasticity and of training effects
on both somatosensory and motor performances. This increase in
somatosensory performance might especially improve finger tapping
rates, an ability that showed the highest effect size of all AAT tasks
in the rES-primed group.

Overall changes in functional activation after rES-primed repetitive
motor training

We found an economization of ipsi- and contralateral primary
and secondary sensorimotor areas (M1, S1, SMA, superior parietal
cortex) after training for the finger sequence task. For long term
motor training, an economization of cortical representation sites
has been previously described especially for motor sequence train-
ing [39,40]. Furthermore, expert instrumentalists, in comparison
to non-musicians [41] or amateurs [42], show decreased motor
activations within the SMA, the PMC, and the ipsilateral M1 during
movement performances of varying complexities. Increased activ-
ity of the putamen and the ipsilateral cerebellum was found during
fist clenching and in the contralateral putamen during writing
with the left hand after rES-primed AAT. This finding supports
data on changes in functional motor representation after long
term training [40]. The cerebellar activations included both ante-
rior and posterior regions, and also anterior parts of the vermis.
For the latter, we assume an involvement in the generation of a
rhythmic writing component [43].

Limitations of the study

We were not able to observe relevant differences between the
rES-primed and the non-primed AAT groups with regard to changes
in fMRI-representation of the motor tasks tested. This might be
caused by a lack of statistical power, but also by the fact that the
fMRI tasks tested were not completely identical to the tasks trained.
Changes due to different training procedures might therefore remain
unrecognized for the tested conditions. In addition, long-term train-
ing procedures show less prominent changes than those present
shortly after short-term training [26,40], which might well de-
crease the effect between training groups, too. In addition we
followed the rES protocol developed by the group of Schlieper and
Dinse [1]. There might well be developments from other groups

which might be even more advantageous for modulating senso-
rimotor interaction and for priming upper limb motor training as
suggested by other groups [38,44]. Furthermore, the lack of a non-
trained control group excludes further conclusions differentiating
between habituation and training effects. It is also well possible that
the effects of the AAT protocol when applied in healthy young adults
show severe ceiling effects, thereby masking possible differences
evoked by the addition of priming. An additional limitation is the
lack of blinding during data analysis. Blinding should be added in
a future study comparing additional effects of somatosensory priming
on active motor training.

Conclusions

Repetitive electrical stimulation of the fingertips might be a useful
strategy to further enhance motor training gain induced by active
motor training. The average improvement of only 3% for the trained
tasks makes it possible that the small effects in young healthy adults
are due to ceiling. Testing elderly participants or patients is there-
fore necessary to obtain more information about the beneficial role
of rES-based priming. Given the finding of associated primary so-
matosensory cortex activation increase over all trained participants
with training gain, the upper limb motor training should be more
focused on somatosensory aspects.
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